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chapter 1 | general introduction, 
 aim and outline of the thesis

i. parkinson’s disease: an introduction

Clinical diagnosis 
In 1817, James Parkinson described a disease he referred to as ‘the shaking 
palsy’, which was later named after him by Jean-Martin Charcot.1,2 The 
‘shaking palsy’, or ‘paralysis agitans’, was defined by involuntary tremulous 
motion with lessened muscular power, a propensity to bend the trunk for-
wards and to pass from a walking to a running pace, while the senses and 
intellects are uninjured.1 Parkinson’s disease (PD) was, and still is, a dia-
gnosis that is based on clinical symptoms, and although its definition has 
changed since its first description 200 years ago, the presence of tremor is 
still regarded as one of its cardinal symptoms. A diagnosis according to the 
most recently published criteria must include ‘parkinsonism’, i.e. brady-
kinesia in combination with either rest tremor or rigidity, or both.3 When 
parkinsonism is diagnosed, the presence of supportive criteria, such as a 
beneficial response to dopaminergic therapy, and the absence of exclusion 
criteria or red flags, e.g. the presence of a downward (vertical) supranuclear 
gaze palsy, determine whether parkinsonism is attributable to PD. Although 
the presence of motor manifestations is still a prerequisite for a diagnosis of 
PD, the high frequency and importance of symptoms involving other func-
tions than motor function – the so-called non-motor symptoms – are firmly 
acknowledged in current clinical diagnostic criteria.3 

A growing problem
Parkinson’s disease is the second most common neurodegenerative disease 
with an increasing prevalence in older age. Therefore, it poses an increasing 
social and economic burden on societies as the population ages.4 The estim-
ated prevalence of PD world-wide is 0.3% in individuals over 40 years of age, 
which implies that throughout the world approximately 7.5 million persons 
are affected.5 In the Netherlands, the overall prevalence of PD in the popu-
lation over 55 years of age is 1.4%, ranging from 0.3% in those 55 to 64 years 
old up to 4.3% in those 85 to 94 years of age.6 A male predominance and a 
lower prevalence in Asia, compared to Europe, North-America and Aus-
tralia, have been reported in epidemiological reviews.4,5 

A motor and non-motor disease
Although James Parkinson described the senses and intellect as being un-
injured, he did notice a number of non-motor symptoms in his patients, for 
example constipation and delirium.1 In the last few decades, a wide variety 
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of non-motor symptoms have been described in PD, which can be broadly 
categorized into the following categories: cognitive dysfunction, neuropsy-
chiatric symptoms, sleep disorders, autonomic dysfunction, gastrointestinal 
symptoms, sensory symptoms and, lastly, general symptoms such as fatigue 
and weight changes (see Box 1).7

Box 1 Non-motor symptoms in Parkinson’s disease

Cognitive dysfunction in PD begins with mild cognitive impairment in one 
or two cognitive subdomains and increases with disease duration and sever-
ity of PD, eventually leading to dementia in a majority of patients.8-11 The 
presence of visual hallucinations (VH) is strongly associated with cognitive 
impairment in PD, occurs in one quarter to one third of PD patients and is a 
predictor of nursing home placement.12-14 Since VH and cognitive dysfunc-
tion in PD constitute the main objects of investigation of this thesis, the high 
prevalence and troublesome nature of these two non-motor symptoms are 
discussed in more detail in paragraph ii of this chapter. Depression is an-
other neuropsychiatric symptom, occurring in 10-45% of PD patients, which 
probably has a biological, rather than a reactive character in PD.15,16 Anxi-
ety, presenting as panic attacks, phobias or generalized anxiety disorder, can 
occur before the onset of motor symptoms in PD, but can also be related to 
drug induced motor fluctuations later in the disease.7 Almost all PD patients 
experience some sort of sleep disorder and this often occurs already early in 
the course of the disease.17 

Thirty to fifty percent of PD patients experience Rapid Eye Movement (rem) 
sleep behavior disorder (rbd), which is a parasomnia characterized by a 

cognitive dysfunction
 Mild cognitive impairment
 Dementia
neuropsychiatric symptoms
 Hallucinations
 Depression
 Anxiety
 Impulse control disorders
sleep disorders
 Insomnia
 Excessive daytime sleepiness
 Restless legs syndrome 
 rem sleep behavior disorder

autonomic dysfunction
 Bladder dysfunction
 Sexual dysfunction
 Orthostatic hypotension
 Sweating
gastrointestinal symptoms
 Constipation
 Hypersalivation
 Dysphagia
sensory symptoms
 Olfactory disturbance
 Pain 
general symptoms
 Fatigue
 Weight loss or gain
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loss of normal muscle atonia during rem sleep. Due to the loss of muscle 
atonia, patients may physically enact their dreams, leading to vocalizations 
and abnormal movements, which are reported by their bed partners.18 In 
longitudinal studies on idiopathic rbd, it has been shown that rbd often 
precedes the onset of motor symptoms in PD. That is, 50% of patients with 
idiopathic rbd will convert to a parkinsonian disorder within a decade, and, 
ultimately, 81-90% of idiopathic rbd patients develop a neurodegenerative 
disorder.19,20 Other non-motor symptoms that may precede motor PD are 
olfactory dysfunction, constipation, excessive daytime sleepiness, ortho-
static hypotension, erectile and urinary dysfunction and depression. These 
symptoms are included in the recently proposed clinical criteria for the dia-
gnostic entity ‘prodromal PD’. This entity was defined for research purposes 
only, since neuroprotective or disease-modifying therapies for PD are still 
lacking.21 Differences in the timing of specific non-motor symptoms – e.g. 
olfactory dysfunction occurring before the onset of motor symptoms, while 
dementia develops late in the disease – are consistent with the location and 
presumed spreading of PD pathology during the course of the disease.22 

Pathology: Lewy bodies and α-synuclein 
In 1912, Fritz Jacob Heinrich Lewy first described the cellular inclusions 
characteristic of PD.2 The Russian neuropathologist Konstantin Nicolaevic 
Tretiakoff, in 1919, named them after Lewy and noted the presence of Lewy 
bodies in the substantia nigra.23 Tretiakoff also noted cell loss in the sub-
stantia nigra and proposed an association between this cell loss and PD 
 motor symptoms.2 In 1960, Herbert Ehringer and Oleh Hornykiewicz dis-
covered the reduction of dopamine levels in the striatum in PD. Based upon 
this discovery, in 1961, Walter Birkmayer and Oleh Hornykiewicz first treated 
PD patients with injections of levodopa, a precursor of dopamine, and wit-
nessed a miraculous improvement of motor function: “Bed-ridden patients 
who were unable to sit up, patients who could not stand up when seated, and 
patients who when standing could not start walking performed all these ac-
tivities with ease after l-dopa [levodopa]”.24,25 In 1997, mutations in the 
α-synuclein gene were discovered in families with an autosomal dominant 
form of PD.26 In the same year, Lewy bodies and Lewy neurites, i.e. neuronal 
processes containing pathological inclusions, were shown to be made up of 
unbranched filaments immunoreactive for α-synuclein, underlining a key 
role for α-synuclein in the pathogenesis of PD.27 Next, in 2003, Braak and 
Braak postulated a pathological staging scheme for PD based on the locali-
zation of α-synuclein immunoreactive inclusions. This staging scheme re-
flects the fact that α-synuclein pathology extends well beyond the substantia 
nigra and emerges in a predictable order in different parts of the brain.22
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Pathological staging 
Braak and colleagues defined six pathological stages with presence of 
α-synuclein pathology in the olfactory bulb and/or the dorsal motor nucleus 
of the glossopharyngeal and vagal nerves in stage 1 (see Figure 1). In stage 2, 
pathology extends to the medulla oblongata and the pontine tegmentum, 
while the amygdala and substantia nigra are affected in stage 3 and the meso-
 cortex in stage 4. The illness most probably reaches its symptomatic motor 
phase in-between stage 3 and 4. During the advanced stages 5 and 6, the 
α-synuclein pathology spreads throughout the neocortex, although the prim-
ary sensory and motor cortical regions are usually only mildly affected.22 
The latter two stages are thought to be associated with increasing deteri-
oration of cortically-controlled cognitive functions. The fact that α-synuclein 
pathology occurs in many different brain regions, which also implicates the 

Figure 1 Pathological stages of pd

Legend: 
Six stages of brain 
pathology in pd. Growing 
severity of the lesions is 
shown by increasing 
degrees of shading (pink, 
violet, black). Adapted 
from Braak et al., 2003.29
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involvement of other neurotransmitter systems besides dopamine (i.e. acet yl-
choline, noradrenalin, serotonin etc.), is consistent with the diversity of PD 
motor and non-motor symptoms as described above.28

The rise of another entity: dementia with Lewy bodies
In 1961, two cases of dementia were described that displayed abundant cor-
t ical Lewy bodies at autopsy.30 The term ‘diffuse Lewy body disease’ was 
coined in the 1980s to describe a neuropathological entity characterized by 
Lewy bodies within brainstem nuclei and throughout the cerebral cortex.31 
From a clinical point of view, roughly two clinical phenotypes were associ-
ated with this neuropathological entity, namely a parkinsonian syndrome 
with subsequent dementia, and a dementia with a subsequent parkinsonian 
syndrome.31 The first clinical phenotype is nowadays referred to as Parkin-
son’s disease dementia (PDD), and the second phenotype is termed ‘demen-
tia with Lewy bodies’ (DLB), a ‘new’ clinicopathological entity of which the 
consensus criteria were first described in 1996.9,32 The presence of dementia 
is an essential feature for a diagnosis of probable or possible DLB, whereby 
deficits on tests of attention, executive function, and visuospatial ability may 
be especially prominent, although memory impairment is usually also evid-
ent with progression.33 Core features include fluctuating cognition, recur-
rent VH and spontaneous features of parkinsonism. Other suggestive and 
supportive features of DLB are, amongst others, rbd, autonomic dys function 
such as orthostatic hypotension, and depression. Thus, PDD and DLB share 
many clinical features and at least some neuropathological features, i.e. 
widespread Lewy body pathology. 

Over the years, important clinical differences have been emphasized to dis-
tinguish between the two phenotypes. For example, in DLB patients, disease 
progression is more rapid than in PDD and these patients are highly sensitive 
to treatment with neuroleptics. From a clinical point of view, distinctive 
naming – i.e. diagnosing a patient with either PDD or DLB – can therefore be 
useful. However, whether PDD and DLB really represent two different  disease 
entities, or, alternatively, should be considered as clinical manifestations of 
the same continuous disease spectrum, is a matter of ongoing debate. For 
research purposes, the ‘one-year rule’ is used whereby onset of dementia 
and parkinsonism within the same year qualifies as DLB, while for PDD, the 
development of dementia occurs at least one-year, but on average 10 years, 
after the onset of motor symptoms.9,33 

Dementia in PD and DLB: more than Lewy bodies?
With regard to the development of dementia in PD, i.e. the conversion to 
PDD, the spread of Lewy bodies to limbic and neocortical regions is con-
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sidered to be the main pathological substrate.34,35 However, some PD 
 patients have a high neocortical lb load yet remain cognitively intact, so 
advancing Lewy body pathology is probably not a sufficient explanation in 
all cases.34 Differences in the amount of other types of pathology between 
patients, in particular pathology associated with Alzheimer’s disease, namely 
amyloid-β (aβ) plaques and tau aggregates, could be relevant in this respect 
(see Box 2).36 DLB patients may have more widespread aβ pathology com-
pared to PD(d) patients, but the results of previous studies have so far not 
been consistent.37-39 Very recently, differences in the severity and location 
of aβ pathology between PDD and DLB were demonstrated in a post- mortem 
study evaluating aβ load in a quantitative and regional manner.40 However, 
since these comparisons were done in a very small sample size, confir mation 
in larger studies is warranted. 

Box 2 Pathological proteins in PD and DLB

Alpha-synuclein is – in the 
physiological human condi-
tion – an abundant presynaptic 
membrane-bound protein in 
the central nervous system and 
is supposedly involved in syn-
aptic function and plasticity.41 
However, the exact physio-
logical function of α-synuclein 
is still not fully understood. 
The aggregated and insoluble 
form of α-synuclein is the 
major component of Lewy 
bodies and the general current 
hypothesis is that abnormal 
folding, aggregation and deposi-
tion of α-synuclein are central 
pathological processes leading 
to neuronal dysfunction and 
cell death in Lewy body diseases 
such as pd and dlb. Mutations 
in the α-synuclein gene may 
favor intraneuronal α-synuclein 
misfolding and aggregation 
and are associated with familial 
pd.42 In sporadic pd and 
dlb, other factors, including 
mitochondrial and lysosomal 
dysfunction, may increase 
α-synuclein misfolding and ag-
gregation, which may ultimately 
lead to neurodegeneration.

Amyloid-β deposition and the 
generation of neurofibrillary 
tangles (consisting of hyper-
phosphorylated tau protein, see 
below) are the histopatholo-
gical hallmarks of Alzheimer’s 
disease.43 Amyloid-β (aβ) is a 
peptide that results from 
cleavage of the amyloid pre- 
cursor protein. The physio-
logical function of aβ is 
unknown. Plaques consisting 
of aβ in the human brain 
(including diffuse and cored 
plaques) can be present in 
non-demented individuals, 
but widespread and severe aβ 
pathology is associated with 
neurodegenerative diseases.43

Tau proteins belong to the 
group of microtubule-associ-
ated proteins, which interact 
with tubulin, promote its 
assembly into microtubules 
and stabilize these microtu-
bules.44 In neurodegenera-
tive dis orders, tau protein is 
hyperphosphorylated three- to 
fourfold. The abnormal hyper-
phosphorylated tau binds 
to normal tau leading to tau 
oligomerization and neuro-
fibrillary pathology. Especially 
the discovery of mutations in 
the tau gene in families with 
frontotemporal dementia 
and parkinsonism linked to 
chromosome 17 (ftdp-17) has 
established that dysfunction of 
tau proteins can cause aggrega-
tion of hyper phosphorylated 
tau and neurodegeneration.
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ii. Visual hallucinations and cognitive impairment in 
 Parkinson’s disease

Phenomenology and impact
VH and dementia in PD are among the most frequently occurring non-motor 
manifestations. The point prevalence of VH in PD is estimated at one quarter 
to one third of PD patients, while lifetime prevalence estimates of up to 74% 
have been reported.11,45 Hallucinatory phenomena in PD encompass more 
than VH and include auditory, tactile, olfactory and gustatory hallucina-
tions, although these are less often reported and usually accompany VH.45 
Auditory hallucinations often provide a ‘soundtrack’ to VH and, in general, 
do not have the threatening character which is commonly reported in 
schizo phrenia.46 Tactile hallucinations involve contact with small animals 
and mostly occur in the evening or night.47 Olfactory and gustatory hallu-
cinations are less frequent compared to other modalities and seem to have 
little impact on the quality of life of patients.48,49 

Minor hallucinatory phenomena reported in PD include visual illusions – 
that is, seeing an inanimate object as a living being, e.g. mistaking a stone for 
a face – and so-called ‘passage’ and ‘presence’ hallucinations. Passage hallu-
cinations are the brief visualizations of an animal or person passing side-
ways. Presence hallucinations refer to vague and erroneous perceptions that 
another person, animal or threat is present without being actually visible. In 
terms of phenomenology, ‘classic’ VH in PD involve animals and/or human 
beings, are short lasting and insight is usually retained, i.e. the patient is 
aware that what he/she sees in unreal. These hallucinations commonly 
 appear recurrently and without provocation in dimly lit environments while 
the patient is alert.50 Later in the disease, in particular with the develop-
ment of cognitive impairments, VH tend to become more complex and 
 patients loose insight to the unreal nature, leading them to interact with the 
hallucinatory perceptions. In contrast to the typical gradual development of 
hallucinations in PD, in DLB patients fully formed complex VH are often the 
first visual symptom to be reported.51,52 

Cognitive deficits may occur early in PD with prevalence rates between 
 19- 36% in incident PD cohorts.53-56 Although cognitive function declines 
over time, the prevalence of mild cognitive impairment (mci) may remain 
stable at least in the early years of PD.57 The most commonly affected cognitive 
domain in PD, in early as well as later stages of the disease, is executive func-
tion. However, impairments in other domains, such as attention, memory, 
and visuospatial function, may be present as well.58 Cognitive deficits in PD 
are heterogeneous and cohorts have been stratified by cognitive profile. In 
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earlier mci criteria for the general population, this was done by identifying 
non-memory (nonamnestic) versus memory (amnestic) subtypes59, but 
more recent PD-mci criteria provide a framework for domain-specific sub-
typing by number (i.e. single versus multiple domain) and by specific cognit-
ive domain(s) affected.8 

Many PD patients develop dementia in more advanced stages of the disease. 
The reported point prevalence of dementia in PD ranges between 24 and 
31%.60 In a longitudinal PD cohort study, 48% of survivors 15 years after dia-
gnosis were demented, and the cumulative incidence was 83% 20 years after 
diagnosis.11 Specific cognitive profiles in PD may be associated with differ-
ences in prognosis regarding the (timing of) conversion to PDD. In a longi-
tudinal population-based incident cohort study, impaired semantic fluency 
and pentagon copying were the strongest independent predictors, in addi-
tion to age, for conversion to PDD. By contrast, executive dysfunction, which 
may be caused by disturbed dopaminergic frontostriatal networks, fluctu-
ated over time but was not clearly associated with later dementia.61 

Visual hallucinations and dementia are highly associated and longitudinal 
observations have led to the conclusion that the presence of VH can predict 
the development of dementia in PD.13,14 PD patients with VH, compared to 
PD patients without VH, may have a distinct profile of cognitive impair-
ments.62-65 This specific cognitive profile could provide more insight into 
the pathophysiological mechanisms of VH (as well as the associated cognit  -
ive impairments), since it may point to the dysfunction of specific neuro-
anatomical regions and neurotransmitter systems in this subgroup of 
 patients.66 

VH have a significant negative impact on well-being of PD patients and their 
caregivers. Independent of the severity of motor symptoms, the presence of 
VH is associated with poorer quality of life.67 In addition, psychotic symp-
toms (including VH), as well as the associated cognitive impairments, are 
known to be related to a higher degree of caregiver burden and anxiety.68 
Furthermore, the results of both a case-control and a prospective commun-
ity-based study have shown that the presence of VH in PD is the primary risk 
factor for nursing home placement.12,69 These observations may be partly 
explained by the impact of VH on caregiver burden, since caregiver well-
being is known to have strong implications for institutional placement.70 

The hypocholinergic hypothesis
Historically, VH were considered a mere side effect of dopaminergic treat-
ment, but nowadays it is firmly acknowledged that VH are inherent to the 
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disease process itself.71 A number of theoretical models have been proposed 
to explain the etiology of VH in PD, encompassing  altered dream phenom-
ena (e.g. dream intrusions into wakefulness), deficits in reality monitoring, 
and impairments in visual perception and attention (for review see Muller 
et al.).72 A common factor in almost all theoretical models is the suspected 
contribution of a disturbed central activity of the neurotransmitter acetyl-
choline. First, cholinergic denervation is associated with disturbed sleep 
and reduced alertness. Second, cho linergic function is crucial for maintain-
ing a normal level of selective attention.73-75 A cholinergic deficit is thus 
supposed to contribute to the occurrence of VH in PD and may be caused by 
degeneration of the cholinergic output nuclei of the human brain.

The cholinergic system: anatomy and pathology 
The cholinergic system is distributed in eight major cholinergic cell groups 
named Ch1 to Ch8, of which the first four overlapping groups, i.e. Ch1-Ch4, 
are located in the basal forebrain.76 By far the largest cholinergic cell group 
in the basal forebrain, i.e. Ch4, is located in the substantia innominata (SI, 
subcommissural grey matter), and largely coincides with the nucleus basalis 
of Meynert (NBM, see below).77 The remaining four cell groups, Ch5 to 
Ch8, are located in the brainstem, of which the pedunculopontine nucleus 
(Ch5; ppn) is the largest.78,79 The ppn is located in the ventrolateral part of 
the caudal mesencephalic tegmentum and is composed of a pars compacta 
(ppnc) and pars dissipata (ppnd). The ppnc contains primarily cholinergic 
neurons (80-90% in humans)78 which project to thalamic subnuclei in-
volved in sleep-wake regulation and thalamo-cortical arousal.80 

The NBM is located in an area ventral to the anterior commissure that was 
traditionally designated as the substantia innominata, but has been well-
characterized by Heimer and colleagues to include the ventral pallidum, the 
extended amygdala and the NBM.81 Although the NBM is composed of both 
cholinergic and noncholinergic components, the term ‘NBM’ is generally 
used for the cholinergic cells since these  account for the majority of cells 

Legend: 
Schematic drawing of the major cerebral 
 cholinergic projections originating from the 
basal forebrain (blue; nbm) projecting to 
the cerebral cortex, and from the brainstem 
(red; ppn) projecting to the thalamus. 
Adapted from Bohnen et al., 2011.86

Figure 2 Major cholinergic cerebral projections



16

within the NBM (~90%).77,82 The NBM extends from the level of the olfac-
tory tubercle to that of the posterior amygdala and has an anterior-posterior 
length of approximately 14mm and a width of 18mm.83 It has been estimated 
that the NBM of a single human hemisphere contains 220.000 cholinergic 
cells.84 The NBM is regarded as the primary source of cholinergic innerva-
tion of the cerebral cortex and is therefore crucial for normal cognitive 
functioning.85

The hypocholinergic hypothesis: evidence from earlier studies
Neuropathological studies have demonstrated pathology and neuronal loss 
in the ppn and NBM in both PD and DLB, but this has never been specifically 
investigated in patients suffering from VH.87-90 In structural neuroimaging 
studies a significantly reduced volume of the ppn, as well as the region 
 underneath the anterior commissure – which includes the NBM – has been 
 reported for PD patients with VH compared to PD patients without VH.91,92 
Additional evidence for the cholinergic hypothesis of VH in PD comes from 
pharmacological studies, in which anticholinergic drugs tend to provoke 
VH, while cholinesterase inhibitors appear to ameliorate VH in PD pa-
tients.93-95 Furthermore, a cholinergic deficit is suggested to be involved in 
the conversion from PD to PDD and cholinesterase inhibitors can improve 
cognitive function in PD.96,97 

III. Investigating VH in PD using brain imaging techniques

As mentioned above, atrophy of the region underneath the anterior com-
missure – including the cholinergic NBM cells – has been reported in PD 
patients with compared to without VH in a previous volumetric MRI study.92 
The degeneration of the NBM in these patients may lead to the disruption of 
cholinergic fiber tracts connecting the NBM to the cereb ral cortex. Demon-
strating a loss of NBM fiber tract integrity would not only further enhance 
our understanding of VH in PD, but could also provide us with an in vivo 
measure of the severity of the cholinergic deficit in PD. Diffusion tensor 
imaging (dti; Box 3) is a brain imaging technique that can be used to study 
the integrity of the fiber tracts in the human brain.98 Previous studies inves-
tigating VH in PD using dti are scarce and did not include the cholinergic 
fiber tracts between the NBM and the cerebral cortex.99,100 

Another non-invasive brain imaging technique, which enables the evalu-
ation of the quality of functional coupling between different brain regions, 
is functional MRI (fMRI; Box 3). Efficient communication between brain 
 areas is essential for normal cognitive function, including attentional and 
perceptual processes.101 In schizophrenia, a neuropsychiatric disorder 
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characterized by hallucinations (including VH), fMRI studies have contrib-
uted to our insight into the pathophysiology of hallucinations.102 In PD, 
fMRI has proven a powerful tool as well, whereby decreased functional 
 connectivity is strongly associated with non-motor symptoms such as 
 fatigue and cognitive decline.103,104 Only a few fMRI studies so far, mainly 
using task-based paradigms, have analyzed functional connectivity in PD 
patients in relation to the presence or absence of VH.105-108 Considering 
the strong association between VH and cognitive disturbances14,109, co-
existing cognit ive disturbances could influence the ability to perform tasks 
in a scanner in patients suffering from VH. Therefore, the analysis of func-
tional connect ivity in the resting state (in which a subject is awake with eyes 
closed and instructed to think of nothing in particular) may provide valuable 
additional information, since it is less biased by deficits in cognitive func-
tion. The resting-state approach has been applied twice in fMRI studies 
 investigating VH in PD, but these studies focused only on one seed region or 
predefined network.110,111 

Box 3 Measuring functional and structural connectivity using MRI

Functional magnetic resonance imaging 
(fMRI) is a non-invasive imaging technique 
which measures brain activity in an indirect 
way by detecting changes in blood oxygen 
level; the blood-oxygen-level-dependent 
(BOLD) signal.112 When neurons in a specific 
brain region become more active, their 
energy requirements increase. This will 
lead to the dilation of the feeding arteriole 
and an increase in downstream blood flow. 
The required amount of oxygen-rich blood 
is vastly overshoot, which will lead to a 
decrease of de-oxygenated hemoglobin. 
The changed balance of oxygenated and de-
oxygenated hemoglobin causes fluctuations 
in the magnetic field of the brain tissue over 
time, i.e. changes in BOLD signal. With fMRI, 
the functional coupling between different 
brain regions can be measured by comput-
ing the statistical interdependencies between 
the time-activity series of two regions. This 
is referred to as the ‘functional connectivity’ 
between brain regions.

Diffusion tensor imaging (DTI) is also a 
non-invasive MRI imaging technique, which 
measures the three-dimensional diffusion 
of water as a function of spatial location.113 
Diffusion of water may be altered by changes 
in the microstructure and organization of 
tissue. In particular, the integrity of white 
matter tracts – i.e. the ‘structural connectiv-
ity’ between brain regions – can be visual-
ized with DTI, since the orientation of the 
diffusion tensor is generally assumed to be 
parallel to the local white matter fascicles.
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IV. Visual hallucinations and dementia in PD and DLB: 
unanswered questions

Taking together the results of the previous neuropsychological, neuroim-
aging and neuropathological studies on the pathophysiology of VH and 
 dementia in PD and DLB, it becomes apparent that many questions remain 
unanswered. Do PD patients with VH have specific cognitive impairments, 
i.e. do they have a distinct cognitive profile? Is the presence of VH in PD 
asso ciated with a decrease of efficient communication – i.e. functional inter-
actions – between brain regions? If so, which anatomical regions are in-
volved? Is there evidence for cholinergic denervation of the cerebral cortex 
in PD patients with VH, as suggested in theoretical models? Is a cholinergic 
deficit present in all PD and DLB patients with VH? Are there other explana-
tions than differences in α-synuclein pathology for the clinical differences 
between PD, with or without dementia, and DLB, such as the additional 
 de position of other pathological proteins? 

The overall aim of the research described in this thesis was to gain more 
insight into the pathophysiology of visual hallucinations and the presence of 
dementia in PD and DLB by identifying neuropsychological, neuroimaging 
and neuropathological determinants of these symptoms.

The key questions that we addressed were:
1. Are VH in PD associated with a specific cognitive profile?
2. Are VH in PD associated with changes in functional interactions between 
 brain regions?
3. Are VH in PD associated with changes in structural connections of the 
 brain between the cholinergic neurons in the basal forebrain and the rest 
 of the brain?
4. Is there a difference in the pattern or severity of the neuropathological 
 cholinergic deficits between PD(D) and DLB that may (partly) underlie   
 the different clinical phenotypes of these diseases? 
5. Is there a difference in the neuropathological load of proteins other than 
 α-synuclein, in particular amyloid-β, between PD(D) and DLB in the   
 brain that may (partly) underlie the different clinical phenotypes of   
 these diseases? 

To answer the first research question, we performed a neuropsychological 
study in which we compared the cognitive profiles of non-demented PD 
 patients with and without VH, matched for gender, age and disease duration, 
the results of which are described in chapter 2. The second research ques-
tion was addressed in chapter 3, where we used resting-state fMRI to com-
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pare whole-brain and regional functional connectivity in PD patients with 
and without VH and in healthy controls. In addition, we studied the associ-
ation between changes in functional connectivity and specific cognitive 
 impairments in the patient groups. To specifically test the cholinergic hypo-
thesis regarding VH in PD – as described above – we evaluated the integrity 
of the fiber tracts between the NBM and the rest of the brain in PD patients 
with and without VH and in controls. Chapter 4 is a description of this par-
ticular study, in which we used DTI. In the following chapter, i.e. chapter 5, 
we describe the results of a neuropathological study aimed at the choliner-
gic deficit in PD(D) and DLB patients with VH, in which we assessed the 
 severity of α-synuclein, amyloid-β and tau pathology and neuronal loss in 
the PPN. Based on the results of this study, and a considerable amount of 
literature data, we expected differences in the neuropathological profile of 
PD(D) and DLB as an underlying substrate for the clinical differences  between 
these disease entities, in particular dissimilar involvement of AD type 
 pathology. We therefore performed a subsequent study, the result of which 
are described in chapter 6. In this relatively large cohort study – performed 
in cooperation with the Netherlands Brain Bank – we evaluated the  presence 
and load of amyloid-β pathology using a quantitative approach in PD(D) and 
DLB patients. In the final chapter, chapter 7, we summarize and interpret the 
results of the individual chapters, put the knowledge gained by the different 
studies described in this thesis in a broader perspective, and formulate 
 recommendations for future research.
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CHAPTER 2 | COGNITIVE CORRELATES OF VISUAL 
 HALLUCINATIONS IN NON-DEMENTED 
 PARKINSON’S  DISEASE PATIENTS 

ABSTRACT

Background Visual hallucinations (VH) in Parkinson’s disease (PD) are associated 
with PD dementia and have been related to cognitive impairments in non-demented 
PD patients. Reports on the specific cognitive domains affected are conflicting. The 
aim of the present study was to investigate the presence of specific cognitive impair-
ments in non-demented PD patients with VH, compared to those without VH.

Methods We compared the clinical characteristics and neuropsychological test 
scores of 31 non-demented PD patients with VH with those of 31 PD patients without 
VH that were carefully matched for sex, age, disease duration and educational level. 
Several non-motor symptoms, including depression, anxiety and sleep disturb-
ances, were also taken into account, as these may influence cognitive performance.

Results The PD with VH group performed significantly worse on the Trail Making 
Test part A (p=0.01) and the Rey Auditory Verbal Learning Test, immediate recall 
(p=0.01). In addition, PD patients with VH were more anxious, more depressed and 
reported more sleep disturbances. Verbal learning scores were not associated with 
levels of anxiety, depression or sleep disruption, whereas worse Trail Making Test A 
performance was associated with concomitant sleep disturbances.  

Conclusions In non-demented PD patients, the presence of VH is associated with a 
cognitive profile characterized by impairments in verbal learning and probably at-
tention. Since these cognitive functions are believed to be non-dopaminergic medi-
ated functions, the present results support the hypo thesis that multiple neurotrans-
mitter systems, other than dopamine, contribute to the pathophysiology of VH in PD.
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Background 

Visual hallucinations (VH) occur in one quarter to one third of patients with 
Parkinson’s disease (PD), with life time prevalence estimates of up to 74 per-
cent.1,2 VH constitute a major source of distress to patients and caregivers 
and are the strongest independent predictor of nursing home placement in 
PD patients.3 Development of more effective treatment strategies for VH is 
hindered by an incomplete knowledge of the pathophysiology of VH in PD. 
For decades, VH were considered a mere side-effect of dopaminergic treat-
ment. However, there is little evidence for a strong relationship between 
levodopa dose and the occurrence of VH. Moreover, high-dose intravenous 
levodopa infusions failed to provoke VH in PD patients.1 Recent studies pro-
pose integrative models to explain VH in PD in which, besides dopaminergic 
stimulation, also alterations of sleep-wake and dream regulation, impaired 
attentional focus and dysfunction of visual pathways, are suggested to 
 contribute to the etiology of VH in PD.4-8 In these models, involvement of 
non-dopaminergic, including cholinergic, neurotransmitter systems has 
been implicated.4,5 
 
Clinically, the most consistent correlate of VH in PD is cognitive impair-
ment. Fenelon et al. demonstrated that severe cognitive impairment, in 
 addition to daytime somnolence and disease duration, is associated with the 
occurrence of VH.9 In an 8-year prospective study, the presence of VH at 
baseline proved a significant predictor of PD dementia.10 Furthermore, even 
in non-demented PD patients suffering from VH, cognitive impairments 
have been described.11-14 Identification of specific cognitive dysfunctions 
in non-demented PD patients with VH might give more insight into the 
pathophysiological mechanisms underlying VH, since Kehagia et al. recently 
suggested that distinct neuroanatomical regions and neurotransmitter 
 systems are involved in the disturbances of specific cognitive functions in 
PD. They distinguish a fronto-striatal, dopaminergic dependent circuit from 
an extra-striatal circuit, mainly influenced by cholinergic changes. The 
 former is involved in executive functions such as planning and concept 
 formation, while the latter plays a role in mnemonic features of cognition, 
including visual recognition memory, associative learning and attention.15 

Several previous studies analyzed patterns of cognitive impairment in non-
demented PD patients with VH, but results have so far been rather variable. 
Executive dysfunction11,12,14 but also disturbances in visuoperception8,13 
as well as in verbal learning and memory12-14 have been reported. The vari-
ability in cognitive impairments might be partly explained by differences in 
disease duration, disease severity or medication use between patient groups 
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in these studies.11-14 In the present study we investigated the presence of 
specific cognitive impairments in non-demented PD patients with VH 
(PD+VH), in comparison to PD patients without VH (PD–VH). To overcome 
previous pitfalls, we carefully matched the patient groups for sex, age, dis-
ease duration and educational level. In addition, we evaluated the presence 
of specific comorbid non-motor symptoms, in particular depression, anxiety 
and sleep disturbances, as these may influence cognitive performance.

Material and Methods

Subjects
Data were obtained retrospectively from patients who were referred to the 
outpatient clinic for Movement Disorders at the VU University Medical Cent-
er, Amsterdam, the Netherlands. All patients gave written informed consent 
to store their medical information in a database and to use these data for sci-
entific research, which was approved by the local Medical Ethical Committee.

All patients were diagnosed with idiopathic PD by a movement disorder 
specialist (HB or EF) according to the UK PD Brain Bank criteria.16 Patients 
with evidence of global dementia (MMSE score ≤ 23 and/or a diagnosis of 
dementia based upon extensive neuropsychological evaluation) or a history 
of severe visual impairment were excluded from this study. Of 296 
 non- demented PD patients, 273 patients and their caregivers were routinely 
questioned on the presence of VH using the SCOPA PC; a reliable, valid and 
easy-to-administer questionnaire for psychotic complications in PD.17 
 Thirty-five patients (35/273; 13%) had experienced VH within the previous 
month. Almost all non-demented PD patients with VH (n=31) had extensive 
neuropsychological examinations as part of the diagnostic work-up and 
were included in this study. For every hallucinating non-demented PD 
 patient a search was performed among the non-demented patients without 
VH to match for sex, age, disease duration and educational level. Only  patients 
with SCOPA PC assessment and extensive neuropsychological examination 
at the same clinical visit were included. 

The level of education was classified using the system of Verhage18, ranging 
from 1 (elementary school not finished) to 7 (university). Clinical assess-
ment of patients included severity of motor symptoms (Unified Parkinson 
Disease Rating Scale, part III) and disease stage (Hoehn and Yahr stage). 
Self-reported inventories, the Beck Depression Inventory (BDI) and the 
Beck Anxiety Inventory (BAI), were used to assess severity of depressive 
symptoms and anxiety, respectively. SCOPA sleep questionnaires19 were 
 administered to record sleep disturbances. In addition, the levodopa equi-
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valent daily dose (LEDD) was calculated for each patient as described else-
where20 and the use of other relevant medication (i.e. amantadine, neurolep-
tics, anticholinergics, antidepressants and benzodiazepines) was registered.

Neuropsychological assessment
Neuropsychological examination comprised the following five cognitive 
domains: attention, memory, visuospatial function, language and executive 
function. The forward condition of the Digit Span Test (DS)21 and part A of 
the Trail Making Test (TMTA, score expresses the number of seconds needed) 
were used to assess attention. In keeping with previous studies, we calcul-
ated a difference score between part A and B of the TMT (TMTB-A) to explore 
the specific component of attentional set shifting.7 For verbal learning, de-
layed recall and recognition a modified version of the Rey Auditory Verbal 
Learning Test was used (RAVLT immediate recall: 5 trials of 15 words, range 
0-75; RAVLT delayed recall: 1 trial, range 0-15; RAVLT recognition:  1 trial; 
range 0-30, RAVLT false recognition: range 0-30).22 Mere automatic memory 
registration was assessed with the Visual Association Test (VAT, 2 trials of 12 
cards, range 0-24).23 

The Rey Complex figure immediate drawing and delayed recall were per-
formed to measure visuoconstruction and visual memory.24 Language 
 performance was measured with a short version A of the Boston Naming 
Test. Categorical fluency and semantic fluency were tested by asking the 
subject to produce as many animals and as many words starting with the 
letters D, A and T as possible within a time span of 60 seconds. The back-
ward condition of the DS was used to assess executive function and is 
 reported as index to correct for attention. Executive function was further 
tested using the Stroop Color word interference test (scores shown are 
scores for part III divided by the scores for part II, to correct for speed).25

Data Analysis
All statistical analyses were performed with IBM Statistical Package of the 
Social Sciences software version 20.0 (SPSS, Chicago, Il, USA). Gender dis-
tribution between patient groups (PD+VH and PD–VH) was compared with 
the Fisher exact test. For univariate group comparisons of clinical and cog-
nitive variables an independent t-test was performed for normally distrib-
uted data (age and UPDRS III) and the Mann-Whitney U-test for non- 
normally distributed data. Because of the explorative character of the study 
we chose not to correct for multiple comparisons. The Spearman correlation 
coefficient evaluated correlations between different variables. Based on the 
strength of the association between different variables and the dichotomous 
outcome (presence or absence of VH) a multivariate analysis was performed 
using binary logistic regression. Statistical significance was set at 0.05. 
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Results

The prevalence of VH in our outpatient clinic population of non-demented 
PD patients was 13%. As expected, there were no statistically significant 
group differences in sex, age, disease duration or educational level between 
PD+VH and PD–VH (see table 1). In addition, disease stage (H&Y), severity of 
motor symptoms (UPDRS III), LEDD and the use of other relevant medica-
tion, including use of antidepressants and benzodiazepines (data not shown), 
were comparable between groups. 

Table 2 shows the scores on all neuropsychological tests ordered by cognit-
ive domain. PD+VH, compared with PD–VH, were significantly slower on 
the TMTA (p=0.01) and there was a trend for a lower TMT difference score
in PD+VH (p=0.07). Furthermore, PD+VH performed significantly worse on 
the modified RAVLT immediate recall (p=0.01). Performance speed on
TMTA correlated negatively with accuracy on the RAVLT immediate recall in 
PD+VH (rho –0.57, p<0.01). PD+VH scored significantly higher on SCOPA 

Table 1 Demographic and clinical characteristics of PD patients with and 
without VH (mean ± SD)

           PD+VH   PD–VH           p
N                  31           31 
Men nr. (%)         18 (58)   20 (65)   0.80
Age years         66 ± 11   65 ± 11   0.53
Disease duration years       7 ± 5   8 ± 5   0.48
MMSE           27 ± 2   28 ± 2   0.36
Verhage Education score      5.2 ± 1.3   4.9 ± 1.7   0.62
UPDRS III          32 ± 15   26 ± 11   0.11
H&Y median (range)       2.5 (1-4)   2.5 (1-4)   0.57
BAI            42 ± 11   35 ± 11   < 0.01 *
BDI           17 ± 9   12 ± 10   0.02 *
SCOPA Sleep         29 ± 10   21 ± 7   < 0.01 *
LEDD mg         508 ± 518  602 ± 703  0.64
Treatment with DA nr. patients            12           11 
Treatment with amantadine nr. patients          2           4 
Treatment with neuroleptics nr. patients          3           0 
Treatment with anticholinergics nr. patients   3           3 

Legend: 
Abbreviations: 
mmSe = Mini-Mental State Examination, 
UpdRS iii = Unified Parkinson’s Disease Rating 
Scale part iii, 
H&Y = Hoehn and Yahr stage, 
bAi = Beck Anxiety Inventory, 

bdi = Beck Depression Inventory, 
SCOpA Sleep = Scales for Outcomes in 
 Parkinson’s disease-Sleep Scale, 
Ledd = Levodopa Equivalent Daily Dose, 
dA = Dopamine Agonist
* Difference is statistically significant (p<0.05)
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sleep (p<0.01), BAI (p<0.01) and BDI (p=0.02) than PD–VH. Post hoc com-
parisons of SCOPA sleep subscores (table 3) showed that patients with VH 
had significantly more complaints of excessive daytime sleepiness (p<0.01), as 
well as disturbed sleep at night (p=0.02), when compared to PD–VH.

To determine whether the cognitive differences did not merely reflect differ-
ences in the severity of depression, anxiety or sleep disturbances between 

Table 2 Neuropsychological test scores (mean ± SD)

Legend: 
Abbreviations: 
TmTA = Trail Making Test part A, 
TmTb = Trail Making Test part b, 
dS = Digit Span Test, 

Table 3 Sub-scores SCOPA Sleep (mean ± SD)

Items SCOPA Sleep   PD+VH   PD–VH           p
Sleep at night     11.4 ± 5.1  8.4 ± 3.6   0.02 *
Quality of sleep    4.0 ± 1.9   3.1 ± 1.4           0.06
Daytime sleepiness   13.6 ± 5.0         1 0.2 ± 3.5         < 0.01 *

Legend: 
* Difference is statistically significant (p<0.05)

            PD+VH   PD–VH           p
Attention   
TMTA sec.                 68 ± 38   47 ± 22           0.01 *
TMT difference score (TMTB-TMTA)            110 ± 96   72 ± 65   0.07
DS forward                         12 ± 2   12 ± 3   0.85
Memory   
RAVLT immediate recall nr. words     32 ± 9   39 ± 9    0.01 *
RAVLT delayed recall nr. words             6 ± 3   7 ± 3   0.11
RAVLT recognition nr. words      27 ± 4    28 ± 2   0.42
RAVLT false recognition nr. words            3 ± 3   2 ± 2   0.28
VAT nr. objects         20 ± 4   22 ± 3   0.14
Rey memory           21 ± 22   19 ± 7   0.43
Visuo-spatial functions   
Rey copy           32 ± 5   34 ± 2   0.53
Language   
Boston Naming Test        121 ± 46          111 ± 42   0.52
Executive functions   
Stroop (score part III/score part II)     1.8 ± 0.5          1.9 ± 0.6   0.54
Semantic fluency nr. words        33 ± 11   35 ± 10   0.61
Category fluency nr. animals      21 ± 7          2 2 ± 7   0.67
Digit Span index (DS backward/DS forward)   0.7 ± 0.2          0.7 ± 0.2   0.73

RAVLT = Rey Auditory Verbal Learning Test, 
VAT = Visual Association Test
* Difference is statistically significant (p<0.05)
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groups, correlations between BDI, BAI, SCOPA sleep and both cognitive test 
results that differed significantly between PD+VH and PD–VH were evalu-
ated. No significant correlations were found between RAVLT score and BDI, 
BAI, or SCOPA sleep. However, scores on TMTA correlated with both BAI and 
SCOPA sleep scores (rho 0.34, p=0.01 and rho 0.28, p=0.04, respectively). In 
addition, a strong correlation was demonstrated between BAI and SCOPA 
sleep scores (rho 0.64, p<0.001). No correlation was found between BDI and 
TMTA scores. 

A multivariate analysis was performed to evaluate the influence of sleep dis-
turbances on the association between the presence of VH and respectively 
TMTA and RAVLT performance. RAVLT and TMTA scores were entered first, 
followed by SCOPA sleep scores. Since SCOPA sleep and BAI scores were 
strongly correlated they could not be used in the same predictive model. 
This analysis showed that differences in RAVLT scores remained significant, 
even after correcting for sleep, whereas the association for the TMTA did not. 
The odds ratio of 1 point less on RAVLT was 0.918 (95 % CI 0.846-0.996, 
p=0.04) and 1.102 for one point more on the SCOPA sleep (95 % CI 1.017-
1.194, p=0.02). The results of the final model including both RAVLT and 
SCOPA sleep scores are given in Table 4. Additionally, to evaluate the influ-
ence of motor performance on the association between TMTA scores and the 
presence of VH, a multivariate analysis was performed with TMTA scores en-
tered first, followed by UPDRS III scores. This analysis showed that TMTA per-
formance remained significantly different between PD+VH and PD–VH  after 
correcting for motor disability (odds ratio 1.028 (95 % CI 1.001-1.055, p=0.04).

Table 4 Predictor variables in the final logistic regression model

Variable            B    Wald test           p           Exp(B)
RAVLT    –0.086   4.278    0.039   0.918
SCOPA Sleep   0.097   5.568    0.018   1.102

Legend: 
Abbreviations: 
RAVLT = Rey Auditory Verbal learning Test, 
SCOpA Sleep = Scales for Outcomes in Parkinson’s disease-sleep Scale

Discussion

In the present study we describe differences in cognitive function between 
age-, sex-, education- and disease duration-matched groups of non- demented 
PD patients with and without VH. Verbal learning and probably attention 
were impaired in the hallucinators compared with the non-hallucinators, 
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whereas visuospatial, language and executive functions were comparable 
between groups. Furthermore, hallucinating patients had significantly more 
sleep disturbances and symptoms of anxiety and depression. The observed 
differences in verbal learning were not associated with these symptoms, 
whereas the attention deficits in the PD+VH group were associated with 
sleep disturbances. 

We found RAVLT immediate recall (assessing verbal learning) to be dis-
turbed in PD+VH, while performance on delayed recall and correct and false 
recognition (assessing verbal memory) was comparable between groups. 
This may suggest that PD+VH patients have a selective frontal lobe dysfunc-
tion that causes disturbed internal control of attention, whereas strategy 
processing or storage of information (the latter relying on a temporal net-
work) remains intact. This is supported by the significant correlation 
 between TMTA and the RAVLT immediate recall test results and the normal 
results on other executive tests. In the present study we used the TMTA sub-
test to evaluate attention although it also requires visual scanning and visuo-
(motor) processing speed. However, TMTA differences maintained statistical 
significance after correcting for motor performance, so it seems unlikely 
that TMTA differences merely represent motor speed dissimilarities between 
groups. In addition, we observed a trend of lower TMT difference score 
(TMTB-A) in the PD+VH group, which is a reliable measure of attentional set 
shifting.7 Speed performances on TMTA correlated with the severity of sleep 
disruption. Reduced alertness – as opposed to attention per se – might 
therefore also have contributed to the lower performance speed in PD+VH, 
compared to PD–VH. However, one would not expect sleepiness to select-
ively influence a single test result without affecting other cognitive test 
 results as well. 

For further interpretation of our results it is interesting to consider the two 
main hypotheses on the association between cognitive impairments and VH 
in PD, as described in the recently proposed integrative models.4-8 Both de-
fective attentional processes, that trigger perception in the absence of external 
stimuli, as well as disturbed visual perception, where a lack of sensory input 
leads to the release of stored images, are believed to contribute to VH in PD. 
Our results support an association between attentional deficits and the pres-
ence of VH in PD as reflected by the poorer performances on TMTA and 
RAVLT immediate recall tests in the PD+VH group. Although we did not find 
differences in visuospatial function between PD+VH and PD–VH, we cannot 
rule out visuospatial dysfunction as a contributory factor to VH in PD as this 
cognitive domain was evaluated with only one test (the Rey complex figure 
test).
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At the neurotransmitter level it is interesting to notice that verbal learning is 
– unlike some other cognitive functions – unresponsive to dopaminergic 
medication15 and therefore believed to be a cholinergic mediated cognitive 
function.26 This assumption is supported by a recent PET imaging study 
where episodic verbal learning, but not visual memory or visuospatial func-
tion, was associated with cholinergic denervation in PD.27 In addition, 
 attention and cortical acetylcholinesterase (AChE) activity are highly correl-
ated.28 Perry and colleagues argue that cortical cholinergic denervation, 
due to diminished cholinergic projections from the basal forebrain, under-
lies the attentional deficit involved in the pathophysiology of VH in PD. In 
the absence of cortical acetylcholine, irrelevant intrinsic and sensory in-
formation, which is constantly processed in parallel at a subconscious level, 
may enter conscious awareness.29 Although speculative, putting these res-
ults together might support the idea of a common pathophysiological 
mechanism, i.e. a cholinergic deficit that underlies attention and verbal 
learning deficits and VH in PD.   

The present results confirm earlier reports of cognitive impairments in non-
demented PD+VH patients. All previous studies found verbal learning – 
based on RAVLT immedicate recall test results – to be more impaired in the 
hallucinating group.12-14 To our knowledge, only a single previous study 
(n=14 in each group) looked specifically at attentional deficits in non- 
demented PD+VH and PD–VH patients.8 In line with our results sustained 
attention was more severely affected in PD+VH compared to PD–VH based 
on an extensive test battery for attention performances. In contrast to the 
present results, other studies were indicative of impairments in visuospatial 
functions8,13, memory (RAVLT delayed recall)13,14 and executive functions, 
in particular fluency11-13 and Stroop interference test scores11,14. However, 
in all of these previous studies the PD+VH and PD–VH groups differed sig-
nificantly in disease duration, disease severity and/or medication use.11-14
One of the main strengths of the present study is the matching of patient 
groups with regard to sex, age, educational level and disease duration. Per-
haps not unexpectedly, given the similar disease duration in both groups, no 
significant differences were found in disease stage and severity. Further-
more, relevant drug use was comparable between both groups and thus un-
likely to explain differences in cognitive test results between PD+VH and 
PD–VH. Another strength of our study is the systematic evaluation of neuro-
psychiatric symptoms as potential confounders in the association between 
cognitive performance and the presence of VH. 

VH are associated with both sleep and affective disturbances1 that frequently 
occur in PD as well. Significant differences in daytime sleepiness and dis-
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turbed sleep at night between the PD+VH and PD–VH group suggest that 
arousal systems, including cholinergic neurons in the pedunculopontine 
nucleus and basal forebrain, noradrenergic neurons in the locus coeruleus 
and serotonin neurons in the raphe nucleus may be more severely affected 
in the PD+VH compared to PD–VH patients. Because we do not have any 
information on the possible temporal associations between VH and sleep 
episodes in our patients, nor on the potential causes of disturbed night-time 
sleep in our patients, including restless leg syndrome, REM Sleep Behaviour 
Disorder or Sleep Apnoea Syndrome, we are unable to draw any further 
conclusions on the association between sleep disorders and the presence of 
VH in PD. Anxiety and depression levels, assessed with respectively BAI and 
BDI scores, were higher in PD+VH patients, compared with PD–VH. Both 
symptoms often precede motor-symptoms in PD suggesting that these 
symptoms do not represent psychological or social difficulties in adapting to 
the illness, but are linked to specific neurobiological processes that occur in 
PD. Thus, in addition to sleep disruption, high levels of anxiety and depres-
sion in our hallucinating PD group might reflect more severe or selective 
pathology in midbrain and basal forebrain areas, including cholinergic, nor-
adrenergic and serotonergic nuclei, as suggested by others.30

However, there are also a number of limitations that should be addressed. 
First, there might be a selection bias towards patients in the early stages of 
the disease since our clinic is a tertiary referral center. This also explains the 
rather low prevalence rate (13%) of VH in our study population, in contrast 
to prevalence rates ranging from 22 to 38% in other cross-sectional studies.4 
Alternatively, the SCOPA PC might lack sensitivity to detect VH. Because of 
the low prevalence rate our sample size was relatively small and had limited 
power. In addition, due to the retrospective design of the study, we were un-
able to rule out subtle visual impairments, for patients were not specifically 
tested for colour vision and contrast discrimination. Furthermore, we would 
recommend the use of a more extensive evaluation of attentional deficits in 
future studies, such as the test battery of attentional performances used by 
Koerts et al.15

In conclusion, the presence of VH in non-demented PD patients is associated 
with a cognitive profile characterized by impairments in verbal learning and 
probably attention. These findings support the hypothesis that multiple 
neuro transmitter deficits, including a cholinergic deficit, may contribute to 
the pathophysiology of both cognitive impairments and VH in PD. Future 
research by means of a longitudinal study may ultimately lead to the identi-
fication of a cognitive risk profile for the development of VH and eventually 
dementia in PD.  
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CHAPTER 3 | LOSS OF FUNCTIONAL CONNECTIVITY 
 IN PARKINSON’S DISEASE PATIENTS WITH 

VISUAL HALLUCINATIONS

ABSTRACT

Purpose To gain more insight into the pathophysiology of visual hallucinations (VH) 
in Parkinson’s disease (PD), by analyzing whole-brain resting-state functional con-
nectivity in PD patients with (PD+VH) and without VH (PD–VH) and controls.

Methods For this retrospective study, we included 15 PD+VH, 40 PD–VH patients and 
15 controls from a prospective cohort study, which was approved by the local ethics 
board and written informed consent was obtained from all participants. Functional 
connectivity was calculated between 47 regions of interests, of which whole-brain and 
region-specific means were compared using a general linear model, with false discov-
ery rate control for multiple comparisons.

Results Whole-brain mean functional connectivity was significantly lower in PD 
compared to controls, with regional decreases involving paracentral and occipital 
 regions in both PD+VH and PD–VH patients (whole-brain mean±SD in PD+VH: 
0.12±0.01; PD–VH: 0.14±0.03; controls: 0.15±0.04, p<.05, corrected). In PD+VH 
 patients, nine additional frontal, temporal, occipital and striatal regions showed de-
creased functional connectivity compared to controls (mean±SD of these 9 regions in 
PD+VH: 0.12±0.02; PD–VH: 0.14±0.03; controls: 0.16±0.04, p<.05, corrected). Resting-
state functional connectivity was unrelated to motor performance (r=.182, p=.184) and 
related to cognitive deficits such as attention and perception (rs=-.555 and rs=-.558, 
respectively, p<.05).

Conclusions Our findings show a PD-related effect on resting-state functional con-
nectivity of posterior and paracentral brain regions, while the presence of VH is 
 associated with a more global loss of connectivity, related to attention and perception. 
These findings suggest that the pathophysiology of VH in PD may include a global loss 
of network efficiency, which could drive disturbed attentional and visual processing.  
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Introduction

Visual hallucinations (VH) are a frequent and disabling symptom in Parkin-
son’s disease (PD). Effective therapeutic strategies have been hindered by an 
incomplete knowledge of their pathophysiology.1 The current hypotheses 
on the pathophysiology of VH in PD include disturbed attention, as well as 
disturbed perception as contributory mechanisms, suggesting the involve-
ment of multiple brain regions and networks.2 In previous structural imaging 
studies, regional atrophy has been reported in PD with (PD+VH) compared 
to PD without VH (PD–VH), although the observed localization of the atrophy 
appears inconsistent and may even be lacking altogether according to oth-
ers.3,4 Interestingly, whereas atrophy seems to be mild in PD, there have been 
reports of extensive decreases in functional connectivity between brain areas 
in PD, which relate strongly to clinical parameters5 and hence perhaps to VH 
as well, as has been shown in other neuropsychiatric diseases.6

Functional MRI studies specifically investigating VH in PD are rare and have 
been mainly limited to task-based paradigms such as visual stimulation or 
cognitive tasks.7-10 However, since the presence of VH is strongly linked to 
the development of cognitive decline in PD, cognitive deficits may have had 
an impact in such studies, for example by influencing the ability to perform 
specific tasks in the scanner. A resting-state approach does not rely on intact 
cognitive function of patients but has been applied only twice, whereby only 
predefined networks or a seed-region were investigated.11,12 However, 
based on recent insights on the pathophysiology of VH in PD, we hypothes-
ized a more broad, whole-network involvement instead of focal effects. 
Therefore, our aim was to gain more insight into the pathophysiology of VH 
in PD, by analyzing whole-brain resting-state functional connectivity in 
PD+VH, PD–VH patients and controls.

Materials and Methods

Subjects 
Patients and controls were part of a previous cohort study of de novo to 
moderately advanced idiopathic PD patients and healthy volunteers, of 
which the recruitment and inclusion is described elsewhere.13,14 Briefly, PD 
patients were initially recruited from an outpatient clinic for movement 
 disorders and a group of healthy controls was composed of spouses of the 
patients and other healthy volunteers of comparable age. PD patients ful-
filled the clinical diagnostic criteria of the UK PD Brain Bank.15 Exclusion 
criteria for PD patients were stereotactic surgery in the past and extensive 
white matter lesions or other abnormalities (e.g. tumor) on MRI scan. The 
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control group consisted of self-declared healthy subjects, and were screened 
for neuro(radio)logical disorders (i.e. neurological symptoms were evaluated 
and scans were screened for abnormalities by a radiologist). Functional MRI 
registrations were available of first and second follow-up visits, 4 years (2008 
or 2009) and 7 years (2011 or 2012) after initial inclusion. For the present 
retrospective study, we included the data of the last follow-up visit of PD 
 patients and controls of which complete clinical, neuropsychological and 
 imaging data were available. All participants gave written informed consent 
to participate in the research protocol, which was approved by the local 
 institutional ethics review board, in adherence to the Helsinki declaration.

Clinical assessment 
PD patients were questioned on the presence of VH using the Scales for Out-
comes in Parkinson’s disease-Psychiatric Complications (SCOPA-PC), which 
is a reliable, valid and easy-to-administer questionnaire for psychiatric 
complications in PD.16 Based on a score of either ≥1 or 0 on the first item, 
patients were classified as PD+VH or PD–VH. Disease duration was calcul-
ated based on a subjective estimate of the time since the first occurrence of 
the characteristic motor symptoms by the patient. The severity of motor 
symptoms was evaluated with the Unified Parkinson’s Disease Rating Scale, 
part III (UPDRS-III)17, which was obtained in the on-medication state by a 
trained physician (KD5 and DH; 10 and 7 years of experience in neurology, 
respectively). A disease stage according to Hoehn and Yahr was attributed to 
each patient. Educational level was classified according to the International 
Standard Classification of Education (ISCED, UNESCO 1997), ranging from 0 
(no primary education) to 6 (university). In addition, the Levodopa equiva-
lent daily dose (LEDD) was calculated for each patient as described elsewhere14 
and the use of other medication that may facilitate the development of hal-
lucinations in PD (i.e. dopamine agonists, neuroleptics, anticholinergics, 
amantadine and MAO-B inhibitors) was noted.

Cognitive assessment 
Cognitive status was evaluated using the mini-mental state examination 
(MMSE) and the Cambridge Cognitive Examination-Revised test battery 
(CAMCOG-R), which allows assessment of seven cognitive domains, i.e. ori-
entation (max. score=10), language (max. score=30), memory (max. 
score=27), attention and calculation (max. score=9), praxis (max. score=12), 
abstract thinking (max. score=8) and perception (max. score=9). A total 
CAMCOG-R score below 80 is considered indicative of dementia (max. total 
score=105).18 In addition, the following specific cognitive tests were per-
formed: the semantic fluency test, the pattern recognition memory test 
(PRM), the spatial span test (SSP), the spatial working memory test (SWM), 
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and the intra-extra dimensional set shift test (IED) from the Cambridge 
Neuropsychological Test Automated Battery (CANTAB Eclipse 2.0, Cambridge 
Cognition, Cambridge, UK) and the Vienna perseveration test (VPT) from 
the Vienna Test System (Dr. G. Schuhfried GmbH, Modling, Austria).

Image acquisition 
All subjects underwent structural whole-brain 3T-MR scans (GE Signa HDXT, 
V15M), using a sagittal 3DT1 fast spoiled gradient-echo sequence (FSPGR, TR 
7.8, TE 3.0, TI 450 ms, FA 12, 1.0 x 0.9 x 0.9 mm voxel size). For resting-state 
functional MR imaging (resting-state fMRI), 202 volumes of axial echo-planar 
images were acquired, of which the first two were discarded (TR 1800 ms, TE 
35 ms, FA 90, 3.3 mm isotropic voxel size). Subjects were asked to rest with 
their eyes closed, not fall asleep, and to think of nothing in particular during 
the fMRI scan. Scanning was performed in the “ON” medication state (i.e., 
period during the day when treatment was effective at suppressing motor 
symptoms, as confirmed by the patient).

fMRI processing: regions of interest 
All processing steps were performed by MS, KO and DH (10, 10 and 4 years 
of experience in neuroimaging respectively) using FMRIB’s Software Library 
(FSL) version 5.0, http://www.fMRIb.ox.ac.uk.FSL. Pre-processing steps in-
cluded brain extraction and brain volume calculation (normalized for head 
size) using SIENAX (part of FSL) on the structural images and motion 
 correction, smoothing and high-pass filtering (100-second cutoff) and 
 registration to standard space on the functional images using the pipeline of 
Multivariate Exploratory Linear Optimized Decomposition into Independent 
Components (MELODIC, part of FSL). Subject motion, measured as relative 
displacement, was comparable between PD patients (mean±SD: 0.09±0.05 
mm) and controls (0.10±0.07 mm; U=419, p=.931), as well as between 
PD+VH (mean±SD: 0.09±0.05 mm) and PD–VH patients (0.09±0.05 mm; 
U=286, p=.783). We assessed functional connectivity between 93 regions of 
interest (ROIs) covering the entire brain using synchronization likelihood 
(SL). Cortical ROIs were derived from the Automated Anatomical Labeling 
(AAL) atlas19 and subcortical regions were derived from FIRST (also part of 
FSL). As the AAL is situated in standard space, but FIRST is performed on 
native-space images, average cortical time series were extracted after bound-
ary-based registration (BBR, part of FSL) and nonlinear registration of the 
preprocessed fMRI data to standard space. Average deep grey matter time 
series of FIRST regions were extracted in subject space, only using an in-
versed BBR matrix of the FIRST atlas from 3DT1 to fMRI space. This resulted 
in an individualized atlas featuring 93 ROIs.
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fMRI processing: functional connectivity 
Average time series were calculated for each ROI and functional connect-
ivity was then computed for all pair-wise combinations of brain regions 
 using synchronization likelihood (SL) in BrainWave (version 0.9.101, avail-
able from http://home.kpn.nl/stam7883/brainwave.html), with SL values 
ranging between 0 and 1. Synchronization likelihood is a method previous-
ly used in the same cohort and is based on the concept of generalized syn-
chronization, detecting both linear and nonlinear dependencies between 
two signals, whereas conventional correlations only detect linear effects.20,21 
An embedding dimension of five data points, a time lag of one data point 
and a p-ref of .05 were used, in line with previous work.5 We took the mean 
SL value per connectivity matrix, i.e. the mean connectivity of all regions in 
one subject, as a measure of whole-brain mean functional connectivity per 
subject. For the analysis of regional functional connectivity, we calculated 
the mean SL value (i.e. the weighted degree) for each brain region, where 
left- and right-sided homologous brain regions were averaged to limit the 
number of comparisons, when applicable, leaving 47 regions for statistical 
analysis. 

Statistical analysis 
Descriptive variables were compared between groups using the Fisher exact 
test for categorical data, the independent t-test for normally distributed 
continuous data, or the Mann Whitney U test for non-normally distributed 
continuous data when appropriate. We applied a reciprocal transformation 
to all SL-values (i.e. 1/SL) to obtain a normal distribution. A general linear 
model (GLM), controlling for age, sex and educational level (dichotomized 
using a median split), was used to compare the whole-brain mean, and 
 regional functional connectivity of all 47 brain regions between all three 
groups (PD+VH, PD–VH patients and controls) with False Discovery Rate 
(FDR) control for the number of statistical comparisons. Of all regions that 
were significantly altered in the main effect, post-hoc comparisons between 
groups were performed with a Bonferroni correction for multiple group 
comparisons. The Pearson and Spearman correlation coefficients were used 
to evaluate the relation between SL-values and disease duration, motor per-
formance and global cognitive performance (i.e. CAMCOG). For regions of 
which the SL-value was related to global cognitive performance in PD+VH 
patients, the Spearman correlation coefficient was used to explore correla-
tions with specific cognitive subdomains (i.e. CAMCOG subdomains and 
 additional cognitive tests). A two-tailed p<.05 was considered significant. 
All above-mentioned analyses were performed with IBM Statistical Package 
of the Social Sciences software version 20.0 (SPSS, Chicago, Il, USA).



43

Results

Descriptive and clinical data 
There were no significant differences in gender distribution, age or educa-
tional level between PD patients and controls (Table 1). Relevant medication 
use (LEDD, dopamine agonists, neuroleptics, anticholinergics, amantadine 
and MAO-B inhibitors) was similar in PD+VH and PD–VH patients. Global 
cognitive functioning was lower in PD patients compared to controls when 
measured with CAMCOG (U=194, p=.004), but MMSE scores were compar-
able (U=362, p=.721). Comparing PD+VH and PD–VH patients, disease dura-
tion was similar in both groups (t(53)=–.61, p=.547), and motor performance 
(UPDRS III; t(53)=–2.26, p=.028) and global cognitive functioning (CAMCOG; 
U=165; p=.011) were worse in PD+VH patients. Four PD+VH and two PD–VH 
patients were classified as demented (Fisher’s exact p=.041). 

Exploring cognitive functions in more detail, PD+VH performed significantly 
worse compared to PD–VH in multiple cognitive domains, namely the 
 orientation, language, memory and perception subdomains of the CAMCOG,

Table 1 Demographic and clinical characteristics of PD patient groups and controls

         PD+VH      PD–VH           Controls
Nr. of subjects             15               40            15
Male nr. (%)       11 (73)       21 (53)                  10 (67)
Age mean years ± SD     69 ± 4              67 ± 7           67 ± 8
Disease duration mean years ± SD  12 ± 4      11 ± 4                         n/a
UPDRS III mean score ± SD    37 ± 9*       30 ± 10                        n/a
H&Y (2/2.5/3)       6/4/5                    16/16/8         n/a
ISCED (0/1/2/3/4/5/6)      0/0/4/4/0/6/1      0/0/14/11/2/13/0       0/0/2/3/1/8/1
LEDD mean dose mg ± SD    1081 ± 446      1008 ± 610                 n/a
MMSE score ± SD      26 ± 4       28 ± 1           28 ± 1
CAMCOG score ± SD     87 ± 11*         95 ± 7           99 ± 3**

Legend: 
Abbreviations: 
pd = Parkinson’s disease, 
VH = Visual Hallucinations, 
Sd = Standard Deviation, 
UpdRS iii = Unified Parkinson’s Disease Rating Scale part iii, 
H&Y = Hoehn and Yahr stage, 
iSCed = International Standard Classification of Education, 
Ledd = Levodopa Equivalent Daily Dose, 
mmSe = Mini Mental State Examination, 
CAmCOg = Cambridge Cognitive Examination-Revised test battery
*= p<.05 compared to pd–VH
**= p<.05 compared to pd (pd+VH and pd–VH)
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semantic fluency and working memory (i.e. spatial span and spatial working 
memory; see Table 2). Additional trend level differences were found for 
 attention, praxis and motor perseveration (Vienna perseveration test; see 
Table 2). Normalized brain volumes were comparable between PD patients 
(mean±SD: 1.41±0.08 L) and controls (1.42±0.09 L; t(68)=.46, p=.649), as 
well as between PD+VH (mean±SD: 1.39±0.07 L) and PD–VH patients 
(mean±SD: 1.42±0.09 L; t(53)= .99, p=.328).

Functional connectivity: lower in both disease groups 
Whole-brain mean functional connectivity was significantly different  between 
PD patient groups and controls (p=.013). Post-hoc comparisons between 
groups showed only significantly lower whole-brain mean functional con-
nectivity in PD+VH patients, compared to controls (p=.010) and not  between 
PD–VH and controls (p=.140), nor between PD+VH and PD–VH      patients 

Table 2 Cognitive functions in PD patient groups and controls

         PD+VH (N=15)      PD–VH (N=40)      Controls (N=14)
CAMCOG domains mean ± SD   
Orientation       9.0 ± 1.4*      9.7 ± 0.6      9.5 ± 0.7
Language       26.3 ± 2.6*      27.8 ± 2.3      28.7 ± 0.8
Memory        20.9 ± 3.4*      23.2 ± 2.0      24.6 ± 1.6**
Attention/calculation      7.7 ± 1.8      8.5 ± 0.8      8.4 ± 0.8
Praxis        10.1 ± 1.9      11.3 ± 1.1      11.6 ± 0.6
Abstract thinking       6.2 ± 1.4      6.6 ± 1.4      7.5 ± 0.8**
Perception       6.9 ± 1.6*      7.8 ± 1.4      8.8 ± 0.4**
Additional cognitive tests
Semantic fluency nr. words      14.8 ± 6.3*      21.3 ± 5.9      24.0 ± 6.2**
PRM correct responses      20.7 ± 3.2      20.5 ± 2.8      23.0 ± 1.0**
SSP span length       3.8 ± 1.1*      5.0 ± 1.1      5.5 ± 0.9**
SWM between errors      51.0 ± 29.2*      35.8 ± 20.0      22.9 ± 16.5**
IED stages       6.2 ± 3.4      7.5 ± 2.5      8.6 ± 0.9
VPT redundancy       30.0 ± 12.7      23.3 ± 10.9      18.6 ± 3.4

Legend: 
Abbreviations: 
pd = Parkinson’s disease, 
VH = Visual Hallucinations, 
Sd = Standard Deviation, 
CAmCOg = Cambridge Cognitive Examination-Revised test battery, 
pRm = pattern recognition memory test, 
SSp = spatial span test, 
SWm = spatial working memory test, 
ied = intra-extra dimensional set shift test, 
VpT = Vienna perseveration test.
* = p<.05 compared to pd–VH
** = p<.05 compared to pd (pd+VH and pd–VH)
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(p=.339; see Figure 1). Regional connectivity analysis revealed eight regions 
in the occipital lobe and paracentral area for which functional connectivity 
(weighted degree) was lower in both PD+VH and PD–VH patients, compared 
to controls (Figure 2). In none of these eight regions functional connectivity 
was related to disease duration or motor performance. A lower level of func-
tional connectivity of the paracentral lobule (rs=–.294, p=.029), the precen-
tral gyrus (rs=–.275, p=.042), the calcarine cortex (rs=–.270, p=.046), the 
superior occipital gyrus (rs=–.298, p=.027), and cuneus  (rs=–.268, p=.048) 
was related to worse cognitive function in PD patients.

Figure 1 Mean functional connectivity in PD patient groups and controls

Legend: 
pd+VH patients had significantly lower mean functional connectivity (i.e. higher 1/SL-values), 
 compared to controls, while mean functional connectivity in pd–VH and controls was not 
 significantly different. 
Abbreviations: 
SL = Synchronization Likelihood, 
pd = Parkinson’s disease, 
VH = Visual Hallucinations.

Functional connectivity: exclusively lower in PD+VH patients 
Nine brain regions displayed reduced functional connectivity compared to 
controls in PD+VH only. These were situated in the frontal cortex (superior 
frontal gyrus), temporal cortex (fusiform gyrus, superior temporal gyrus, 
middle temporal gyrus and middle temporal pole), rolandic operculum, 
 occipital cortex (inferior occipital gyrus) and striatum (caudate nucleus and 
putamen; see Figure 2). Reduced functional connectivity levels were only 
related to cognitive deficits, although these correlations did not survive FDR 
correction. A lower level of functional connectivity of the superior temporal 
gyrus and rolandic operculum was related to poorer cognitive functioning 
in PD+VH patients (rs=–0.601, p=.018, and rs=–0.539, p=.038, respectively). 
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Exploring the relationship between functional connectivity of the superior 
temporal gyrus and cognitive domains in more detail, connectivity was 
 correlated with orientation (rs=–.602, p=.017), attention (rs=–.555, p=.032), 
praxis (rs=–.636, p=.011), perception (rs=–.550, p=.033) and intra-extra 
 dimensional set shifting (rs=–.556, p=.049). The loss of functional connect-
ivity of the rolandic operculum correlated with lower cognitive test scores in 
the praxis (rs=–.595, p=.019) and perception (rs=–.566, p=.028) subdomains. 
Regional reductions in functional connectivity in PD+VH patients were not 
related to motor performance, and only lower functional connectivity of the 
putamen was related to shorter disease duration (Pearson  r=–.522, p=.046). 

Figure 2 Reduced regional functional connectivity in all PD patients (A) and 
exclusively in PD+VH patients (B)  

Legend: 
Regional functional connectivity analysis revealed lower functional connectivity in pd+VH, as well 
as pd–VH compared to controls in paracentral and occipital regions (yellow, p<.05, corrected for 
multiple comparisons). Functional connectivity in frontal, temporal and subcortical regions was 
exclusively lower in pd+VH patients, compared to controls (red, p<.05, corrected for multiple 
comparisons). Talairach coordinates: x=75, y=128, z=79. 
Abbreviations: 
pd = Parkinson’s disease, 
VH = Visual Hallucinations.
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Discussion

In this study, we investigated whole-brain resting-state functional connect-
ivity in PD patients with and without VH compared to controls using fMRI. We 
found significantly lower functional connectivity in PD patients, which was 
especially widespread in PD+VH patients. Regions with lower functional con-
nectivity in both PD+VH and PD–VH patients comprised the occipital and 
paracentral regions. In PD+VH patients, nine additional regions with lower 
functional connectivity were found involving frontal, temporal, occipital and 
striatal brain areas. Functional connectivity in these regions was partially 
 related to cognitive impairments, e.g. deficits in attention, attentional set 
shifting and perception. Our findings suggest that a more distributed loss of 
network efficiency contributes to the pathophysiology of VH in PD patients.

The frontal and temporal brain regions that were less well connected in our 
PD+VH patients are important for maintaining a normal level of attention. 
In particular, the superior frontal gyrus is involved in the allocation and 
maintenance of visuospatial attention and inhibitory control22,23, and sup-
posedly allows an individual to reflect upon sensory experiences and judge 
their possible significance to the self.24 The superior temporal gyrus has an 
important role in visual attention as well and is believed to control the vent-
ral (‘what’, nonspatial) and dorsal (‘where’, spatial) visual streams.25 In the 
present study, resting-state functional connectivity of the superior frontal 
gyrus and superior temporal gyrus was exclusively lower in PD+VH patients, 
which supports the hypothesis that disturbed attention (i.e. disturbed “top-
down” processing) plays a role in the generation of VH.26 Disconnection of 
frontal and temporal brain areas may contribute to disturbed ‘source- 
monitoring’, that is, impaired discrimination of external perceptions from 
internally generated information, which has been reported in PD+VH and 
not in PD–VH patients.27 PD+VH patients were more likely to report intern-
ally generated stimuli as external input stimuli and VH in these patients 
could thus be the result of endogenous imagery.27

Even though we studied functional connectivity, but not activation levels, 
the results of previous fMRI studies investigating brain activation during 
complex visual tasks in PD+VH and PD–VH patients are in line with the 
 present findings by showing frontal hypoactivation preceding and during 
image recognition in PD+VH patients.8-10 Furthermore, altered metabolism 
in frontal and temporal cortex has been observed in PD+VH patients using 
positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT).28-30 Moreover, the strongest correlations between 
hallucination scores in PD patients and hypometabolism were found in the 
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superior temporal gyrus and fusiform gyrus in one study.29 In a very recent 
study, the activity and connectivity of the Dorsal Attention Network, which 
includes the superior frontal gyrus and striatum as neural hubs, were 
 impaired in PD+VH patients, which is in line with our findings.31

In this study, resting-state functional connectivity in PD+VH patients was 
partially associated with cognitive function, but unrelated to motor perform-
ance. Specifically, a lower level of functional connectivity of superior temporal 
gyrus and rolandic operculum was associated with poorer test scores in 
 multiple cognitive domains, including attention, perception and intra-extra 
dimensional set shifting, the latter reflecting impaired visual discrimination 
as well as maintenance, shifting and flexibility of attention. Again, this obser-
vation emphasizes the importance of disturbed attentional processing in 
PD+VH patients, as shown in previous neuropsychological studies.32,33

Besides disconnection of frontal, temporal and striatal regions, we observed 
weaker functional connectivity of the fusiform gyrus and inferior occipital 
gyrus in PD+VH patients. These regions are part of the ventral visual stream 
and are important for object and facial recognition.34 Reduced activation 
and metabolism in the visual pathways, including the ventral visual stream, 
have previously been observed in fMRI, PET and SPECT studies comparing 
PD+VH and PD–VH patients.7,8,29,35,36 Therefore, the results of previous 
and the present study suggest that relative impairments of “bottom-up” 
 visual processing in the occipitotemporal cortex may contribute to the 
pathophysiology of VH in PD. Possibly, as suggested by others, impaired 
visual perception in combination with defective attentional processes  results 
in the release of incorrect ‘proto-objects’ and hence leads to VH.26 Thus, a 
combination of disturbed visual and attentional networks, i.e.  disturbed 
“bottom-up” and “top-down” processes, may provoke VH in PD.

The present study has some limitations. First, since our study had a limited 
sample size, with only 15 PD+VH patients, the results should be interpreted 
with caution. However, all previous fMRI studies in PD patients with VH 
were performed in even smaller sample sizes.7-10,12 Moreover, we corrected 
for multiple comparisons between groups and primary outcome measures, 
thus reducing the risk of false positive findings. The correlation analyses 
between functional connectivity and cognitive functions should be regarded 
as exploratory, however, since the correlations would not survive a correc-
tion for multiple comparisons. Secondly, although our PD patient groups 
had similar disease durations, the PD+VH group was more severely affected 
compared to the PD–VH group in terms of motor and cognitive perform-
ance. A more widespread loss of functional connectivity in our PD+VH 
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group may thus reflect more advanced disease independent of the presence 
of VH. However, the absence of a relation between connectivity measures 
and clinical measures of disease progression, i.e. disease duration and motor 
function, argue against this. Also, the brain regions that were exclusively 
altered in our PD+VH group were largely different from the ones that were 
strongly related to cognitive decline in our previous longitudinal analysis.5 
We explored the exclusiveness of these alterations using a post-hoc explor-
atory analysis, where we matched PD+VH patients closely to individual       
PD–VH patients ensuring more comparable motor and cognitive perfor-
mance, and obtained similar results (Supplementary data). The results of this 
exploratory analysis again emphasizes that our connectivity findings do not 
reflect disease progression, but seem to be uniquely related to the presence of 
VH. Lastly, it is important to note that the on-medication state of our  patients 
may have influenced our findings by normalizing functional connectivity 
and therefore masking further differences.37 However, scanning in the 
 on-medication state was necessary to minimize the effect of head motion 
and thus motion-related artifacts during MRI acquisition.

In summary, we found reduced functional connectivity specific to PD+VH 
patients for a broad range of brain regions, including regions involved in 
attention (i.e. frontal, temporal and striatal regions) as well as visual pro-
cessing (inferior occipital and temporal regions). Therefore, our findings 
argue against the notion that a single specific functional brain region or 
network is the neural substrate of VH in PD, but rather supply further 
 evidence for a more global loss of network efficiency, which could drive 
disturbed attentional and visual processing and thereby lead to VH in PD.

Supplementary data
An additional exploratory analysis was performed in PD patient groups with 
more comparable motor and cognitive performances (see Table 3 for demo-
graphic and clinical data). For this analysis, 15 PD–VH patients were selected 
from the total PD–VH group (N=40) based on cognitive scores, i.e. PD–VH 
patients with the lowest CAMCOG scores were included. There were no sig-
nificant differences between PD+VH patients and this subgroup of PD–VH 
patients with regard to demographic and/or clinical parameters, although 
there was a trend for higher UPDRS scores and levodopa equivalent daily dose 
(LEDD) in PD+VH patients, compared to PD–VH patients (t(28), p=.064, and 
U=2.823, p=.093, respectively). Equally to our main analysis, the whole-brain 
mean functional connectivity was significantly different between the three 
groups (p=.005, corrected for gender, age and education). Post-hoc analysis 
between groups showed only significantly lower mean functional connect-
ivity in PD+VH patients, compared to controls (p=.004, Bonferroni corrected).
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In a regional analysis including this subgroup of PD–VH patients, functional 
connectivity of 25 brain regions was significantly different between the three 
groups (FDR controlled), compared to 17 regions in our main analysis. As in 
our main analysis, lower functional connectivity in both PD+VH, as well as 
PD–VH patients, compared to controls, was observed of multiple regions in 
the occipital lobe and paracentral area, namely: superior and middle occi-
pital gyrus, cuneus, lingual gyrus, calcarine and paracentral gyrus (Bonfer-
roni corrected for multiple group comparisons). Regions that displayed 
 significantly lower functional connectivity exclusively in PD+VH patients, 
compared to controls, were more widespread and included regions in the 
frontal lobe (superior frontal, middle frontal, inferior orbital frontal,  pre-   
central and supplementary motor gyrus), rolandic operculum, parietal lobe 
(superior parietal, supramarginal and postcentral gyrus), temporal lobe 
 (superior temporal, middle temporal and inferior temporal gyrus,  fusiform 
gyrus, hippocampus and middle temporal pole), and occipital lobe (inferior 
occipital gyrus), as well as basal ganglia (putamen and caudate  nucleus) and 
thalamus.

Table 3 Demographics of PD subgroups with comparable motor and cognitive function

         PD+VH    PD–VH     Controls
Nr. of subjects             15            15            15
Male nr. (%)       11 (73)    6 (40)    10 (67)
Age mean years ± SD     69 ± 4    70 ± 6    67 ± 8
Disease duration mean years ± SD  12 ± 4    11 ± 4           n/a
UPDRS III mean score ± SD    37 ± 9    31 ± 8           n/a
H&Y (2/2.5/3)       6/4/5    5/5/5           n/a
ISCED (0/1/2/3/4/5/6)      0/0/4/4/0/6/1   0/0/6 7/1/1/0   0/0/2/3/1/8/1*
LEDD mean dose mg ± SD    1081 ± 446   863 ± 504          n/a
MMSE score ± SD      26 ± 4    27 ± 1    28 ± 1*
CAMCOG score ± SD     87 ± 11    88 ± 6    99 ± 3*

Legend: 
Abbreviations: 
pd = Parkinson’s disease, 
VH = Visual Hallucinations, 
Sd = Standard Deviation, 
UpdRS iii =Unified Parkinson’s Disease Rating Scale part iii, 
H&Y = Hoehn and Yahr stage, 
iSCed = International Standard Classification of Education, 
Ledd = Levodopa Equivalent Daily Dose, 
mmSe = Mini Mental State Examination, 
CAmCOg = Cambridge Cognitive Examination-Revised test battery
*= p<.05 compared to pd (pd+VH and pd–VH)
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CHAPTER 4 | DAMAGED FIBER TRACTS OF THE  
 NUCLEUS BASALIS OF MEYNERT IN 

 PARKINSON’S  DISEASE PATIENTS WITH 
VISUAL  HALLUCINATIONS 

ABSTRACT

Damage to fiber tracts connecting the nucleus basalis of Meynert (NBM) to the 
cerebral cortex may underlie the development of visual hallucinations (VH) in 
 Parkinson’s disease (PD), possibly due to a loss of cholinergic innervation. This was 
investigated by comparing structural connectivity of the NBM using diffusion 
 tensor imaging in 15 PD patients with VH (PD+VH), 40 PD patients without VH 
(PD–VH), and 15 age- and gender-matched controls. Fractional anisotropy (FA) 
and mean diffusivity (MD) of pathways connecting the NBM to the whole cerebral 
cortex and of regional NBM fiber tracts were compared between groups. In PD+VH 
patients, compared to controls, higher MD values were observed in the pathways 
connecting the NBM to the cerebral cortex, while FA values were normal. Regional 
analysis demonstrated a higher MD of parietal (p=0.011) and occipital tracts 
(p=0.027) in PD+VH, compared to PD–VH patients. We suggest that loss of struc-
tural connectivity between the NBM and posterior brain regions may contribute to 
the etiology of VH in PD. Future studies are needed to determine whether these 
findings could represent a sensitive marker for the hypothesized cholinergic deficit 
in PD+VH patients.
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Introduction

Visual hallucinations (VH) in Parkinson’s disease (PD) are common and 
 reflect a more malignant disease course, including a high risk of dementia.1 
Although the pathophysiology of VH in PD is still poorly understood, a 
 cholinergic deficit is thought to be an important factor.2,3 According to the 
hypocholinergic hypothesis of VH in PD, decreased cholinergic innervation 
of the visual association cortex may lead to an inability to suppress intrinsic 
cortical activity during perception, and thereby to VH.4 This hypothesis is 
supported by the tendency of anticholinergic drugs to induce VH.4,5 Con-
versely, cholinesterase inhibitors have been shown to ameliorate VH in PD 
patients, in addition to their beneficial effect on cognitive function, although 
the therapeutic response is variable.6-8

The nucleus basalis of Meynert (NBM) is located in the basal forebrain, 
namely in the subcomissural area traditionally indicated as substantia 
 innominata (SI).9 The NBM constitutes the primary source of cholinergic 
innervation to the cerebral cortex10,11 and, in neuropathological studies, 
severe neuronal loss within this nucleus has been reported in PD.12,13 In 
previous volumetric magnetic resonance imaging (MRI) studies, atrophy of 
the SI was reported in PD patients with VH (PD+VH), compared to PD 
 patients without VH (PD–VH) and SI atrophy was associated with cognitive 
decline.14,15

As the NBM degenerates, it is likely that the fiber tracts connecting the NBM 
with cerebral cortical brain areas will also be affected. Demonstrating a 
 disruption of these fiber tracts would not only further support the hypocho-
linergic hypothesis of VH in PD, but could also provide us with an in vivo 
measure of the severity of the cholinergic deficit in PD. Diffusion tensor 
imaging (DTI) is a brain imaging method that can be used to investigate the 
integrity of fiber tracts in the human brain.16 DTI may therefore provide 
 additional information over structural MRI in characterizing the cholinergic 
deficit in PD. In Alzheimer’s disease, another neurodegenerative disease with 
a major cholinergic deficit, atrophy of the SI correlated with decreased inte-
grity of intracortical projecting fiber tracts.17 In PD, only a few previous 
 studies used DTI to compare fiber tract and/or tissue integrity in patients with 
and without VH, but none of these included the NBM as region of interest.18-20

In the present study, we aimed to investigate whether the integrity of con-
nections between the NBM and cerebral cortical regions is disturbed in 
PD+VH, compared to PD–VH patients and controls, by performing seed-
based probabilistic tractography using DTI. We expected a loss of integrity 
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of fiber tracts between the NBM and cerebral cortex in PD+VH patients, 
compared to PD–VH patients. In addition, we explored whether changes in 
structural connectivity of the NBM would be associated with cognitive 
 impairments.

Methods

Subjects 
All subjects were part of an existing longitudinal study cohort of de novo to 
moderately advanced idiopathic PD patients and healthy controls, of which 
the recruitment and inclusion specifics were reported previously.21,22 
 Briefly, PD patients were recruited from the outpatient clinic for movement 
disorders at the VU University Medical Center (VUMC) and a group of 
healthy controls was composed of spouses of the patients as well as other 
healthy volunteers. DTI registrations were performed at the first and second 
follow-up visits, 4 and 7 years after initial inclusion. Based on the availabil-
ity of structural MRI and DTI scans and clinical data, we selected 55 PD 
 patients (mean disease duration ± SD: 11±3.7 years) and 15 age- and gender-
matched controls for the present study. All PD patients fulfilled the clinical 
diagnostic criteria of the UK PD Brain Bank.23 Participants gave written 
 informed consent to participate in the research protocol, which was 
 approved by the institutional ethics review board of the VU University 
 Medical Center, in adherence to the Helsinki declaration.

Clinical assessment 
The presence of visual hallucinations (VH) in PD patients was assessed using 
the Scales for Outcomes in Parkinson’s disease-Psychiatric Complications 
(SCOPA-PC), which is a validated and easy-to-administer questionnaire for 
neuropsychiatric complications in PD.24 Patients were classified as PD with 
or without VH (PD+VH or PD–VH) based on a score of either ≥1 or 0 on the 
first item of the questionnaire. None of the PD patients experienced isolated 
hallucinations in another modality (e.g. auditory, tactile and/or olfactory 
hallucinations). Disease duration was determined based on the time since 
the occurrence of the first motor symptoms as reported by the patient. The 
severity of motor symptoms was rated in the “ON” medication state using 
the Unified Parkinson’s Disease Rating Scale, part III (UPDRS-III)25 by a 
trained physician. A disease stage was attributed to each patient according 
to Hoehn and Yahr.26 Cognitive function was assessed using the mini-mental 
state examination (MMSE) and the Cambridge Cognitive Examination- 
Revised test battery (CAMCOG-R), whereby a total CAMCOG-R score below 
80 was considered indicative of dementia (max. total score=105).27 The  level 
of education was classified according to the International Standard Classifi-
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cation of Education (ISCED, UNESCO 1997), which ranges from zero (no 
 primary education) to 6 (university). The levodopa equivalent daily dose 
(LEDD) was calculated for each patient as described elsewhere21 and the use 
of cholinesterase inhibitors and other relevant medication (i.e. anticho-
linergics, dopamine agonists, neuroleptics, amantadine and MAO-B inhibi-
tors) was registered.

Image acquisition 
All subjects underwent structural whole-brain 3T-MR scans (GE Signa HDXT, 
V15M), with a sagittal 3DT1 fast spoiled gradient-echo sequence (FSPGR, TR 7.8, 
TE 3.0, TI 450 ms, FA 12, 1.0 x 0.9 x 0.9 mm voxel size). Patients and controls 
with significant cerebrovascular lesions (Fazekas score >128) were excluded. 
Scanning was performed in the “ON” medication state. DTI acquisition con-
sisted of five volumes without directional weighting and 30 volumes with 
non-collinear gradient directions (b-value 1000 s/mm2), repetition time 
13275.0ms; echo time 91ms; 48 contiguous axial slices; slice thickness 2.4 mm; 
in-plane resolution 2x2 mm. All processing steps were performed using 
 FMRIB’s Software Library (FSL) version 5.0 (http://www.fmrib.ox.ac.uk.fsl). 

Delineation of the nucleus basalis of Meynert (NBM) 
Delineation of the NBM was based on a method described earlier15,29, and 
was performed manually on T1-weighted 1.0mm thick coronal slices re-
formatted to be perpendicular to the anterior commissure-posterior  commis-   
sure axis by alignment with a standard brain, using an affine rigid-body 
registration. The NBM was outlined on five consecutive gapless 1mm  sections, 
of which the first was identified at the level of the crossing of the anterior 
commissure (AC), after which two more anterior and two more posterior 
sections were included (Figure 1). The dorsal border of the NBM was defined 
as the most ventral aspect of the globus pallidus, while the ventral border 
was formed by the base of the brain. The lateral border of the NBM was 
 demarcated by the medial aspect of the putamen, while the medial border 
followed the line extending from the ventrolateral border of the bed nucleus 
of the stria terminalis to the base of the brain. The anterior commissure was 
excluded from the ROI by keeping a minimum of one voxel between the 
anterior commissure and ROI during delineation. All tracings were carried 
out by DH, who was blinded to diagnosis and presence or absence of VH at 
the time of tracing, and were highly reproducible (intraclass correlation 
 coefficient 0.95 between two repeated measurements in 10 cases). To calcu-
late total normalized NBM volume, the NBM volumes of both hemispheres 
were added and multiplied by the V-scaling factor of SIENAX, i.e. the scaling 
factor between the individual and template skull. Total brain volumes (nor-
malized for head size) were calculated as well using SIENAX. 
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DTI analysis 
All DTI images and gradient-vectors were corrected for movement and eddy 
current distortions using FMRIB Diffusion Toolbox (FDT, part of FSL). The 
NBM ROIs were registered to each individual DTI sequence using an inverted 
boundary-based registration (BBR) matrix. Subsequently, we followed a 
two-step approach to investigate the integrity of tracts between the NBM and 
individual cortical regions. Firstly, we investigated the integrity of the thresh- 
olded whole-brain connectivity map of the NBM between groups. Sub-
sequently, we regionally explored individual tracts for those diffusion metrics 
that showed a significant whole-brain effect, but only in the most strongly 
connected NBM tracts per brain lobe, to reduce noise and the number of 
tests. Probabilistic tractography was applied using ProbTrackX, using stand-
ard settings and 5000 fibers, to localize the tracts connecting each individual 

Figure 1 Delineation of the NBM in a 
healthy control

Legend: 
Coronal sections from anterior (upper panel) 
to posterior (lower panel) encompassing the 
delineated nbm in a healthy control (red). 
 Delineation was performed on 5  consecutive 
gapless 1mm sections, of which the first 
was identified at the level of the anterior 
 commissure (z=0, third panel). Two more 
 anterior and two more posterior sections 
were  subsequently included. 
Abbreviations: 
nbm=nucleus basalis of Meynert.
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NBM to the rest of the brain. We disregarded the lowest 0.02% of the total 
possible number of NBM fibers of the individual probabilistic maps, in line 
with previous imaging work.30 The thresholded connectivity map of the 
NBM was binarized and used to calculate the mean fractional anisotropy 
(FA) and mean diffusivity (MD) of the total NBM tract. Cortical regions were 
based on the automated anatomic labeling (AAL) atlas, which was registered 
to each individual 3DT1 scan by inverting non-linear registration para-
meters, and subsequently to DTI space using an inverted BBR registration. 
Hereafter, a restricted structural connectivity analysis was performed 
 between the NBM and each AAL region in controls, apart from the gyrus 
rectus and olfactory gyrus because of the magnetic susceptibility artifacts 
and distortions in these regions. Within each brain lobule, as well as in the 
cingulate gyrus and insula, only the most strongly connected AAL region 
was considered for further analysis.  

Regional NBM tracts: comparisons between groups
In the subsequent tractography analysis in each subject, each region was 
entered as a way-point as well as an end-point, in order to provide a map of 
all white-matter voxels included in the tract. These maps were binarized and 
used to determine the individual mean diffusion metrics for each tract. FA 
and/or MD were only explored in case of a significant main effect between 
the three groups. In case of a significant effect of MD, axial and radial diffus-
ivities (AD and RD, respectively) were explored. 
 
Statistical analyses
We performed a Fisher exact test to evaluate categorical values across groups 
and evaluated continuous variables between groups with an independent 
 t-test or ANOVA in the case of normally distributed data and a Mann-Whitney 
U test or Kruskal-Wallis test in the case of non-normally distributed data. 
For primary outcome measures, i.e. NBM volume, FA and MD of  (regional) 
tracts, we performed a general linear model (GLM) with gender, age and 
educational level (dichotomized using a median split) as covariates and with 
a Bonferroni correction for multiple group comparisons. We used the 
 Pearson and Spearman correlation coefficient (for normally or non-normally 
distributed variables, respectively) to investigate correlations between 
 significantly altered primary outcome measures and cognitive function 
(CAMCOG-R total score) and general measures of disease progression, i.e. 
disease duration and motor performance (UPDRS III). A two-tailed p<0.05 
(corrected) was considered significant. All above-mentioned analyses were 
performed with IBM Statistical Package of the Social Sciences software 
 version 20.0 (SPSS, Chicago, Il, USA). 
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Results

Demographic and clinical data 
Gender distribution, age and educational level were comparable between PD 
patients and controls (see Table 1). Global cognitive functioning, as meas-
ured with CAMCOG, was lower in PD patients compared to controls (U=194, 
p=0.004), whereas MMSE scores were comparable (U=362, p=0.721). Com-
paring PD+VH and PD–VH patients, disease duration and disease stage were 
similar in both groups (t(53)=–0.61, p=0.547 and Fisher Exact p=0.550, 
 respectively), but motor performance (UPDRS III; t(53)=–2.26, p=0.028) and 
global cognitive functioning (CAMCOG; U=165; p=0.011) were worse in 
PD+VH patients. The LEDD and the use of dopamine agonists, neuroleptics, 
amantadine and MAO-B inhibitors were comparable between patient groups. 
Four PD–VH and two PD+VH patients used medication with an anticho-
linergic effect (Fisher Exact, p=0.660) and no PD–VH, but five PD+VH 
 patients used a cholinesterase inhibitor (rivastigmine; Fisher Exact, p=0.001). 
 

Table 1 Demographics and clinical measures of PD patient groups and controls

         Controls    PD–VH        PD+VH
Nr. of subjects             15            40               15
Male nr. (%)       10 (67)    21 (53)       11 (73)
Age mean years ± SD     67 ± 8    67 ± 7       69 ± 4
ISCED (0/1/2/3/4/5/6)      0/0/2/3/1/8/1   0/0/14/11/2/13/0     0/0/4/4/0/6/1
Disease duration mean years ± SD       n/a     11 ± 4       12 ± 4
UPDRS III mean score ± SD           n/a     30 ± 10       37 ± 9**
H&Y (2/2.5/3)                      n/a     16/16/8       6/4/5
MMSE score ± SD      28 ± 1    28 ± 1       26 ± 4
CAMCOG score ± SD     99 ± 3*    95 ± 7       87 ± 11**
LEDD mean dose mg ± SD            n/a     1008 ± 610      1081 ± 446

Legend: 
Abbreviations: 
pd = Parkinson’s disease, 
VH = Visual Hallucinations, 
iSCed = International Standard Classification of Education, 
UpdRS iii = Unified Parkinson’s Disease Rating Scale part iii, 
H&Y = Hoehn and Yahr stage, 
mmSe = Mini Mental State Examination, 
CAmCOg = Cambridge Cognitive Examination-Revised test battery, 
Ledd = Levodopa Equivalent Daily Dose
*=  p<0.05 compared to pd (pd+VH and pd–VH)
**=  p<0.05 compared to pd–VH 
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Legend: 
Regional tracts between the nbm and frontal (A), temporal (b), parietal (C), 
occipital (d) and cingular cortex (e), and insula (F) in controls. 
Abbreviations: 
nbm = nucleus basalis of Meynert.

Figure 2 Tracts between the NBM and cortical regions in controls
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NBM volume and whole-brain connectivity 
The normalized volume of the NBM was comparable in PD+VH, PD–VH      pa-
 tients and controls (p=0.368). Normalized total brain volumes were also 
comparable between groups (p=0.837). The FA of the tracts between the 
NBM and the rest of the brain was comparable between PD+VH, PD–VH and 
controls (p=0.402) and was not investigated regionally. MD values were 
 significantly different between groups, i.e. highest in PD+VH patients and 
lowest in controls (p=0.049). Post-hoc comparisons between groups 
demon strated only a significantly higher MD in PD+VH, compared to 
 controls (p=0.043), and an absence of significant differences in MD between 
PD–VH patients and controls (p=0.428), and between PD+VH and PD–VH 
patients (p=0.404). The six regions showing the strongest connectivity with 
the NBM in controls were the orbital part of the superior frontal gyrus, the 
middle temporal gyrus at the temporal pole, the superior parietal gyrus, the 
superior occipital gyrus, the posterior cingulate gyrus and the insula  (Figure 2).

Table 2 Tracts between the NBM and different cerebral cortical regions

         Controls     PD–VH    PD+VH          p             p                p         p
                     main     HC vs      HC vs        PD–VH vs
                     effect     PD–VH     PD+VH    PD+VH
   Frontal tracts
    MD (x10-3 mm3)      1.03 ± 0.06     1.04 ± 0.08     1.09 ± 0.10     0.156     n/a            n/a            n/a
  Temporal tracts
    MD (x10-3 mm3)      1.01 ± 0.07     1.04 ± 0.06   1.06 ± 0.08     0.138     n/a            n/a            n/a
  Parietal tracts
    MD (x10-3 mm3)      0.93 ± 0.04     0.93 ± 0.05   0.97 ± 0.06     0.013   1.000       0.118        0.011
  Occipital tracts
    MD (x10-3 mm3)      0.95 ± 0.05     0.95 ± 0.05   1.00 ± 0.10     0.026   1.000       0.113        0.027
  Cingular tracts
    MD (x10-3 mm3)      1.05 ± 0.07     1.04 ± 0.07   1.07 ± 0.11     0.404    n/a           n/a           n/a
  Insular tracts
    MD (x10-3 mm3)      1.03 ± 0.08     1.06 ± 0.09   1.08 ± 0.08     0.480    n/a            n/a            n/a

Legend: 
All md-values are given in mean ± standard deviation. p-values shown are corrected for  gender, age 
and  education and post-hoc comparisons between groups are corrected for multiple  comparisons 
(Bonferroni  correction). Significant p-values are shown in bold. 
Abbreviations: 
md = Mean diffusivity, 
pd = Parkinson’s disease, 
VH = Visual Hallucinations, 
n/a = not applicable.
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Legend: 
The md of parietal and occipital tracts was higher in pd+VH, compared to pd–VH patients (upper 
panel, p-values shown are corrected for gender, age, education and multiple group comparisons). 
Post-hoc comparisons showed that diffusivity differences were mainly driven by differences in Rd 
(middle panel) and not Ad (lower panel). Box displays first to third quartile and median (line), and 
whiskers display 5-95 percentile. 
Abbreviations: 
md = Mean diffusivity, 
Rd = Radial diffusivity, 
Ad = Axial diffusivity, 
pd = Parkinson’s disease, 
VH = Visual Hallucinations, 
nbm = nucleus basalis of Meynert.

Figure 3 Posterior cortical NBM denervation in PD+VH patients
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Regional tracts: group comparisons and relation with clinical  parameters
Investigating the MD of tracts between the NBM and six most strongly 
 connected brain regions in more detail, the MD of parietal (p=0.013) and 
occipital tracts (p=0.026) was different between all three groups (Table 2). 
Post-hoc comparisons showed a significantly higher MD of parietal and 
 occipital tracts in PD+VH, compared to PD–VH patients (p=0.011 and 
p=0.027, respectively). Only for the parietal and occipital tracts were AD and 
RD values explored, showing a higher RD in PD+VH, compared to PD–VH 
patients (parietal tracts: p=0.004; occipital tracts: p=0.018; Figure 3), while 
AD values were comparable between both patient groups (parietal tracts: 
p=0.219; occipital tracts: p=0.110). There was a trend towards a correlation 
between a higher MD of the parietal tracts and worse total CAMCOG scores 
in PD patients (rho=–0.226, p=0.097), and no relation between MD of 
 parietal and occipital tracts and general measures of disease progression, i.e. 
disease duration or motor performance.

Discussion

We investigated the integrity of NBM tracts in PD patients with and without 
VH and controls and report reduced tract integrity, indicated by a higher MD 
in PD+VH patients, compared to controls. Regional analyses demonstrated 
a higher MD of parietal and occipital tracts in PD+VH, compared to PD–VH 
patients. This effect of MD appears to be driven by an increase in RD, not AD. 
The volume of the NBM was not significantly different between groups. This 
indicates that reduced fiber integrity of parietal and occipital NBM tracts 
may be relevant to the etiology of VH in PD and suggests that tractography 
may be a sensitive marker for the cholinergic deficit in PD+VH patients. 

A higher MD, driven by higher RD, in the tracts between the NBM and 
 posterior cortical brain regions in PD+VH patients may reflect the presence 
of microstructural damage of these tracts. To our knowledge, the state of 
myelination of the cholinergic fibers originating in the NBM has not been 
studied in humans. In animal studies, the ascending cholinergic projections 
from the basal forebrain are mostly unmyelinated.11,31 Considering that 
myelination is an important factor in DTI analyses, one might not expect 
DTI to be sensitive to damage to largely unmyelinated axons of NBM pro-
jections. However, lesioning of the basal forebrain in an experimental mouse 
model revealed that lesioned animals had lower tract integrity as measured 
with DTI.32 Interestingly, as in the present study in humans, only increases 
in MD and RD were reported in the tracts of lesioned animals, while the FA 
and AD remained normal. Apparently, degeneration of NBM neurons and 
axons may lead to debris and/or changes to axonal organization and  packing, 
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which may particularly influence MD and RD.32 Future studies using more 
advanced DTI protocols with higher resolutions and more diffusion direc-
tions, as well as techniques like neurite orientation dispersion and density 
imaging (NODDI), may provide more insights into the type of microstruc-
tural changes of NBM connections in PD+VH patients.33 

With regard to the predominant involvement of parietal and occipital fiber 
tracts in our PD+VH patients, it is interesting to note the topographical 
 organization of the NBM. The NBM can be broadly subdivided into three 
divisions (anterior, intermediate and posterior) whereby each division 
 innervates specific cortical regions, i.e. the anterior division innervates 
frontal, limbic and medial cortical regions, the intermediate division innerv-
ates parietal and occipital regions, and the posterior division innervates the 
superior temporal gyrus and temporal pole.10,34 As our results show a pre-
dominant difference in parietal and occipital tracts, more severe PD- related 
pathology and/or neuronal loss in the intermediate NBM-division may occur 
in PD+VH patients, as previously suggested by others based on neuropatho-
logical observations.34 In an in vivo tracer study, a fronto-occipital gradient 
of increasing cholinergic dysfunction was demonstrated in demented PD 
patients, also emphasizing the idea of more severe effect on the posterior 
cholinergic tracts in PD patients.35 However, we were unable to include the 
entire anterior and posterior divisions of the NBM, since the most anterior 
and posterior parts cannot be reliably distinguished from the basal ganglia 
on MRI.10,36 Group effects in frontal, limbic, medial cortical and temporal 
NBM tracts may therefore be underestimated. 

Our findings provide further evidence for the involvement of the NBM in the 
pathophysiology of VH in PD, by demonstrating NBM denervation in PD+VH, 
compared to PD–VH patients. Damage to the NBM tracts could result in 
 decreased cholinergic innervation of visual associative cortical regions, 
 including parietal and occipital regions, which may lead to the release of 
irrelevant and intrinsic sensory information into conscious awareness and 
thereby to VH.4 In fact, cholinergic denervation has been implicated in mul-
tiple integrative models trying to explain VH in PD.37 The ‘Activation, Input, 
Modulation (AIM) model’ has been proposed to explain VH in PD. In this 
model, disturbed rapid eye movement dreaming and vigilance abnormal-
ities, caused by dysregulation of cholinergic brainstem centers, as well as 
 aberrant functioning of associative frontal and occipital cortices, caused by 
deficits in cortical acetylcholine, are hypothesized to be important contrib-
uting elements.38 In the ‘Perception and Attention deficit (PAD) model’, 
 impairments in both attention (involving prefrontal cortex) and perception 
(involving occipital cortex) are believed to cause VH in PD, whereby cho-
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linergic pathology is suggested to lead to disrupted communication between 
these brain regions.39 In this model, so-called ‘proto-objects’ are envisioned 
as abstract object representations in competition to reach awareness by 
 directing attention towards themselves. VH arise when the wrong proto-
object is drawn into the attentional focus of a scene, which can occur  because 
of an interaction between attentional binding and limited sensory activation 
of the correct proto-object.39 

More recently, a hypothetical framework was postulated with a main focus 
on ‘dysfunction of attentional control networks’.40 In this framework, dis-
turbed interaction between the dorsal attention network (DAN), the ventral 
attention network (VAN) and default mode network (DMN) is believed to 
cause VH. Normally, the DAN is important to focus attention on externally 
driven percepts. In PD+VH patients, the DAN is thought to be abnormally 
dormant, which is believed to induce an overreliance on the VAN and DMN, 
which are normally only involved in rapid reorienting of attention towards 
salient stimuli and retrieval and manipulation of episodic memories and 
semantic knowledge, respectively. As such, a global whole-brain attentional 
network imbalance ensues which may result in VH. This whole-brain atten-
tion network imbalance may strongly rely on a cholinergic imbalance, as 
cholinergic function is crucial for maintaining a normal level of selective 
attention.2   

Across all these models, the NBM could play an important role, given the 
central role for a cholinergic denervation. Firstly, a cholinergic denervation 
as seen in PD has been associated with disturbed sleep and vigilance, both of 
which play an important role in the AIM model of VH in PD.41 Second, the 
importance of acetylcholine-dependent attention is strongly emphasized in 
both the PAD model, as well as the model of ‘dysfunctional attentional control 
networks’ for the pathophysiology of VH. In the present study, PD+VH 
 patients displayed reduced integrity of projections between the NBM (the 
primary source of acetylcholine in the brain) and parietal and occipital 
 regions, which are implicated in the mechanistic models described above, 
and hence underline the theory that cholinergic denervation is a contribu-
tory factor in the pathophysiology of VH in PD.

In a previous study using transcranial magnetic stimulation, a reduced 
short-latency afferent inhibition (SAI) – which is believed to represent cent-
ral cholinergic activity – was demonstrated in PD+VH, compared to PD–VH 
patients, also supporting the importance of altered cholinergic neurotrans-
mission in the etiology of VH.42 It is important to note here that in addition 
to the degeneration of the NBM, neuronal loss in the pedunculopontine 
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 nucleus in PD may contribute to the cortical cholinergic deficit in PD – and 
possibly the development of VH – as well, either via disturbed projections to 
the NBM or via reduced activation of thalamocortical projections.43 Unfor-
tunately, the location and size of the pedunculopontine nucleus prevented 
analysis hereof in the present study.  

We did not observe differences in the NBM volume between PD+VH and 
PD–VH patients, nor between PD patients and controls, unlike previous 
 reports.14,15 Clinical differences in PD patient cohorts may be an explana-
tion for this disagreement, since our PD patients were less affected in terms 
of cognitive impairment. Interestingly, in the study comparing SI volumes 
in PD+VH and PD–VH patients, cognitive impairment in PD patients was 
quite severe (mean MMSE score=25), while the mean disease duration was 
very short (only 3 months).14 Thus, in that study, patients with clinical pheno-
types more closely related to dementia with Lewy bodies may perhaps have 
been included. Based on our findings, one may speculate that DTI is a more 
sensitive marker for the cholinergic deficit in PD+VH patients with a less 
progressive disease course regarding cognitive impairments. We did  observe 
a trend for a correlation between the loss of tract integrity of  parietal tracts 
and worse cognitive function, in line with previous work linking  cholinergic 
denervation and cognitive decline in PD.35,44 

Normalized brain volumes were comparable between groups, but we did 
not investigate regional grey matter atrophy in the present study. Interest-
ingly, atrophy of parietal and occipital brain regions in PD+VH, compared to 
PD–VH patients, has been reported in previous volumetric MRI studies.45-47 
Combining the results of these studies with ours, one may speculate that 
neuronal loss and pathology of the NBM may cause denervation of parietal 
and occipital brain regions, and, ultimately, atrophy of these regions. It 
should be noted, however, that the exact localization of the observed at-
rophy in PD+VH, compared to PD–VH patients, has been rather variable in 
previous reports, and increased volumes, as well as similar grey matter 
 volumes have been reported as well, even when functional changes were 
already visible.47-50 Thus, future studies are warranted to investigate the 
 occurrence of regional atrophy in PD+VH patients, as well as its relation to 
connectivity changes, in more detail. 

Interestingly, the NBM is currently under investigation as a target for deep-
brain stimulation (DBS) in Alzheimer’s disease, and pilot data show stable or 
even improved cognitive function in 4 out of 6 patients treated with NBM-
DBS.51 The exact mechanisms underlying the therapeutic effect of NBM-DBS 
are still unclear, but increased neuronal firing of the NBM may provide a 
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steady cholinergic neocortical background activity and thereby modulate 
the influences of other afferents to the neocortex. A case report of NBM-DBS 
in a demented PD patient revealed a remarkable improvement of cognitive 
functions associated with VH.52 These and the present results provide 
 further rationale for the investigation of NBM-DBS therapy for the treatment 
of VH and cognitive impairment in PD patients.

There are some limitations of the present study that ought to be mentioned. 
First, our study has a limited sample size and therefore, the results should be 
interpreted with caution. However, DTI studies in PD patients with and 
without VH are rare and sample sizes in these studies are comparable to 
ours.18,19 Second, (dis)integrity of non-cholinergic fiber bundles probably 
influenced our results, since the fiber tracts as identified by our method 
(Figure 2) do not exactly resemble the cholinergic fiber tracts identified in a 
previous histopathological study11, and using the current method we  cannot 
measure whether the tracts identified are cholinergic. Possible explanations 
for this dissimilarity include the intermingling of cholinergic pathways with 
non-cholinergic fiber bundles such as the uncinate fasciculus and the inter-
ference of non-cholinergic crossing fibers in the probabilistic tractography. 
Studies using DTI protocols with higher resolutions or techniques such as 
NODDI are needed to overcome this important limitation, in addition to 
post-mortem studies where cholinergic fibers can perhaps be identified 
 directly. Third, five PD+VH patients and no PD–VH patients used cholinest-
erase inhibitors, which could have influenced our findings. In a DTI study in 
Alzheimer’s disease patients, the use of cholinesterase inhibitors tempo r-
arily normalized FA values.53 It is possible, therefore, that the FA values were 
normalized in our PD+VH patients due to the use of cholinesterase in-
hibitors, warranting further study. Lastly, to reduce multiple-testing  issues, 
we limited our regional tract analysis to six cortical target-regions. Group 
differences in tracts between the NBM and other cortical regions may have 
been missed due to this approach and future studies with larger sample 
sizes are needed to investigate this.  

In summary, we provide evidence for damage to NBM tracts in PD patients 
with VH, and suggest that this may contribute to the pathophysiology of VH in 
PD through cholinergic denervation. We did not observe NBM atrophy in 
PD+VH patients and speculate that DTI might be a more sensitive marker for 
the cholinergic deficit in PD+VH patients. Future studies are needed to con-
firm whether posterior cholinergic denervation can predict the development 
of VH in PD. Ultimately, we hope that our findings may lead to better individu-
alized and earlier treatment strategies in PD patients that are at risk for VH.
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CHAPTER 5 | PEDUNCULOPONTINE CHOLINERGIC CELL 
LOSS IN HALLUCINATING PARKINSON’S 
 DISEASE PATIENTS BUT NOT IN DEMENTIA 
WITH LEWY  BODIES PATIENTS

ABSTRACT

A cholinergic deficit is present in Parkinson’s disease (PD), as well as in Dementia 
with Lewy bodies (DLB) and plays a role in a variety of clinical symptoms, including 
visual hallucinations (VH). The aim of the present post-mortem study was to deter-
mine whether cholinergic neuronal loss and PD and Alzheimer’s disease pathology 
is present in the pedunculopontine nucleus pars compacta (ppnc) of PD and DLB 
patients with VH. Post-mortem brainstem tissue of 9 clinically diagnosed and 
pathologically confirmed PD patients with VH, 9 DLB patients with VH, and 9 age- 
and gender-matched non-demented controls was obtained from the Netherlands 
brain bank. We estimated the density of cholinergic neurons in the ppnc using a 
morphometric approach and determined the local load of α-synuclein-
immunoreactive Lewy pathology, neurofibrillary tangles and amyloid-β plaques. 
Cholinergic cell density in the ppnc was significantly lower in PD, compared to DLB 
patients with VH (–39%, p<0.001) and controls (–41%, p<0.001). Alpha-synuclein 
load was higher in PD, while amyloid-β plaque pathology was more pronounced in 
DLB patients. The mean cell density in DLB patients was not significantly reduced 
compared to controls. These results may indicate a different pattern of degenera-
tion of cholinergic output structures in PD and DLB.
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Introduction 

Parkinson’s disease with and without dementia (PD(D)) and Dementia with 
Lewy bodies (DLB) show substantial neuropathological and clinical overlap 
and are clinically differentiated according to the order and latency of motor 
and cognitive disturbances.1 A considerable cholinergic deficit has been 
 described in both diseases2-4 and is suggested to play an important role in 
various non-motor symptoms, including visual hallucinations (VH), cognit-
ive impairment, REM sleep disturbances and falling.5-9 The cholinergic 
 neurons of the pedunculopontine nucleus (PPN), in particular, may play a 
pathophysiological role in the development of VH in PD(D) and DLB, since 
the majority of these neurons (~60% of ascending projections based on an-
imal studies10) projects to thalamic subnuclei that include the intralam inar 
and reticular nuclei which are important for sleep-wake regulation and 
thalamocortical arousal.11-13 The PPN is located in the ventrolateral part of 
the caudal mesencephalic tegmentum and is composed of two subnuclei: 
the pars compacta (ppnc) and the pars dissipata (ppnd).14 The ppnc contains 
primarily cholinergic neurons (80-90% in humans15) that project to thal-
amic nuclei.16 Previous neuropathological studies showed that the PPN is 
highly vulnerable to α-synuclein-immunoreactive Lewy pathology17,18, 
and possibly hyperphosphorylated (HPF) tau pathology17 in Lewy Body 
 disease. The aim of the present post-mortem study was to determine whether 
cholinergic neuronal loss and PD and Alzheimer’s disease (AD) pathology is 
present in the ppnc of both clinically diagnosed and pathologically con-
firmed PD(D) and DLB patients with VH, compared to age- and gender-
matched non-demented controls. The presence or absence of ppnc degen-
eration may provide indications for a contributory role of the ppnc in the 
pathophysiology of VH in PD(D) and DLB. 

Materials and Methods

Patient selection and definitions
Post-mortem brainstem tissue from 9 clinically diagnosed and patholo-
gically confirmed PD(D) patients with a history of VH, 9 patients fulfilling 
the diagnostic criteria for DLB1 with VH and 9 non-demented controls 
(NDC), was obtained from the Netherlands Brain Bank (Amsterdam, the 
Netherlands). Patients were recruited in the period 1998-2010 to the Brain 
Bank from all over the Netherlands. All donors gave written informed 
 consent for donation of brain tissue and use of tissue and access to clinical 
and neuropathological reports for scientific research, in compliance with 
ethical and legal guidelines. We only included cases with medical records 
that contained regularly (at least yearly until death) reports of clinical devel-
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opments and pharmacological treatment. All patients were examined by a 
neurologist and, in many cases, by a psychiatrist or neuropsychologist 
 during the course of their disease. Clinical and pathological data were 
 ordered in a database. The patient groups and controls were age- and gender-
matched.

All PD patients fulfilled the clinical diagnostic criteria of the UK PD Brain 
Bank Society19 during life and had no history of other relevant neurological 
or psychiatric diseases. The clinical diagnosis of the DLB patients was based 
on retrospective evaluation of the available clinical information and were 
clinically distinguished from PD dementia with the one-year-rule, stating 
that in DLB cognitive disturbances precede or follow within one year after the 
onset of motor symptoms.1 PD dementia was defined as a progressive decline 
in cognition interfering with activities of daily life (DSM-IV) which was 
 obtained from the clinical records. DLB or PD(D) patients with severe 
 Alzheimer pathology (Braak’s stage for neurofibrillary tangles 5-620) were 
excluded. 

Non-demented controls had no psychiatric or neurological disease and 
neuropathological assessment revealed age-related changes only. The pres-
ence of persistent visual hallucinations was evaluated by retrospective case 
notes review. Patients suffering from VH during a short period as part of a 
delirium, or as a direct result of changes in dopaminergic drug use were 
excluded. Presence or absence of frequent falling was registered as well. 
 Severity of disease at death was determined retrospectively as an estimated 
Hoehn and Yahr score based on the clinical reports.21 In addition, the levo-
dopa equivalent daily dose (LEDD) was calculated for the last three months 
before death for each patient as described elsewhere22 and the use of other 
relevant medication (i.e. amantadine, neuroleptics, anticholinergics and 
cholinesterase inhibitors) was registered. Demographic, clinical and neuro-
pathological characteristics of the included patients are displayed in Table 1.

Neuropathological assessment
The presence and topographical distribution of α-synuclein pathology was 
scored according to McKeith’s staging1 and Braak’s staging23 and included 
15 brain regions: the olfactory bulb, medulla oblongata, locus coeruleus, 
midbrain, hippocampus, amygdala, striatum, basal forebrain and 7 neocor-
tical brain regions (midfrontal, anterior superior and midtemporal, parietal, 
insular and cingular cortex). Tangle pathology, cortical neuritic plaque load 
and Aβ deposition in medial temporal lobe (MTL) structures was scored ac-
cording to respectively Braak’s staging for neurofibrillary tangles20, CERAD 
criteria24 and Thal phases (MTL)25 (Table 1). 
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        PD(D)                DLB          Controls
N                 9               9           9
Male N (% of total)      6 (67)      6 (67)               6 (67)
Age at death mean yrs ± SD     76 ± 10      77 ± 8          76 ± 11
Disease Duration mean yrs (range)   16 (8-26)a     5 (2-7)b         n/a
Estimated H&Y stage N (2/3/4/5)   0/0/4/5      1/0/1/7          n/a
PMD mean hrs (range)      6.5 (5.0-9.5)        4.8 (4.0-5.5)         6.6 (3.0-<17.5)
Braak stage a-syn23 med (range)    5 (4-6)       6 (5-6)           0 (0)
McKeith stage a-syn1 N (None/BS/L/NC)   0/0/4/5       0/0/0/9          9/0/0/0
Braak stage NFT20 med (range)    1 (1-4)a      3 (1-3)b,c         1 (0-2)a
CERAD plaque score24 med (range)   B (O-C)a       C (A-C)b,c         B (O-B)a
Thal phase (MTL)25 med (range)    2 (0-4)       2 (2-3)c          1 (0-2)a
Density (Nr neurons/mm3)     2101 ± 233a,c     3459 ± 734b         3564 ± 884b
LB score PPNc med (range)     2 (0.5-3)      2 (1-3)          n/a
LN score PPNc med (range)     3 (1-3)      2.5 (1-3)         n/a
EC score PPNc med (range)     3 (0.5-3)a     1.5 (1-2.5)b         n/a
NFT/threads score PPNc med (range)   1 (0-2)      1 (0.5-2)          0 (0-2) 
Aβ plaque score PPNc med (range)   0 (0-2)a      1 (0-3)b,c         0 (0)a

Legend: 
Abbreviations: 
n = number of cases, 
H&Y = Hoehn and Yahr stage, 
pmd = Post-mortem Delay, 
bS = brainstem-dominant, 
L = limbic, 
nC = neocortical staged, 
mTL = medial temporal lobe, 
Lb = Lewy Bodies, 

Processing and staining of post-mortem brainstem tissue 
We collected twenty-micrometer-thick transverse sections of paraffin- 
embedded tissue blocks from the right-half of the brainstem at the level of 
the inferior colliculus and pons using a paraffin microtome (Microm 
HM340E, Micron Instruments Inc., San Marcos, CA, USA). A thionin stain 
was performed on every tenth section for anatomical orientation. Adjacent 
sections were processed for immunoreactivity for choline acetyltransferase 
(ChAT). In addition, two sections per case were immunostained for 
α-synuclein,  hyperphosphorylated tau and Aβ to evaluate the load of PD and 
AD patho logy in the ppnc. Due to the retrospective nature of this study, it 
was not possible to obtain the entire PPN of all cases. Therefore we estimated 
the density (nr. cells/mm3) of the cholinergic neurons in the available ppnc 
ranging from rostral-to-caudal levels obex +36 to obex +33 (Paxinos  atlas26), 
yielding an average of 6 (SD 3) sections throughout the ppnc per case. 

Table 1 Clinical and neuropathological characteristics of included cases

Ln = Lewy Neurites, 
eC = Extra Cellular α-synuclein pathology, 
nFT = neurofibrillary tangles, 
Aβ = amyloid-β 
n/a = not applicable 
a = significantly different from dLb (p<0.05)
b = significantly different from pd(d)
c = significantly different from non-demented controls



75

Sections for ChAT immunostaining were deparaffinized, rehydrated and 
washed overnight in citrate-buffer pH 6. After washing in TRIS-buffered 
 saline (TBS), sections were incubated in 3% hydrogen peroxide diluted in 
TBS to block endogenous peroxidase activity. Subsequently, we performed 
heat-induced (95°C) antigen retrieval in citrate-buffer pH 6. After washing 
(3x 10 minutes) in TBS, sections were incubated in 5% Normal Horse Serum 
(NHS) diluted in TBS-Tx (20% Triton X-100). Next, we incubated the sections 
with primary antibody (ChAT, goat polyclonal, Chemicon, USA, lot nr. 
JC1668317 & 2031511) diluted (1:400), in 2% NHS TBS-Tx for 48 hours at 4°C. 
After washing in TBS, we incubated the sections for 1 h with biotinylated 
horse anti-goat antibody (Vector Laboratories, Burlingame, CA, USA) diluted 
(1:200) in TBS-Tx and for 1 h with avidin-biotin-peroxidase complex (ABC 
kit, Vector Laboratories, Burlingame, CA, USA) diluted (1:200) in TBS-Tx. 
Visualisation of the immunostaining was done with chromogen 3,3’-dia-
minobenzidine (DAB) and subsequently sections were dehydrated and cover-
slipped with Entellan (Merck Chemicals, Darmstadt, Germany). Immuno-
staining for α-synuclein pathology was performed as described elsewhere.27 
Briefly, sections were washed in 95% formic acid, aquadest and TBS,  followed 
by incubation in 0.3% hydrogen peroxide for 10 minutes. Next, sections 
were incubated for 2 nights at 4°C with mouse monoclonal antibody against 
α-synuclein (1:2000, #610786, BD Transduction Laboratories, Franklin 
Lakes, NJ, USA) diluted in TBS-Tx with 2% BSA; incubated for 1 h with bio-
tinylated horse anti-mouse antibody 1:200 diluted in TBS-Tx and for 1 h with 
ABC complex. Tissue sections for hyperphosphorylated (HPF) tau immuno-
staining were incubated in 0.3% hydrogen peroxide for 20 minutes and 
overnight at 4°C with primary antibody (HPF-Tau, clone AT-8, Innogenetics, 
Belgium, lot nr. 211287) diluted (1:200) in 2% BSA TBS-Tx. Subsequently, 
 sections were incubated for 1 h with biotinylated horse anti-mouse antibody 
diluted (1:200) in 2% BSA TBS-Tx and for 1.5 h with ABC complex. Tissue 
sections for Aβ immunostaining were pretreated with heat-induced (95°C) 
antigen retrieval in citrate-buffer pH 6 and 80% formic acid. Next, sections 
were incubated in 0.3% hydrogen peroxide for 20 minutes and overnight at 
4°C with primary antibody (Beta-Amyloid, clone 6F/3D, DakoCytomation, 
Denmark, lot nr. 00086092) diluted (1:500) in 2% BSA TBS-Tx. Hereafter 
sections were incubated with ENVISION (Dako Real Envision Detection 
 system, DakoCytomation, Denmark) for 1 h. All staining was visualized with 
DAB and sections were counterstained with thionin for anatomical  orientation.  

Delineation and quantification of the PPNc
In order to visualize the anatomical localization of the ppnc and its relation 
to adjacent anatomical structures we made a three-dimensional reconstruc-
tion of the PPN and surrounding tegmentum at the level of the inferior 
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 colliculus (containing the entire rostral-to-caudal length of the ppnc) in a 
 non-demented control (Figure 1). We plotted all cholinergic and neu ro -
melanin-containing neurons in sections immunostained for ChAT. We iden-
tified the ppnc as a cluster of ChAT-positive neurons located adjacent to the 
dorsolateral border of the superior cerebellar peduncle (as defined by 
 Olszeweski and Baxter, 1954).14,15 The medial border of the ppnc was de-
fined by the superior cerebellar peduncle and the lateral and ventral borders 
of the ppnc were defined by fibers of the medial lemniscus (Figure 1).26 
Whenever the dorsal border of the ppnc was not evident following the other 
three  anatomical borders, a distance of less than 300 μm between ChAT-
positive neurons (one of which unequivocally belonged to the ppnc ChAT-
positive cluster) was considered necessary to be included in the ppnc.  
 Applying the described anatomical borders of the ppnc, we were able to 
 exclude ChAT-positive neurons embedded within the medial lemniscus and 
superior  cerebellar peduncle (belonging to the ppnd) and the ChAT-positive 

Figure 1 Three-dimensional reconstruction of the PPN and surrounding tegmentum

Legend: 
Three-dimensional reconstruction of the ppn and surrounding tegmentum at the level of the 
inferior c olliculus (containing the entire rostral-to-caudal length of the ppnc) in a 64-year old 
non-demented  control. ChAT-immunostained and neuromelanin-containing neurons were  plotted. 
Total z distance: 2 mm.

Spheres
    = PPNc
    = PPNd
    = lateral dorsal 
        tegmental nucleus
    = parabigeminal nucleus
    = locus coeruleus
    = substantia nigra
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neurons of the parabigeminal and lateral dorsal tegmental nucleus. The 
most rostral pole of the ppnc contacts the substantia nigra, while caudally, 
ppnc neurons are located adjacent to neurons of the locus coeruleus. 
 
The ppnc was delineated using a 50x magnification (5x objective) and ChAT-
immunoreactive neurons were counted using a computer-assisted morpho-
metry system, consisting of a Leica DMR Axioplan photomicroscope with a 
CCD colour video camera (Optronics, 1200x1660 pixels) and a LEP XY mo-
torized stage with StereoInvestigator software version 9.0 (MicroBrightfield 
Inc., Colchester, VT). A Heidenhain MT12 microcator attached to the stage 
measured the precise focal depth with a resolution of ~0.5 μm. The ppnc was 
delineated by a well-trained investigator (DH) and this process proved highly 
reproducible over time (variability ≤5%). The total number of neurons was 
estimated using the optical fractionator method28,29 with the following 
sampling parameters: section sampling fraction 0.10 (1/10), area sampling 
fraction 0.28 (counting frame area/grid size area=6.400 μm2/ 22.500 μm2) 
and dissector height 15 μm. Cell density (nr. cells/mm3) was calculated based 
on the total estimated number of neurons (N= ΣQ-*1/ssf*1/asf*1/hsf) and the 
total measured volume of the unilateral ppnc. Post-processing thickness 
was comparable in all groups (mean thickness +/– SD for PD(D) 16.3 +/– 0.5 
μm, for DLB 16.6 +/– 0.7 μm and for controls 16.5 +/– 0.6 μm, p=0.62). The 
measured volume of the unilateral ppnc was comparable in all groups 
(p=0.24). The predicted coefficient of error28 was 0.10. All cholinergic cell 
counts were performed by the same investigator (DH), blinded to the clinical 
and neuropathological diagnosis of all donors. 

For each case, 2 sections from the ppnc were assessed for the occurrence of 
α-synuclein, HPF tau and Aβ pathology. Each slide was scored semi-quantitat-
ively using a scale ranging from 0 to 3 (absent, sparse, moderate,  frequent). 
Per case, the mean score was used for further analysis. Assessment of 
α-synuclein pathology was based on BrainNet Europe guidelines30 with 
Lewy bodies (LBs), Lewy neurites (LNs) and extracellular (EC) pathology 
scored separately and was performed by two independent researchers (YG 
and WB) with an inter-observer variability of 0.05. Extracellular α-synuclein 
pathology was defined as α-synuclein immunoreactive aggregates located 
outside cell bodies and neurites when focusing through the section. Neur-
ites were defined as morphological structures with a minimum length of 10 
μm. Neurofibrillary tangles and threads and Aβ plaque load in the ppnc was 
scored based on BrainNet Europe guidelines for neurofibrillary tangle 
 pathology31 and CERAD guidelines24. Evaluations were performed twice by 
the same investigator with an intra-observer variability of 0.06 and 0.02, 
respectively. 



78

Statistical analysis
All statistical analyses were performed with IBM Statistical Package of the 
Social Sciences software version 20.0 (SPSS, Chicago, Il, USA). Gender 
 distribution and other categorical data between patient groups were com-
pared with the Fisher exact test. To compare numerical data between groups 
we performed a Kruskal-Wallis followed by a Mann-Whitney U Test if 
 appropriate. The Spearman correlation coefficient was used to evaluate 
 correlations between different variables. Statistical significance was set at a 
p-value of 0.05. To reduce the likelihood of type-I statistical errors, Bonferroni 
correction was applied to all group comparisons of primary outcome 
 variables (i.e. density and pathological assessments in the ppnc). 

Results

PD(D) and DLB patients
Gender and age distribution was comparable in the two groups of patients 
(Table 1). Disease duration was shorter in all DLB patients compared to 
PD(D) patients (p<0.001), whereas disease severity at death was comparable 
between PD(D) and DLB patients (p=0.29). Six PD patients met criteria for 
PD dementia with mean dementia duration of 4 years (SD +/– 2 years) at 
time of death. All PD(D) patients and 5 DLB patients had reports of frequent 
falling. Only one DLB patient used dopaminergic medication (LEDD=600), 
compared to all PD(D) patients (mean LEDD +/– SD is 646 +/– 497). The use 
of other relevant medication, i.e. amantadine, neuroleptics, anticholinergics 
and cholinesterase inhibitors was comparable between both disease groups 
(data not shown). Among the 9 PD(D) patients, 4 had limbic and 5 had 
neocor tical staged α-synuclein pathology, while all DLB patients had neocor-
tical staged α-synuclein pathology. There was a trend for higher Braak stages 
for α-synuclein pathology (p=0.05) in DLB compared to PD(D) patients. 
Braak stages for neurofibrillary tangles and neuritic plaque scores were 
 significantly higher in DLB compared to PD(D) and controls (p<0.05). Thal 
phases (MTL) were comparable between disease groups and higher in DLB 
patients compared to controls (p<0.05). 

The mean density of cholinergic neurons in the ppnc was significantly lower 
in PD(D) patients when compared to DLB patients (–39%, p<0.001) and 
when compared to non-demented controls (–41%, p<0.001). The mean 
 cholinergic cell densities in the ppnc of DLB patients and controls were sim-
ilar (Figure 2 and 3).
 



79

Figure 2 Cell density of the PPNc in non-demented controls and Lewy body disease groups

Figure 3 Loss of cholinergic  PPNc neurons in PD(D), but not in DLB 

Legend: 
Photomicrographs of choline acetyltransferase (ChAT)-immunostained cells in the ppnc of 
an 83-year-old non-demented control (A,d), a 68-year-old pd patient with VH (b,e) and 
a 74-year-old dLb patient with VH (C,F). Note the lower cell density in pd compared to control 
and dLb. 
Abbreviations: 
ml = medial lemniscus, 
scp = superior cerebellar peduncle. 
Bar = 100 μm.

Legend: 
Cell density is given as nr. cells/mm³, 
Abbreviations: 
pd(d) = Parkinson’s disease with or 
without dementia, 
dLb = Dementia with Lewy Bodies
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Cell density did not correlate with age at death in any group. Furthermore, 
we found no relationship between disease duration and cholinergic ppnc 
cell density in PD(D) or DLB patient groups (p=0.92 and p=0.75). Cell  density 
did not differ between demented (n=6) and non-demented (n=3) PD  patients 
(p=0.91), nor between DLB patients with (n=5) and without (n=4) reports of 
frequent falling (p=0.11). Since all PD(D) patients had reports of frequent 
falling it was not possible to compare cell density in fallers and non-fallers 
within this disease group. There was a large variability in pathological 
α-synuclein scores, i.e. LBs, LNs and EC scores in the ppnc in both disease 
groups and only EC scores were significantly higher in PD(D) compared to 
DLB patients (p<0.05). Neurofibrillary tangle pathology in the ppnc was 
comparable between all groups (p=0.14) and Aβ plaque pathology was 
 significantly more pronounced in DLB compared to PD(D) patients and con-
trols (Table 1, Figure 4 and 5). We observed no relationship between cho-
linergic density measurements of the ppnc and Braak stage for α-synuclein 
in PD(D) patients, nor between Braak stage for neurofibrillary tangles or 
CERAD plaque scores in PD(D) or DLB patients.

Legend: 
Alpha-synuclein pathology in the ppnc of an 83 year-old non-demented control (A,d), 
a 68-year-old pd patient with VH (b,e) and a 70-year-old dLb patient with VH (C,F). 
Note the presence of α-synuclein pathology in pd and dLb. 
Arrows: examples of Lewy neurites; 
filled arrow heads: examples of intra cytoplasmic α-synuclein pathology. 
Bar = 50 μm.

Figure 4 Alpha-synuclein pathology in the PPNc in PD(D) and DLB patients
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Discussion

The main finding of our study is the consistent severe loss of cholinergic 
ppnc neurons in hallucinating PD(D) patients but not in hallucinating DLB 
patients, compared to age- and gender-matched controls. Alpha-synuclein 
pathology in the ppnc was variable in both PD(D) and DLB patients and only 
extra-cellular α-synuclein pathology (i.e. α-synuclein immunoreactive ag-
gregates located outside cell bodies and neurites) was significantly higher in 
PD(D) compared to DLB. Neurofibrillary tangle pathology in the ppnc was 
comparable in all groups, while Aβ plaque pathology was more pronounced 
in DLB compared to PD(D) patients. In the PD(D) group, cholinergic ppnc 
neurons were reduced by approximately 41% compared to controls, which  
is in line with earlier reports on PPN degeneration in PD(D) patients 
 (36-57%).17,32-35 Cholinergic ppnc neuronal densities in DLB patients were 
highly variable, but were not significantly reduced compared to controls. 

PPN degeneration has been hypothesized to contribute to a variety of  clinical 
symptoms in PD(D), including VH.8,36,37 The present post-mortem findings 
show severe neuronal loss in the ppnc in PD(D) patients with VH, which may 

Figure 5 Neurofibrillary tangle and Aβ plaque pathology in the PPNc in PD(D) and DLB patients

Legend: 
Neurofibrillary tangle (nFT) and Aβ plaque pathology in the ppnc of a control (A,d), pdd (b,e) 
and dLb (C,F) patient. Note the presence of nFTs in pd(d) and dLb patients. nFTs were absent in 
the majority (5/9) of controls. Aβ plaque pathology was absent in all controls and most (7/9) pd(d) 
patients and  present in all dLb patients. 
Bar = 50 μm.
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lead to decreased cholinergic input to specific thalamic subnuclei and in this 
way interfere with sleep-wake mechanisms and thalamocortical arousal. 
Subsequently, defective attentional processes, that trigger perception in the 
absence of external stimuli or, alternatively, the appearance of REM-sleep 
intrusions into wakefulness may lead to VH in PD(D), as previously sug-
gested by others.38,39 

Although VH are prevalent in DLB patients as well, we did not find a 
 cholinergic cell loss in these patients compared to age-matched controls. 
Cholinergic cell densities were highly variable in DLB patients, as well as in 
non-demented controls. This might reflect the biological variability in cho-
linergic cell density between human subjects. It could also suggest the pres-
ence of different clinical phenotypes within the DLB group possibly related 
to the involvement of ppnc degeneration in other clinical symptoms beside 
VH, including cognitive impairment, sleep-wake disturbances, and gait and 
posture abnormalities as previously suggested by others.13,17,18,32-35,40,41 
In the present study, no clear indications for involvement of posture disturb-
ances were found since cholinergic cell densities differed neither between 
fallers and non-fallers in DLB patients nor between demented and non- 
demented PD(D) patients. Nevertheless, we are very reluctant to draw firm 
conclusions since these comparisons were done in very small sample sizes 
and we do not have standardized information on these clinical variables, e.g. 
orthostatic complaints versus abnormal postural reflexes as potential causes 
of frequent falling. With respect to sleep disorders, Dugger et al. evaluated 
mesopontine cholinergic cell loss in Lewy Body Disease patients (either 
PD(D) or DLB) with and without REM sleep disturbances and did not report 
any significant difference.17 Unfortunately, we had no detailed information 
on REM sleep disturbances.

Our finding that ppnc involvement is different in PD(D) versus DLB patients 
supports previous data of Ziabreva et al. who observed significant thalamic 
presynaptic cholinergic deficits – representing PPN degeneration – in PDD 
cases (dementia after prolonged parkinsonism) but not in DLB.42 Reduced 
cortical (temporal) ChAT activity has been reported in DLB patients with 
VH, compared to those without.43 This suggests that other cholinergic 
 output structures, in particular loss of cholinergic neurons of the nucleus 
basalis of Meynert (nBM)44 in the basal forebrain, may play an important 
role in DLB patients and possibly in the etiology of VH in DLB.45 In a previ-
ous voxel-based morphometrical study of our group evaluating grey matter 
reductions of the PPN in PD(D) and DLB patients with VH, there was a trend 
towards more pronounced atrophy of the PPN in PD(D) with VH, compared 
to DLB patients suffering from VH.46 Taken together, these results and those 
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of the present study might suggest a different origin of the cholinergic deficit 
involved in VH in PD(D) and DLB: pedunculopontine degeneration in PD(D) 
and nBM degeneration in DLB. 

Schmeichel et al. compared mesopontine cholinergic cell loss in clinically 
diagnosed DLB patients with that in 13 clinically diagnosed MSA patients and 
11 non-demented controls and reported a reduction of 65% of PPN neurons 
in DLB cases compared to controls.18 Possible explanations for the disagree-
ment between these and our results might be the clinical and pathological 
differences in the DLB patient cohorts. The present cohort of DLB patients 
had a typical clinical DLB phenotype with overt dementia in combination 
with VH after relatively short disease duration and consisted of neocortical 
staged DLB patients. In contrast, Schmeichel et al. included several clinically 
diagnosed DLB cases with longer disease duration than ours but remarkably 
not all (5/13) met the clinical criteria for dementia and some showed 
 predominant limbic pathology.18 One may consider that the latter group 
 reflects a more heterogeneous population within the Lewy Body disease 
spectrum. 

The underlying mechanism of neuronal loss in the ppnc in PD(D) patients 
remains unknown. In general, whether the aggregation of α-synuclein in PD 
is a beneficial compensatory survival mechanism of the cell, or pathogenic 
in itself, is subject of debate.47 We found only extra-cellular α-synuclein 
 pathology to be more severe in PD(D) compared to DLB patients. This is 
particularly interesting considering the potential neurotoxic effect of extra-
cellular α-synuclein pathology in PD.48 The extra-cellular located α-synuclein 
aggregates might be representing the intracellular pathology of lost neurons 
or, alternatively, might be secreted by neurons via exocytic or endocytic 
pathways. With regard to Alzheimer type pathologies, we found similar NFT 
pathology and more pronounced Aβ pathology in the ppnc in DLB, com-
pared to PD(D) patients. In conclusion, our findings suggest that α-synuclein 
pathology might be involved in ppnc cholinergic loss in PD(D) patients, 
while local neurofibrillary tangles and/or Aβ depositions are unlikely to play 
a significant role in these patients. In addition to more pronounced Aβ 
 pathology in the ppnc, DLB patients had higher Braak stages for neurofibril-
lary tangles and CERAD plaque scores, compared to PD patients. This is in 
line with earlier reports on increased Aβ pathology in DLB, compared to 
PD(D) patients49,50 and might support the hypothesis that PD(D) and DLB 
are two different diseases rather than overlapping clinical phenotypes along 
the Lewy Body disease spectrum. 

The main strength of our study is the stringent selection of patients and 
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 diagnostic certainty based on both clinical and neuropathological reports. 
Disease and control groups were matched for age as well as gender. Further-
more, anatomical delineation of the ppnc was based on strict anatomical 
borders in order to exclude the involvement of cholinergic neurons belong-
ing to other cholinergic brainstem nuclei in the quantification procedure. 
Lastly, density estimates were based on multiple rostral-to-caudal levels. 
Limitations of the study concern the small sample size which was imposed 
by the stringent cohort selection. Due to the retrospective nature of this 
study we decided not to include PD(D) or DLB patients without VH since the 
presence or absence of VH was not assessed in a standardized way and sub-
sequently its absence was never explicitly registered. Furthermore, we had no 
information on the severity of hallucinations so could not correlate this to the 
degree of the cholinergic deficit in our patients. Clearly, a prospective study 
with larger sample size, including the entire anatomical region and standard-
ized data on the severity of hallucinations and potential confounders is 
 needed. In conclusion, the present study demonstrates that there is severe 
loss of cholinergic neurons in the ppnc in PD(D) but not in DLB patients with 
VH. This may indicate a different pattern of degeneration of cholinergic out-
put structures in PD and DLB patients.
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CHAPTER 6 | DISTRIBUTION AND LOAD OF 
 AMYLOID- BETA PATHOLOGY IN 

 PARKINSON’S  DISEASE AND DEMENTIA 
WITH LEWY BODIES 

ABSTRACT

Parkinson’s disease (PD), Parkinson’s disease with dementia (PDD), and Dementia 
with Lewy bodies (DLB) differ clinically with regard to the presence and timing of 
dementia. In this post-mortem study, we evaluated whether the burden and 
 distribution pattern of Amyloid-β (Aβ) pathology differs between these disease 
entities. We assessed Aβ phases and neuritic plaque scores in 133 patients fulfilling 
the clinical diagnostic criteria for PD, PDD and DLB, and determined the presence 
and load of Aβ pathology in 5 cortical and 4 subcortical regions in a subset of 
 patients (N=89) using a multispectral imaging system. Amyloid-β phases and 
neuritic plaque scores were higher in DLB compared to PDD (both p<0.001) and in 
PDD compared to PD patients (p=0.020 and p=0.022, respectively). In DLB relative 
to PDD patients, Aβ pathology was significantly more often observed in the 
 entorhinal cortex, amygdala and putamen, and Aβ load was higher in both cor-
tical and subcortical regions. Comparing PD and PDD patients, the latter had more 
frequent Aβ pathology in temporal cortex and higher Aβ load in cortical regions 
and striatum. Our findings suggest that the load and extent of Aβ pathology may 
contribute to cognitive dysfunction in PDD and the early-stage severe dementia in 
DLB.
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Introduction 

Lewy Body disease (LBD) is an umbrella term for Parkinson’s disease (PD), 
Parkinson’s disease with dementia (PDD) and Dementia with Lewy bodies 
(DLB). These clinical entities share the same pathological hallmark, i.e. Lewy 
bodies (LB) and Lewy neurites, as well as numerous clinical symptoms.1-3 
However, there are clinical differences between LBDs, of which the presence 
and timing of dementia is the most important one.3-5 By definition, DLB 
patients are demented at the time of diagnosis and may have extrapyramidal 
motor symptoms in the year before dementia onset or later in the disease 
course.3 PDD patients develop dementia within the context of well-estab-
lished PD, at least one year after the onset of motor symptoms.3,5 Because   
of this clinical difference, dissimilar neuropathological profiles may be ex-
pected.6-8  

With regard to the development of dementia in PD, i.e. the conversion to 
PDD, neocortical and limbic LBs are considered to be the main pathological 
substrate.9-13 However, advancing LB pathology is probably not a sufficient 
explanation, since some PD patients remain cognitively intact although they 
have a high neocortical LB load.9,14 Differences in the amount of Alzheimer’s 
disease (AD) type pathology (Amyloid-β (Aβ) and tau aggregates) in neo-
cortex and striatum may be a contributing factor.9,11,15 In a recent study a 
combination of LB and AD type pathology was a better predictor of dementia, 
compared to LB, tau or Aβ pathology alone.11 In addition, the severity of Aβ 
pathology was associated with a shorter time to dementia.11 In vivo PET 
imaging studies using the Aβ-binding Pittsburgh compound B, demonstrated 
normal Aβ load in PD patients, an increased load in PDD and the highest 
load in DLB patients, the latter reaching AD levels.16-18

In several post-mortem studies, the distribution and severity of α-synuclein 
pathology in neocortical and subcortical brain regions in PDD and DLB 
 patients is similar.10,19,20 However, studies comparing the amount of AD 
pathology in PDD and DLB show conflicting results. In one study similar 
counts of Aβ and tau depositions in neocortical and hippocampal regions20 
were found, while others reported higher levels of striatal Aβ depos-
itions21,22 and more widespread Aβ pathology in DLB patients.23,24 Just 
 recently, quantitative measurements revealed higher Aβ loads in the temporal 
and cingulate cortex in DLB relative to PDD patients (only 3 PDD cases were 
included).25 Halliday and colleagues hypothesized that severe AD type 
 pathology contributes to a ‘DLB phenotype’ within LBDs, based on patho-
logical observations in the Sydney Multicenter Study.8,26 Eighty-three 
 percent of all DLB patients (N=6) displayed Aβ pathology on autopsy, while 
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this was 7% in non-demented PD patients.26 All previous studies had small 
sample sizes, evaluated pathological stages only, or excluded cases with 
widespread AD pathology beforehand.20-25 In the present study, we aimed 
to test the hypotheses that 1.) the load of Aβ pathology is low in PD, higher 
in PDD and highest in DLB; and 2.) the distribution pattern of Aβ pathology 
is similar in these patients. Therefore, we performed a detailed, quantitative 
analysis of the distribution and load of Aβ pathology in 5 cortical and 4 sub-
cortical regions of a large post-mortem cohort retrospectively fulfilling 
 clinical diagnostic criteria for PD, PDD or DLB.

Materials and Methods

Patient selection and clinical information
Four hundred and thirty-two donors with documented α-synuclein patho-
logy were identified from the records of donors of the Netherlands Brain 
Bank (NBB; Amsterdam, the Netherlands) who came to autopsy in the period 
1982 to 2014. All donors gave written informed consent for donation of brain 
tissue and access to clinical and neuropathological reports for scientific 
 research, in compliance with ethical and legal guidelines. The presence or 
absence of dementia was established retrospectively based on the clinical 
impression of cognitive function documented in patients’ records, since 
quantified scales (e.g. mini-mental state examinations) were infrequently 
performed. We only included cases with medical records that contained 
regularly reports of clinical developments and pharmacological treatment. 
On average, patients were clinically evaluated once every 1.5 disease years and 
all patients were clinically evaluated in the year prior to death. All patients 
were examined by a neurologist and, in many cases, by a psychiatrist or 
 neuropsychologist during the course of their disease. The clinical classification 
was performed under supervision of experienced specialists in movement 
disorders and dementia (EF and AL). The main inclusion criterion was the 
availability of sufficient clinical information to retrospectively classify cases 
as PD, PDD or DLB according to current clinical diagnostic criteria.3,5, 27 One 
hundred and fifty-four cases (36% of the initial cohort) were excluded solely 
because of the absence of sufficient clinical information. Cases with a history 
of other neurologic or psychiatric diseases (N=143) were excluded as well, 
including cases with a clinical diagnosis of ischemic stroke or vascular 
 dementia (N=15). We included 6 cases with an ischemic stroke or cerebral 
contusion as a cause of death. This led to the initial selection of 135 cases of 
which 2 further cases were excluded because no pathological information or 
material was available. Of the 133 included cases, the following demographic 
and clinical data were registered: gender, age at death, latest clinical diagnosis 
during life and disease duration. In PDD cases, dementia duration, as well as 
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the time to dementia, i.e. the duration of PD prior to the onset of dementia, 
was noted as well. Inclusion of cases and registration of clinical data were 
performed blinded to the pathological information. 

Neuropathological assessment
Brain weight was registered for each case. The presence and topographical 
distribution of α-synuclein was rated according to Braak’s staging scheme 
for α-synuclein28 and a modified version of McKeith’s staging system for 
α-synuclein (i.e. brainstem, limbic, amygdala-predominant or neocortical).29 
Tissue sections were immunostained with an antibody against α-synuclein 
(monoclonal mouse anti-human antibody, clone KM51, Novocastra, New-
castle upon Tyne, UK; dilution 1:500) after heat-induced antigen retrieval in 
citrate buffer (pH 6.0) and pre-treatment with 80% formic acid. Tangle pa-
thology and cortical neuritic plaque load were scored according to Braak’s 
staging for neurofibrillary tangles (NFT)30 and CERAD criteria adjusted for 
age31, respectively, and were assessed in sections stained with Gallyas and 
Bodian silver staining. When available, which was the case in 32% of our 
patients, sections immunostained with an antibody against  hyper -               
phosphorylated tau (monoclonal mouse anti-human antibody, clone AT-8, 
Innogenetics, Belgium; dilution 1:500), after heat-induced antigen  retrieval 
in Tris-buffered saline (pH 9.0), were used as well. We attributed an ‘ABC’ 
score to each patient for total AD neuropathologic change that  incorporates 
assessments of Aβ, NFT and neuritic plaque pathology (none, low, inter-
mediate, high).32 In addition, semi-quantitative scores of tangle  pathology 
using a scale ranging from 0 to 3 (none, few, moderate, many) for frontal, 
parietal and temporal areas were registred when available. These scores were 
based on sections stained with Gallyas and Bodian silver staining or immuno-
stained with an antibody against hyperphosphorylated tau. Cerebrovascular 
disease (CVD) was graded based on the severity of atherosclerosis of the 
 arteries at the base of the brain (none or mild=‘0’, moderate or severe=‘1’). 
In addition, the presence of ischemic or haemorrhagic infarction was noted. 
Thal phases were assigned based on sections of the medial temporal lobe, at 
the level of the lateral geniculate nucleus and anterior entorhinal region, 
stained with Aβ immunohistochemistry or methenamine silver (mAg)  according 
to the criteria described by Thal and colleagues.33 
 
Quantitative assessment of Aβ pathology
The distribution and burden of Aβ pathology was assessed in detail for a 
selection of cases which was based on the availability of pathological material 
(total N=89; 24 PD, 34 PDD and 31 DLB patients). Of these 89 cases, not all 
areas were available for analyses and the average number of available cases 
per area was 20 (range 14-24), 29 (range 23-34) and 29 (range 25-31) in PD, 
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PDD and DLB patient groups, respectively. Collection and processing of 
brain material took place according to an established protocol from Brain-
Net Europe.34 Seven-micrometer-thick transverse sections of paraffin- 
embedded tissue blocks from the following anatomical regions were included: 
middle frontal gyrus, superior parietal cortex, occipital pole, temporal pole, 
entorhinal cortex, amygdala and striatum (including caudate nucleus, puta-
men and nucleus accumbens). Tissue sections were immunostained with an 
antibody against Aβ (monoclonal mouse anti-human Beta-amyloid, clone 
6F/3D, M0872, Dako, Denmark; dilution 1:500) as described elsewhere.35 
Briefly, antigen retrieval was performed by heat-induced (95ºC) antigen 
 retrieval in citrate buffer (pH 6.0) and pre-treatment with 80% formic acid. 
Bovine serum albumin was used to block non-specific binding. Sections 
were incubated with ENVISION (Dako Real Envision Detection system, 
 DakoCytomation, Denmark). Immunohistochemical staining was visualized 
with chromogen 3,3’-diaminobenzidine and sections were counterstained 
with haematoxylin for anatomical orientation. 

All regions of interests (ROI) were delineated based on anatomical defini-
tions. In case of Aβ positivity, five (in striatum, amygdala and entorhinal 
cortex) or ten (in all neocortical areas) image cubes were taken within the 
ROIs in a systematic manner (area per image: 0.7mm x 0.5mm), using a 
brightfield microscope (Leica, DM5000B, Leica Microsystems, Germany) 
with a Nuance camera (Nuance 3.02, Perkin Elmer Inc, Hopkinton MA 
01748, USA). In all cortical areas, superficial (layer I-III) and deep layers 
 (layer IV-VI) were examined separately. White matter and blood vessels 
were excluded. The load of Aβ pathology was quantified as the percentage 
area of Aβ depositions within the image cubes made with a multispectral 
imaging system. The specific spectra of DAB and haematoxylin were used to 
unmix the image cubes. The Nuance software co-localisation tool was used 
to calculate the percentage Aβ in the different regions. Based on a pilot study 
of ten cases, microscope settings and threshold parameters were defined to 
give the most accurate representation of Aβ pathology (i.e. background 
staining did not reach the threshold). The positive area occupied by Aβ 
 depositions includes the full surface of diffuse, dense and cored plaques. 
Measurements were done by two investigators (DV and EH) with high 
 reproducibility (intra-class coefficient for absolute agreement=0.98). All neuro-
 pathological analyses were performed blinded to the clinical diagnosis.

Statistical analysis
Gender distribution and other binary or nominal variables (i.e. the presence 
or abcense of different types of pathology and McKeith stages) between 
 patient groups were compared with the Pearson’s chi-square or Fisher’s 
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 exact test when appropriate. Continuous, normally-distributed data (brain 
weight) were compared between groups with an independent t-test. For 
 ordinal variables and numerical data that did not meet assumptions of nor-
mality (age at death, disease duration, pathological scores and load), a 
Mann-Whitney U Test was performed. The Spearman correlation coefficient 
was used to evaluate correlations between different variables. We performed 
binary logistic regression to evaluate the strength of the association between 
different pathological scores and diagnosis (i.e. PD or PDD, and PDD or DLB). 
Statistical significance was set at a p-value of <0.05. All statistical analyzes 
were performed with IBM Statistical Package of the Social Sciences software 
version 20.0 (SPSS, Chicago, Il, USA).

Results 

Clinical characteristics of all included donors
We included the following donors for this study based on the availability of 
clinical information and pathological material: 27 PD, 56 PDD and 50 DLB 
patients. Six DLB cases had PDD as the last clinical diagnosis during life but 
were retrospectively diagnosed as DLB. Dementia occurred exactly one year 
(N=4) or later than one year (N=2; 2 and 3 years) after the onset of parkin-
sonism in these patients, but by all other criteria they best fitted a clinical 
diagnosis of DLB. Gender distribution and age at death were comparable in 
all groups of patients. The mean disease duration in PD and PDD patients 
was 16 years, whereas in DLB patients the disease duration was 7 years, sig-
nificantly shorter than in PDD patients (U=192, p<0.001). The mean duration 
of parkinsonism before dementia onset in PDD patients was 11 years (see 
Table 1 for all demographic and clinical information). 

Neuropathological assessment 
There was a trend towards lower brain weight in DLB, compared to PDD 
patients (t(103)=1.78, p=0.078), and brain weights of PDD and PD patients 
were not significantly different. The degree of atherosclerosis was similar 
between groups. Vascular lesions were more abundant in PD patients com-
pared to PDD patients (χ2 5.55(1), p=0.018) and occurred as frequent in DLB 
and PDD patients (supplementary table 1). Thal phases for Aβ and CERAD 
neuritic plaque scores were both higher in DLB patients, compared to PDD 
patients (U=1927, p<0.001 and U=2074, p<0.001; Figure 1 and Table 1), and 
higher in PDD than in PD patients (U=951, p=0.020 and U=974, p=0.022, 
 respectively). Seventy-six percent of DLB patients had Thal phase ≥3, com-
pared to 44% of PDD, and 22% of PD patients. Braak stages for α-synuclein 
ranged from 3 to 6 in PD and PDD patients and 4 to 6 in DLB patients. Braak 
stages for α-synuclein were not significantly different between DLB and PDD 
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(U=1323, p=0.387) and both groups had similar McKeith stages (Fisher’s 
 exact, p=0.114). When comparing PDD with non-demented PD patients, PDD 
patients had higher Braak stages for α-synuclein and more advanced McKeith 
stages (U=916, p=0.043 and Fisher’s exact, p=0.002, respectively). Neocor-
tical predominant LB pathology was present in 16% of PD patients, compared 
to 43% and 54% of PDD and DLB patients, respectively. Two PDD patients and 
no PD or DLB patients in our cohort had amygdala-predominant LB patho-
logy. Only one DLB patient and two PDD patients had brainstem predominant 
LB pathology, compared to 32% of PD patients. Braak stages for NFT were 
significantly higher in DLB, compared to PDD patients (U=1813, p=0.001), 
with a trend towards more patients with Braak stage NFT ≥4 in the DLB 

Table 1 Clinical and pathological characteristics of all donors        

                  PD    PDD          DLB           p PD-PDD      p  PDD-
                                   DLB
N              27           56           50  
Male      14 (52)          41 (73)          3 5 (70)   0.082         0.714
N (percentage of group) 
Age at death     75 ± 9          77 ± 7          76 ± 7   0.543         0.430
mean yrs ± SD   
Disease duration    16 ± 7          16 ± 6          7 ± 3   0.632         <0.001
mean yrs ± SD   
Onset of dementia in PD      n/a           11 ± 6          n/a           n/a          n/a
mean yrs ± SD    
Brain weight     1282 ± 121      1249 ± 135         1202 ± 136  0.296         0.078
mean gr ± SD        (N=55)     
Braak stage α-syn    5 (3-6)          6  (3-6)           6  (4-6)   0.043         0.387
median (range)       (N=54)

McKeith stage    8/13/0/4           2/25/2/22   1/15/0/29  0.002         0.114
BS/L/A/NC     (N=25)   (N=51) 
Braak stage NFT    1 (0-4)          1 (0-5)   2-3 (0-6)   0.063         0.001
median (range) 
CERAD score     O (O-C)         A (O-C)   B (O-C)   0.022         <0.001
median (range) 
Thal phase for Aβ    0 (0-4)          2 (0-4)    3 (0-4)   0.020         <0.001
median (range)              (N=54)

Legend: 
pd = Parkinson’s disease; 
pdd = Parkinson’s disease with dementia; 
dLb = Dementia with Lewy Bodies; 
bS = brainstem; 
L = limbic; 
A = amygdala-predominant; 
nC = neocortical; 
nFT = neurofibrillary tangles; 
CeRAd = Consortium to Establish a Registry for Alzheimer Disease; 
(n=x) = number of cases with available data if different from total; 
n/a = not applicable.
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group (χ2 2.97(1), p=0.085). The ‘ABC’ score for AD neuropathologic change 
– which encorporates staging of Aβ, NFT and neuritic plaque pathology – was 
high or intermediate in 48% of DLB, 17% of PDD and 7% of PD patients. The 
regional tangle pathology scores were higher in DLB, compared to PDD pa-
tients, in temporal and parietal cortex (U=1757, p=0.017 and U=1477, p=0.007, 
respectively), and similar in frontal cortex. In non-demented PD patients, 
only one patient reached Braak stage for NFT ≥4, which was not significantly 
different from PDD (Fisher’s exact, p=0.658). Regional tangle pathology was 
absent or sparse in frontal, parietal and temporal cortex in the majority of PD 
and PDD patients and not statistically different between groups.  

PD (N=27)      PDD (N=54)      DLB (N=50)
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Legend: 
Thal phases for β-amyloidosis in the medial temporal lobe³³ and CeRAd plaque scores³1 were 
highest in dLb, lower in pdd and lowest in pd patients. Widespread nFT pathology (Braak stages 
for nFT³0 ≥4) was not significantly different between groups. 
Abbreviations: 
pd = Parkinson’s disease; 
pdd = Parkinson’s disease with dementia; 
dLb = Dementia with Lewy bodies; 
CeRAd = Consortium to Establish a Registry for Alzheimer Disease; 
nFT = neurofibrillary tangles. 

Figure 1 Amyloid-β, NFT and α-synuclein pathology distribution in Lewy Body diseases
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Distribution and load of Aβ pathology
In cortical areas, Aβ burden was measured in superficial and deep layers 
separately. In all areas in each of the disease groups, there was far less 
 pathology in the deep cortical layers (up to 67% less in deep, compared to 
superficial layers in frontal cortex for example). We used average measure-
ments of deep and superficial layers for further analysis. Amyloid-β was 
most prevalent in DLB patients in all anatomical areas except for the frontal 
cortex (mean percentage of positive cases in all areas: 91%; figure 2A). Per-
centage of positive cases was lowest in PD patients in all areas (mean per-
centage of positive cases in all areas: 51%). Only one DLB patient had no Aβ 
pathology in any region. This 86-year old patient had abundant NFT patho-
logy (including widespread presence of tufted astrocytes and tau-positive 
glial cells) and Braak stage for α-synuclein 5. Seventeen percent of PD 
 patients and 12% of PDD patients had no Aβ depositions in any of the regions 
examined. The percentage of cases with Aβ pathology in all regions examined 
per disease group was 90% in DLB, 65% in PDD and 38% in PD patients. 

Comparing PDD and DLB patients, Aβ pathology was significantly more often 
observed in DLB patients in the entorhinal cortex (χ2 5.43(1), p=0.020), 
amygdala (χ2 7.20(1), p=0.007), and putamen (χ2 4.03(1), p=0.045), with 
trend level differences for temporal cortex (Fisher’s exact, p=0.055), caudate 
nucleus (χ2 2.83(1), p=0.093), and nucleus accumbens (χ2 3.52(1), p=0.061). 
When Aβ pathology was present, the burden was higher in DLB patients 
compared to PDD patients in all regions (figure 2B, 3 and 4), with significant 
differences in frontal (U=382, p<0.001), occipital (U=349, p=0.004), temporal 
(U=275, p=0.046) and entorhinal (U=248, p=0.006) cortex, as well as caudate 
nucleus (U=305, p=0.024). When excluding PDD and DLB cases with inter-
mediate or high scores for AD neuropathology (leaving 19 to 27 patients for 
further comparisons in different areas), the mean Aβ load was still higher in 
all areas, except for temporal cortex, and still more than twice as high in 
frontal cortex in DLB, compared to PDD patients. 

Comparing PDD to PD patients, Aβ pathology was significant more preval-
ent in temporal cortex (χ2 4.31(1), p=0.038), with trend level differences for 
frontal cortex (Fisher’s exact, p=0.059), caudate nucleus (χ2 3.35(1), p=0.067) 
and putamen (χ2 2.81(1), p=0.093). The load was significantly higher in 
 parietal (U=98, p=0.004) and occipital cortex (U=183, p=0.006) in PDD 
 patients, as well as in striatal regions (putamen; U=127, p=0.036, and nucleus 
accumbens; t(14)=-2.22, p=0.044). When Aβ pathology was present in PD 
patients the load was minimal, ranging from 0.6% (parietal cortex) to 1.6% 
(nucleus accumbens) in all areas.
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Legend: 
Aβ pathology was most prevalent (A) in dLb patients and the load (b) was also higher in 
dLb patients in multiple brain regions (# = p<0.05). Amyloid-β load in pd patients – when present – 
was minimal and is therefore not displayed here. 
Abbreviations: 
pd = Parkinson’s disease; 
pdd = Parkinson’s disease with dementia; 
dLb = Dementia with Lewy bodies; 
Aβ = Amyloid-β.

Figure 2 Prevalence and load of amyloid-β pathology in Lewy Body diseases
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Figure 3 Cortical amyloid-β pathology in Lewy Body diseases

Legend: 
Representative photomicrographs of sections immunostained for amyloid-β of pd (A,d,g,J,m), 
pdd (b,e,H,K,n) and dLb (C,F,i,L,O) patients (Dako antibody; clone 6F/3d). Amyloid-β load was 
significantly higher in all cortical areas (except parietal cortex) in dLb patients. Scale bar is 200 μm.
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Figure 4 Amyloid-β pathology in amygdala and striatum in Lewy Body diseases

Legend: 
Representative photomicrographs of sections immunostained for amyloid-β of pd (A,d,g, J), 
pdd (b,e,H,K) and dLb (C,F,i,L) patients (Dako antibody; clone 6F/3d). Striatal Aβ load was 
highest in dLb patients. Scale bar is 200 μm.
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Pathological and clinicopathological associations
Analysed over all patient groups, the various pathological scores (Thal 
 phases for Aβ and CERAD scores for neuritic plaques, McKeith stages for 
α-syn, Braak staging for α-syn and NFT) were positively correlated with each 
other, with the strongest correlation between CERAD scores and Thal phases 
(rs=0.748, p<0.001). Braak stages for NFT and CERAD scores were less 
strongly correlated (rs=0.440, p<0.001). In DLB patients, disease duration 
correlated negatively with Thal phase (rs=-0.315, p=0.026), but not with other 
pathological scores. In PD(D) patients, there was no significant correlation 
between disease or dementia duration, nor time to dementia-onset and any 
of the pathological scores. The binary regression model with PD or PDD as 
outcome and age at death, Braak stage for α-synuclein and Thal phase for Aβ 
as covariates showed that the severity of both α-synuclein (odds ratio 1.683, 
95% CI 1.002-2.825, p=0.049) and Aβ pathology (odds ratio 1.498, 95% CI 
1.063-2.111, p=0.021) significantly increase the risk of being demented, while 
age had no influence (odds ratio 1.041, 95% CI 0.981-1.105, p=0.187). Logistic 
binary regression with PDD and DLB as outcome and age at death, Thal 
phase for Aβ and Braak stage for NFT pathology showed that both patho-
logies significantly discriminate between disease groups (odds ratio for Aβ: 
1.686, 95% CI 1.247-2.280, p=0.001; odds ratio for NFT pathology: 1.700, 95% 
CI 1.206-2.396, p=0.002), while age had no effect. The odds ratio was higher 
when combining Aβ, NFT and neuritic plaque pathology – by adding the 
‘ABC’-score as covariate – in discriminating PDD and DLB patients (odds 
ratio 2.481, 95% CI 1.411-4.362, p=0.002). Univariate analyses of regional Aβ 
load showed that the odds ratio was highest for Aβ burden in entorhinal 
cortex (odds ratio 2.088, 95% CI 1.092-3.992, p=0.026). 

Discussion 

In the present study, we performed a detailed and quantitative evaluation of 
the extent and load of Aβ pathology in a large cohort of patients with Lewy 
Body diseases. We report that the prevalence and severity of Aβ pathology is 
highest in DLB patients, less in PDD, and least in PD patients. DLB patients, 
relative to PDD patients, had more advanced β-amyloidosis, more prevalent 
Aβ pathology in limbic and striatal regions, and a higher Aβ load in these and 
additional neocortical areas. In turn, PDD patients had more advanced 
β-amyloidosis than PD patients, Aβ pathology occurred more frequently in 
the temporal cortex and the load was higher in neocortical and striatal 
 regions. The observed differences in prevalence and distribution of Aβ 
 pathology in Lewy Body diseases suggest that Aβ pathology is an important 
determinant of (the time of onset of) dementia in PDD and DLB patients.
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The high prevalence of Aβ pathology in the DLB group is in line with the 
results of earlier studies reporting a prevalence of 100%.21,22,36 The only 
DLB patient that did not have any Aβ pathology, had abundant NFT patho-
logy including neuronal and glial tau pathology, and may be classified as 
“aging-related tau astrogliopathy” (ARTAG) or “primary age-related tau-
opathy” (PART), recently described pathological entities, of which the (clinical) 
relevance is still under debate.37-39 The prevalence of Aβ pathology in 
 non-demented elderly within the age range of our patient cohort is 45 to 
50%40,41, but up to 83% and 88% in our PD and PDD patients respectively, 
which is in line with earlier work performing detailed Aβ analysis in PD(D) 
 patients.11 However, in spite of the high prevalence of Aβ pathology in PD 
patients, the load of Aβ pathology was very low (max 1.6%) and the clinical 
relevance of such amounts is debatable. 

Interestingly, both β-amyloidosis in the medial temporal lobe and neuritic 
plaque scores were higher in DLB compared to PDD, indicating differential 
distribution patterns of Aβ pathology in these two clinical entities, in line 
with many previous neuropathological studies.1,10,17,21-23,25,42 Further-
more, when evaluating the distribution and severity of Aβ pathology in 
more detail, we found that the striatum is more often severely affected in 
DLB, compared to PDD patients. This finding confirms earlier studies that 
report more abundant striatal Aβ pathology in DLB patients.21,22,42 Of note, 
although less prevalent than in DLB, 67% of our PDD patients also displayed 
a certain amount of striatal Aβ pathology, which is comparable to some24,43, 
but much higher than in other reports21,22. A possible explanation for this 
discrepancy is the selection of cases, since we, unlike others, did not exclude 
PDD cases with significant AD pathology, but made our selection of cases 
based on the clinical diagnosis. Prevalent and abundant striatal, as well as 
frontal Aβ pathology together with the widespread α-synuclein pathology in 
both PDD, and DLB patients may disturb the frontostriatal network and lead to 
the well-described executive dysfunction in both diseases.44 Although specu-
lative, the relatively high striatal and frontal Aβ load in DLB compared to PDD 
patients may reflect the earlier onset of executive deficits in DLB patients.

In addition to differences in striatal Aβ pathology, we report more advanced 
β-amyloidosis in the medial temporal lobe and a higher prevalence and load 
of Aβ pathology in the temporal and entorhinal cortex, and the amygdala in 
DLB relative to PDD patients. It is tempting to speculate that this difference 
may underlie the distinctive cognitive features of PDD and DLB, i.e. memory 
deficits being more frequent and severe in DLB than PDD.45,46 An in vivo 
imaging study supports this hypothesis by revealing more temporal atrophy 
in DLB relative to PDD patients, and a correlation between temporal atrophy 
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and memory scores in the DLB patients only.47 Alpha-synuclein pathology 
was widespread in both DLB and PDD patients and NFT pathology was mild 
in most cases, although the severity of pathology may be slightly under-
estimated since sections immunostained for tau, which are more sensitive to 
NFT pathology than silverstained sections48, were only available in about a 
third of our patients. There was no significant difference in relevant NFT 
 pathology (i.e. Braak stages for NFT ≥4) between groups, as previously re-
ported.23,24,42,49 However, regional analysis did show more severe tangle 
pathology in temporal and parietal cortex in DLB, compared to PDD patients. 
In addition, Braak stages for NFT, as well as the combination of Aβ, NFT and 
neuritic plaque pathology, were significant discriminators between both 
 disease groups, with the highest odds ratio when using the combination. Tau 
pathology, in addition to more severe Aβ pathology, may thus contribute to 
the clinical differences between PDD and DLB. Nevertheless, in our PDD and 
DLB patients, Aβ and tau pathology did not always go hand-in-hand, since 
the majority of cases with significant Aβ pathology (i.e. Thal stage ≥3), did 
not show widespread tau pathology (i.e. Braak stages for NFT ≥4). Therefore, 
in line with suggestions by others, prominent Aβ pathology, but not tau, may 
be more relevant to cognitive decline in the Lewy Body disease spectrum.5 

When comparing PDD patients to PD patients, we found more advanced 
α-synucleinopathy in PDD patients. Furthermore, beta-amyloidosis in the 
medial temporal lobe and neuritic plaque scores were higher in PDD, indic-
ating that a combination of α-synuclein and AD pathology may contribute 
to the development of dementia in PD, which is consistent with previous 
work.9,11,50 Since the majority of PD patients eventually develops dementia 
(up to 80%)51, part of our PD group (e.g. that died after myocardial infarction 
or euthanasia) may represent patients that would convert to PDD, and would 
have accumulated a higher Aβ load over time. In our regional analysis, Aβ 
pathology was more frequent in the striatum of PDD patients. This is in con-
tradiction with the study of Irwin et al., who reported similar striatal Aβ 
load in PD and PDD patients.15 However, in that study only mature plaques 
were measured, while we included all extracellular Aβ pathology, including 
diffuse plaques which are common in PDD patients.11,15 Kalaitzakis et al. 
reported more striatal Aβ pathology in PD patients with cognitive impair-
ment compared to those without, while motor performance was similar in 
both groups.43 These, and the present results, suggest that striatal Aβ patho-
logy contributes to cognitive dysfunction in PD. 

All pathological scores correlated positively with each other, which may 
 reflect the increasing incidence of pathologies in the elderly.52 However, we 
did not find a correlation between age and any type of pathology. Altern-
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atively, our observation may suggest a close relationship between the differ-
ent types of pathology. A positive correlation between Aβ and α-synuclein 
pathology was observed previously in both PDD19,22 and DLB53. Further-
more, the results of many in vitro and in vivo studies suggest synergistic 
 effects of, or common pathophysiological mechanisms underlying Aβ and 
α-synuclein pathology54,55 (for review: see Marsh and Burton-Jones56). 
However, others reported an inhibitory effect of α-synuclein pathology on 
Aβ plaque formation in transgenic mouse models57, so this matter remains 
the subject of ongoing research. The only significant clinicopathological 
correlation in the present study was between Thal phases for Aβ and disease 
duration (inverse correlation) in DLB, but not in PDD patients. This may 
imply that the progression of β-amyloidosis accelerates disease progression 
in DLB patients. Other pathological studies revealed similar correlations in 
PDD patients11,42,58,59. We did not find this type of correlation in our PDD 
patients, but this might be explained by imprecise information on the exact 
timing of dementia in our PDD group, which is a limitation of the present 
retrospective post-mortem study. 

The main strength of our study is the stringent patient selection with regard 
to the availability of clinical information to retrospectively confirm a clinical 
diagnose of PD, PDD or DLB according to current clinical diagnostic  criteria. 
In addition, the evaluation of clinical reports was performed blinded to all 
pathological information, and the neuropathological examinations were 
done blinded to all clinical information to minimize any bias. Furthermore, 
to our knowledge, we are the first to compare Aβ pathology in a relatively 
large cohort of PD, PDD and DLB patients using quantitative measurements 
in neocortical and subcortical brain regions. An important limitation of the 
present study is its retrospective nature, inevitably leading to the  absence of 
standardized and quantitative information on the cognitive performance of 
patients (e.g. mini-mental state examinations and/or detailed neuropsycho-
logical evaluations). Therefore, we were unable to investigate a direct relation 
between (specific) cognitive disturbances and the regional prevalence and 
severity of Aβ pathology. Future prospective studies incorporating detailed 
and standardized cognitive assessments are necessary to validate our findings. 
Also, it would be interesting to compare the rate of cognitive decline in DLB 
patients with and without moderate to severe AD pathology, since severe AD 
pathology may accelerate clinical progression within this group, as suggested 
in a very recent study on AD biomarkers in cerebrospinal fluid.60  

In summary, we provide evidence for differences in prevalence and distribu-
tion of Aβ pathology in LBD. In PD patients without dementia, Aβ pathology 
is very sparse and probably clinically insignificant. In PDD, significantly 
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more widespread and severe Aβ pathology may contribute to the develop-
ment of dementia in these patients, although advancing LB pathology is 
probably important in this respect as well. In DLB patients, Aβ pathology is 
highly prevalent and the load exceeds that observed in PDD patients in mul-
tiple areas, specifically in fronto-striatal and limbic areas. This may explain 
the early and severe executive dysfunction and memory disturbances in 
DLB, as well as the accelerated disease course in this clinical LBD phenotype. 
Our results provide further rationale for studies investigating quantitative 
and regional evaluation of Aβ load in LBD as prognostic biomarker and can 
be relevant for future disease modifying intervention studies targeting Aβ.
 

Supplementary table 1 Vascular lesions in individual patients

Patient# Diagnosis   Lesion type  Localisation
013   PDD     lacunar infarcts  striatum
021   DLB     lacunar infarcts  striatum, pallidum, thalamus, white matter
022   PD     small haemorrhages pons, white matter
023   PD     infarct   left hippocampus 
030   PDD     infarct   right parietal Ø 1 cm 
035   PD     infarct   left media infarction
042   DLB     infarct   left parietal Ø 1.5 cm
047   DLB     infarct   left media infarction
049   PD     infarct   right frontal
051   PD     infarcts   cerebellum, right occipital
057   DLB     infarct   right parieto-occipital
058   PD     haemorrhage  right frontal white matter Ø 0.8 cm
062   DLB     infarct   left parietal
066   PDD     lacunar infarcts  thalamus, subthalamus
068   PDD     infarct   left cerebellum
092   DLB     haemorrhage  right frontal white matter
095   DLB     haemorrhagic infarct left temporal, striatum, hippocampus
100   PD     infarct   left caudate nucleus
101   DLB     infarct, lacunar infarcts left occipital Ø 3.0 cm, left striatum
102   DLB     lacunar infarct  left putamen
103   PD     lacunar infarcts  left and right caudate nucleus
109   DLB     infarcts   bilateral occipital, both Ø 3.0 cm
120   PD     cavernous hemangioma  pons
122   PDD     infarct   right parietal Ø 1.0 cm
123   PDD     infarct   left pallidum Ø 1.0 cm 
125   PDD     contusion foci  right frontal basal
127   PDD     infarcts   right parieto-occipital Ø 8.0 cm, cerebellum
133   PD     infarct   right frontal Ø 2.0 cm

Legend: 
pd = Parkinson’s disease, 
pdd = Parkinson’s disease with dementia, 
dLb = Dementia with Lewy bodies; 
Ø = diameter in cm.
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CHAPTER 7 | GENERAL DISCUSSION

In this thesis, an attempt was made to gain better insight into the patho-
physiology of visual hallucinations (VH) and dementia in Parkinson’s  disease 
(PD) and dementia with Lewy bodies (DLB) by identifying neuropsycho-
logical, neuroimaging and neuropathological determinants of these symp-
toms. We formulated the following specific research questions: 

 1. Are VH in PD associated with a specific cognitive profile?
 2. Are VH in PD associated with changes in functional interactions   
  between brain regions?
3.  Are VH in PD associated with changes in structural connections 
  between the cholinergic neurons in the basal forebrain and the rest of 
  the brain?
4.  Is there a difference in the pattern or severity of the neuropathological   
  cholinergic deficits between PD(D) and DLB that may (partly) underlie   
  the different clinical phenotypes of these diseases? 
5.  Is there a difference in the neuropathological load of proteins other than  
  α-synuclein, in particular amyloid-β, between PD(D) and DLB in the   
  brain that may (partly) underlie the different clinical phenotypes of   
  these diseases? 

In this chapter, we will first discuss our findings regarding the first three 
research questions, which concern a better understanding of the pathophysi-
ology of VH in PD. Thereafter, we will summarize our conclusions with 
 regard to the neuropathological differences underlying the clinical hetero-
geneity of PD(D) and DLB, thereby focusing on research questions 4 and 5. 
We will formulate the potential clinical implications of our results and out-
line future perspectives. At the end of this chapter we will recapitulate all 
our conclusions.

VISUAL HALLUCINATIONS IN PD: DO WE HAVE A CLEAR PICTURE? 

Visual hallucinations in PD: indicative of a malignant subtype?
In the study described in Chapter 2, we addressed our first research ques-
tion by exploring cognitive disturbances in non-demented PD patients with 
(PD+VH) and without VH (PD–VH). Attention and verbal memory were more 
impaired in PD+VH compared to PD–VH patients, whereas performance on 
tests of other cognitive functions, i.e. executive functions, visual perception 
and language, was comparable between the two groups. In addition, 
 hallucinating PD patients displayed more severe symptoms of anxiety, 
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 depression and disturbed sleep, compared to PD–VH patients. 

The identification of a specific cognitive profile in PD+VH patients may aid 
in the identification of a distinct neuropathological subtype underlying 
both cognitive impairment and VH in PD. The ‘dual syndrome hypothesis’ of 
cognitive impairment in PD is very interesting in this respect.1 According to 
this hypothesis, a dopaminergic deficit in fronto-striatal circuits underlies 
executive dysfunction, while widespread cholinergic denervation causes 
memory and ‘posterior cortical’, e.g. visuospatial, deficits. Patients with a 
cognitive phenotype dominated by posterior cortical dysfunction are 
 believed to progress more rapidly to dementia, that is, convert to Parkinson’s 
disease dementia (PDD), while cognitive function in patients with predomin-
ant executive dysfunction typically remains stable.2,3 

Verbal learning and attention are two cognitive functions that are believed 
to involve the cholinergic system.4,5 Thus, non-demented PD+VH patients 
– in whom memory and attention were more affected in our study – might 
have a more severe cholinergic deficit compared to PD–VH patients. 
 According to the dual syndrome hypothesis, PD+VH patients would there-
fore be more likely to develop dementia. This is in line with a previous 
 longitudinal study, in which VH at baseline were a significant predictor of 
conversion to PDD 8 years later.6 Possibly, more severe cholinergic denerva-
tion contributes to both VH as well as specific cognitive impairments in PD 
patients, suggesting that patients exhibiting these symptoms may thus 
 represent a so-called ‘malignant’ PD subtype. The worse severity of other 
non-motor symptoms, such as symptoms of anxiety, depression and 
 disturbed sleep, in the PD+VH group may be an aspect of this malignant 
subtype as well. 

Previous studies have put great effort in exploring the presence of different 
clinical PD subtypes by applying cluster analysis techniques.3,7,8 In a recent, 
prospective, longitudinal cohort study, a ‘diffuse/malignant’ PD phenotype 
was identified, characterized by a more rapid rate of cognitive decline over a 
follow-up period of 4.5 years.7 Although the presence of hallucinations was 
not included as a variable in this cluster analysis, hallucinations were 
 reported more often in the malignant phenotype, reaching trend level 
 significance in the statistical analysis. Furthermore, patients with the malig-
nant phenotype were more likely to have orthostatic hypotension, mild 
 cognitive impairment and REM sleep behavior disorder (RBD) at baseline, 
the latter two manifestations being strongly associated with the presence of 
VH in PD.9 The authors emphasized that non-motor symptoms were the 
most critical determinants of PD subtype and prognosis, and that a non-
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motor composite score – which included VH, anxiety, depression, sleep and 
autonomic disturbances – had the highest odds ratio for disease progression 
at follow-up.7 

The association we found between the presence of VH on the one hand and 
disturbed sleep and symptoms of anxiety and depression on the other was 
reported previously.10,11 Lee et al., for example, demonstrated that the odds 
of experiencing psychotic symptoms (including VH) were approximately 
five times higher in PD patients with disorders of depression and sleep-
wakefulness.11 Possibly, more severe or selective neuropathology and 
 degeneration of cholinergic, noradrenergic, as well as serotonergic nuclei, 
which are suggested to play a role in the pathophysiology of anxiety and 
depression12,13, may occur in PD+VH patients, and may also be the under-
lying neural substrate of the more malignant PD subtype. The recognition of 
clinical subtypes, and even more importantly, understanding the under lying 
neurobiological mechanisms of these subtypes may improve prognostic 
 accuracy and, eventually, the development of personalized treatment of PD 
patients. A promising approach to investigate these underlying neurobio-
logical mechanisms in vivo is the application of modern and non-invasive 
MRI techniques such as functional MRI (fMRI) and diffusion tensor imaging 
(DTI) which so far had not been used in studies investigating clinical sub-
types in PD.3,7,8 Therefore, in the studies described in Chapters 3 and 4 we 
applied these techniques to analyze the pathophysiological mechanisms of 
VH in PD.

Visual hallucinations in PD: loss of functional interactions between 
brain areas 
In Chapter 3 of this thesis, we describe an fMRI study, in which we analyzed 
differences in functional connectivity between PD+VH and PD–VH patients 
and healthy controls. In PD patients, irrespective of the presence of VH, 
functional connectivity of paracentral and occipital brain regions was lower 
than in controls. In PD+VH patients, nine additional brain regions were less 
strongly connected to other regions. The additional regions with a loss of 
functional connectivity included frontal, temporal, occipital and striatal 
brain areas. We concluded that a disconnection of paracentral and posterior 
brain regions is not sufficient for VH to occur. The pathophysiology of VH 
probably requires a more widespread loss of network efficiency.

The loss of functional connectivity of frontal and temporal brain regions, 
which occurred exclusively in our PD+VH patients, was associated with lower 
scores on tests of attention, perception and attentional set shifting. This is 
partly in line with our findings in Chapter 2 and emphasizes the importance 
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of attentional dysfunction in the pathophysiology of VH in PD. Reduced 
functional connectivity of brain regions that are part of the visual pathways, 
i.e. the fusiform gyrus and the inferior occipital gyrus, was also exclusively 
observed in PD+VH patients. This may suggest that, besides attentional dys-
function, relative impairments of visual processing may contribute to the 
pathophysiology of VH in PD. Our findings are in accordance with the  results 
of previous fMRI, positron emission tomography (PET) and single-photon 
emission computed tomography (SPECT) studies, in which reduced activa-
tion or altered metabolism was reported for both frontal and temporal cor-
tices14-16, as well as for the visual pathways in PD+VH patients as compared 
to PD–VH patients.15,17-20 

In contrast to the PD+VH patients in the neuropsychological study (Chapter 
2), the PD+VH patients in the fMRI study (Chapter 3) scored significantly 
lower on cognitive tests of visual perception than PD–VH patients. Lower 
visual perception scores in the PD+VH patients were correlated with de-
creased functional connectivity. A possible explanation for the discrepancy 
between the two studies, as far as differences in visual perception test scores 
between patient groups is concerned, is that patients in the neuropsycho-
logical study had very mild cognitive disturbances and visual perception 
was examined using a single test of visual perception only. Therefore, subtle 
impairments in visual perception may have been missed. 

Since Lewy body (LB) pathology eventually spreads to all brain regions in 
PD, one might assume that local cortical neuropathology is the underlying 
cause of the observed loss of functional connectivity in PD+VH patients. 
However, the fact that paracentral and occipital brain regions are discon-
nected in all PD patients, while LB pathology in these regions – even in the 
final pathological stage of PD21 – is usually limited, argues against this 
 assumption. Alternatively, disrupted projections, either cortico-cortical 
projections or afferent projections from subcortical brain regions, may lead 
to a loss of functional connectivity of specific brain regions in PD+VH 
 patients. Considering the hypocholinergic hypothesis of VH in PD, denerva-
tion of the cholinergic projections arising in the nucleus basalis of Meynert 
(NBM) – the primary source of acetylcholine in the brain – may be particu-
larly relevant in this respect.22,23 

Visual hallucinations in PD: cholinergic denervation
To find further evidence for a role of disrupted projections from the NBM in 
the pathophysiology of VH in PD, we performed a diffusion tensor imaging 
(DTI) study, which is described in Chapter 4. In this study, the NBM was 
used as a seed region and DTI metrics, i.e. fractional anisotropy (FA) and 
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mean diffusivity (MD), where compared between groups of PD+VH patients, 
PD–VH patients and controls. The MD values of the tracts between the NBM 
and the rest of the brain were significantly different between groups, i.e. 
highest in PD+VH patients and lowest in controls, while FA values were com-
parable between groups. Post-hoc analysis of tracts between the NBM and 
specific cortical regions revealed higher MD values in PD+VH compared to 
PD–VH patients of the tracts connecting the NBM to parietal and occipital 
brain regions, which was mainly driven by a higher radial diffusivity (RD) 
and may be indicative of microstructural damage to these tracts.24 

The higher MD we observed in cholinergic parietal and occipital tracts of 
PD+VH patients may reflect the presence of debris and/or changes of the 
axonal organization as a consequence of neuronal and axonal degeneration. 
However, it should be noted that the exact underlying substrates of the 
 observed diffusivity changes (i.e. higher MD and RD) have not yet been 
 elucidated. In fact, the interpretation of DTI metrics in neurodegenerative 
diseases in general, including PD, is still challenging, since the molecular 
and histopathological substrates of anisotropy and diffusivity in these 
 diseases are not fully understood. Moreover, the degree of myelination, 
which is an important factor in DTI analysis, of the NBM projections in the 
healthy  human brain is unknown. In animals, most ascending NBM fibers 
appear to be unmyelinated, although the frontal projections may be finely 
myelinated.25,26 Thus, changes in MD and RD may not only reflect the 
 presence of debris and axonal reorganization, but also a decrease in the pro-
portion of unmyelinated fibers.27 

The projections of the NBM are topographically organized. The NBM can be 
subdivided into an anterior, intermediate and posterior division, each of 
which innervates specific cortical brain regions. The anterior division 
 innervates frontal, limbic and medial cortical regions; the intermediate divi-
sion innervates parietal and occipital regions; and the posterior division 
 innervates the superior temporal gyrus and the temporal pole.27,28 The fact 
that in our PD+VH patients only the posterior, i.e. parietal and occipital, 
NBM tracts were affected therefore suggests more severe LB pathology and/
or neuronal loss in the intermediate NMB division. 

Interestingly, in Alzheimer’s disease (AD), there is evidence to suggest a caudo-
rostral pattern of neuronal loss in the NBM, the posterior NBM division  being 
most severely affected.28 Since the posterior division of the NBM  innervates 
the temporal pole and superior temporal gyrus, this would explain the 
 dominant language and memory impairments in AD patients. In PDD, neuro-
pathological reports have revealed a slightly greater neuronal loss in the 
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 intermediate, compared to the anterior, division of the NBM28,29, from which 
a predominant loss of innervation to parieto-occipital brain  areas may be 
expected, similar to what our DTI data suggest. In an in vivo cholinergic tracer 
study, a fronto-occipital gradient of increasing cholinergic dysfunction was 
demonstrated in demented PD patients, again emphasizing the idea of more 
severe posterior cortical cholinergic denervation in PD.30 It is important to 
note, however, that the severity of neuronal loss in the posterior division of 
the NBM has never been examined in PD(D). Also, the NBM as we delineated 
it in our DTI study mainly encompasses the intermediate NBM division. Thus, 
the absence of group differences in the integrity of tracts  other than the parietal 
and occipital tracts, may be partly explained by suboptimal measurements of 
the tracts to frontal, temporal and limbic brain regions.

The exact localization of LB pathology and/or neuronal loss within the NBM 
in PD is of particular relevance to the emergent technique of deep brain 
stimulation (DBS) of the NBM as a treatment for AD and PD(D).31-33 Pilot 
data on the effect of NBM-DBS on cognitive function in AD are promising, 
showing stable or improved cognition in four out of six AD patients.32 In 
addition, a case report of NBM-DBS treatment in a PDD patient (tips of the 
electrodes in the intermediate portion of the NBM) mentions a relevant im-
provement of cognitive function.34 At the time of writing this thesis, two 
randomized controlled clinical trials (one in the Netherlands and one in the 
USA) testing NBM-DBS in PD patients with mild cognitive impairment are 
underway. Stereotactic gene delivery of trophic factors within the NBM is 
another treatment option targeting the cholinergic deficit that is currently 
under investigation in AD.35 Knowledge of the exact distribution of neuro-
pathological changes within the NBM in PD patients with and without VH 
and cognitive impairment would greatly help to determine the optimal  target 
for stereotactic treatment. 

Visual hallucinations in PD: theoretical models revisited 
Multiple integrative, theoretical models have been postulated to explain VH 
in PD. A disturbance of cholinergic neurotransmission is an important 
 contributing factor in the majority of these models.36 In particular, the 
‘ Activation, Input, Modulation (AIM)’ model, the ‘Perception and Attention 
Deficit (PAD)’ model, and just recently, the model of ‘dysfunction of atten-
tional control networks’ emphasize a cholinergic deficit as a causative factor 
in the pathophysiology of VH in PD.37-39 

According to the AIM model, dysfunction of cholinergic brain stem centers 
leads to disturbed REM sleep and abnormal vigilance, which facilitate the 
occurrence of VH in PD, for example by REM sleep intrusions into wake-
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fulness. In addition, decreased levels of cortical acetylcholine are assumed 
to cause aberrant functioning of associative frontal and occipital cortices, 
leading to a disturbance of perception and modulation of visual input.37 
The PAD model also emphasizes disturbed perception as a major contributing 
factor to the occurrence of VH. More specifically, in this model an imbalance 
between attentional and perceptual processes (i.e. “top-down” and “bottom-
up” processes) is believed to trigger VH in PD. According to the model, 
 disturbances of attention and visual perception synergistically lead to the 
activation of contextually expected but incorrect ‘proto-objects’.  Proto-objects 
are abstract object representations that compete to reach awareness by 
drawing attention towards themselves.38 VH occur when an incorrect proto-
object is drawn into the attentional focus due to impairments in attentional 
binding and/or limited sensory activation. Along this line of reasoning, the 
severity of hallucinatory phenomena might be determined by the degree of 
difference between correct and incorrect proto- objects. For example, visual 
illusions, passage or presence hallucinations may be caused by a subtle differ-
ence between correct and incorrect proto-objects, while complex and 
threatening VH – occurring later in the disease – may result from a large 
dissimilarity.38 

In the model of ‘dysfunction of attentional control networks’, complex VH 
reflect dysfunction between and within brain networks involved in attention, 
leading to an inappropriate interpretation of ambiguous percepts.39 In this 
model, VH result from an overreliance on the ventral attention network 
(VAN) and the default mode network (DMN), which is caused by a dysfunction 
of the dorsal attention network (DAN). The DAN, which focuses attention on 
externally driven percepts, may be abnormally dormant in PD+VH patients, 
hence the overreliance on the VAN and DMN, networks that are normally 
involved in the rapid shift of attention towards salient stimuli and the  retrieval 
and manipulation of episodic memories and semantic knowledge.39 Since 
the cholinergic system is crucial for a normal level of selective attention, also 
in this model a cholinergic deficit is implicated in the pathophysiology of 
VH.22

The results of the studies described in Chapters 2 and 4 provide further 
 evidence for a cholinergic deficit as a major contributory factor to the patho-
physiology of VH in PD, and are therefore in line with the above-described 
theoretical models. In particular, the attentional deficit we observed in 
PD+VH patients fits well with the PAD model and the model of dysfunction 
of attentional control networks. Furthermore, cholinergic denervation of 
 parietal and occipital brain regions (chapter 4) is an element of both models, 
as well as the AIM model.
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The widespread loss of functional connectivity we observed in PD patients 
with visual hallucinations (Chapter 3) appears also in line with the theoret-
ical models described above. For example, the frontal and temporal brain 
regions that were less well connected in the PD+VH patients are important 
for intact attentional processes as implicated in the PAD model and in the 
model of ‘dysfunction of attentional control networks’. According to the latter 
model, the DAN is abnormally dormant, an assumption that appears to be 
supported by our observation that the superior frontal gyrus and striatum 
– crucial hubs in this network – are exclusively disconnected in PD+VH 
 patients. Moreover, our finding of weaker functional connectivity of brain 
regions that are part of the ventral visual stream, i.e. the fusiform and inferior 
occipital gyrus, seems to confirm the disturbance of “bottom-up” visual 
processing that is an element of the PAD model. 

In conclusion, we have demonstrated that VH in PD are associated with a 
specific, supposedly ‘cholinergic mediated’ cognitive profile, a widespread 
decrease of functional connectivity between brain regions, and a loss of 
 integrity of the projections connecting the NBM to the posterior cortices. In 
doing so, we provide further evidence for an important contribution of non-
dopaminergic neurotransmitter deficiencies, in particular a cholinergic deficit, 
to the pathophysiology of VH in PD, and possibly also to the associated cog-
nitive impairments.

Visual hallucinations in PD: future perspectives
In-depth phenotyping of PD patients integrating clinical and neuropsycho-
logical information, as well as imaging data (e.g. fMRI and DTI), may lead to 
an earlier identification of patients with a malignant clinical subtype, char-
acterized by a faster disease progression, and will ultimately contribute to 
the development of tailored therapeutic regimens in PD patients. Clinical 
phenotyping should not only include a detailed registration of VH (e.g.  using 
the Scale for the Assessment of Positive Symptoms40) but also of other 
 non-motor symptoms, including cognitive impairment, sleep and affective 
 disturbances. 

Considering that our results support the idea of a cholinergic deficit con-
tributing to VH, and possibly the associated cognitive impairments, specific 
therapeutic strategies should be investigated further. As mentioned above, 
NBM-DBS treatment for mild cognitive impairment in PD is currently under 
investigation in randomized clinical trials and may prove valuable in sup-
pressing VH as well. The selective loss of NBM projections to parietal and 
occipital brain regions in PD+VH patients, as described in Chapter 4, sug-
gests a selective loss of neurons in the intermediate NBM. Confirmation of 
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the alleged selective neuronal loss requires detailed neuropathological studies 
of the NBM – including cell counts in all three NBM subdivisions – in PD 
patients with and without VH and/or cognitive impairment.

Future neuropathological studies should also address the degree of myelina-
tion of NBM projections to the cerebral cortex in healthy controls, as well as 
the pathological changes in these fiber tracts in PD patients. Combining 
anatomical and pathological information on the NBM and its cortical pro-
jections with corresponding post-mortem high-field DTI images may help 
us understand the changes in DTI metrics of these projections in vivo. This, 
in turn, could lead to a more detailed in vivo assessment of NBM tract integ-
rity and determination of the exact origin of the loss of tract integrity – e.g. 
cell loss in a specific NBM subdivision – in relation to specific clinical symp-
toms (such as VH) of individual PD patients. Ultimately, this may lead to 
optimal target localization for NBM-DBS treatment in individual patients.

Since DBS treatment is an invasive therapy many patients may not be  suitable 
candidates and/or may not be motivated for this treatment option. For these 
patients acetylcholine enhancing medication, such as cholinesterase inhib-
itors, is an alternative option. In previous studies, cholinesterase inhibitors 
improved cognitive function in PD patients.41-43 Moreover, the use of 
 rivastigmine was associated with reduced VH in PD in a case-control study 
and a relatively small observational open-label study.41,44 The observations 
in these studies still await confirmation in larger randomized, placebo- 
controlled clinical trials. At the time of writing this thesis, we are conducting 
a large randomized placebo-controlled trial investigating rivastigmine treat-
ment in PD patients with minor VH (CHEVAL study). Valuable additions to 
consider in future RCT’s investigating the effect of acetylcholine enhancing 
medication on VH in PD are detailed neuropsychological examinations and 
DTI imaging to evaluate NBM tract integrity before the start of treatment. In 
this way, specific cognitive impairments (i.e. deficits in attention and verbal 
memory) and/or evidence of cholinergic denervation on DTI images can be 
identified as predictors of treatment response.

Based on the findings described in Chapter 3 of this thesis, another potential 
noninvasive treatment to consider for VH in PD is repetitive transcranial 
magnetic stimulation (rTMS). By means of rTMS, cortical excitability of spe-
cific target areas can be changed, even persisting beyond the stimulation 
session itself.45,46 The results of a recent study demonstrated that rTMS of 
the motor cortex can improve motor function in PD patients.47 Similarly, 
stimulation of specific brain regions known to have reduced functional 
connect ivity in PD+VH patients could hypothetically restore functional 
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 connectivity and lead to a decrease in VH. Based on our findings, potential 
target regions for rTMS in PD+VH patients include the superior frontal 
gyrus, the inferior occipital gyrus, as well as specific temporal brain regions 
(fusiform gyrus, superior temporal gyrus, middle temporal gyrus and middle 
temporal pole). A much related option is multifocal rTMS, i.e. stimulating 
multiple brain regions simultaneously. However, since the neurophysiology 
of multifocal rTMS is at present unknown cancellation of effects may occur 
just as well as summation.47 As a first step, selective stimulation of a single 
specific hub region that is crucially involved in the pathophysiology of VH 
in PD – e.g. the superior frontal gyrus – may be a more attractive option 
than multifocal stimulation.

PD(D) AND DLB: FINDING THE DIFFERENCES 

Consistent PPN degeneration in PD(D), but not in DLB patients
In Chapter 5 we describe a study investigating neuropathological changes 
and neuronal loss in the compact part of the pedunculopontine nucleus 
(ppnc) in PD(D) and DLB patients. In PD(D) patients the number of ppnc 
neurons was reduced by 39% and 41% compared to DLB patients and 
 controls, respectively. Furthermore, the load of extracellular α-synuclein 
 pathology was higher in PD(D) compared to DLB patients, while Aβ patho-
logy was more pronounced in DLB patients. The burden of neurofibrillary 
(NFT) tangle pathology was comparable between the disease groups. In the 
DLB patients ppnc cell counts were quite variable and not significantly dif-
ferent from controls. We concluded that degeneration of the PPN – the main 
brainstem cholinergic output structure of the human brain – is consistent 
and severe in PD(D), but more variable in DLB patients.

Since all PD(D) patients in our study experienced VH, it was not possible to 
compare ppnc cell loss and neuropathological changes between PD+VH and 
PD–VH patients. However, it is noteworthy that all DLB patients in our study 
experienced VH, yet the number of cells in the ppnc in these patients, though 
variable, was not significantly different from controls. Thus, the assumption 
that PPN degeneration contributes to the development of VH – by decreased 
cholinergic projections to the thalamus and thereby disturbed arousal and 
REM sleep (as suggested in the AIM model for VH in PD)22,37,48 – may be 
true for PD(D) patients, but not for (all) DLB patients. By contrast, in both 
PD(D) and DLB, the presence of a cortical cholinergic deficit is firmly estab-
lished.30,49,50 Apparently, degeneration of the NBM is a pathological feature 
of both diseases, while consistent and severe degeneration of the PPN occurs 
primarily in PD(D) patients. 
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In a previous structural imaging study, we observed that PPN atrophy was 
more pronounced in PD(D) patients with VH than in DLB patients with VH, 
although this difference did not survive multiple comparison correction in 
the statistical analysis.51 In a neurochemical study, loss of choline acetyl-
transferase activity in the thalamus, representing PPN degeneration, was 
found in PDD but not in DLB patients.52 These observations and the results 
described in Chapter 5 together support the abovementioned hypothesis of 
differences in the origin of the cholinergic deficits between PD(D) and DLB 
patients. That is, in PD(D) patients PPN as well as NBM degeneration occurs, 
while in DLB patients NBM degeneration takes place in all patients, yet PPN 
degeneration appears to be variable. 

Although the variability in the number of neurons in the ppnc of DLB pa-
tients may be due to methodological issues or human biological variability, 
alternatively, neuropathological changes and/or neuronal loss in the ppnc 
may be associated with specific symptoms other than VH. These symptoms 
may include gait and posture abnormalities and REM sleep behavior dis-
order (RBD), as previously suggested.50,52,53 Unfortunately, we cannot draw 
any firm conclusions regarding the association between cholinergic ppnc 
cell loss and postural instability or RBD in our patients due to a lack of stand-
ardized clinical information and the limited sample size of our study. So far, 
only one previous study compared brainstem cholinergic cell loss in Lewy 
body disease patients (either PD(D) or DLB) with and without probable 
RBD.54 Although no group differences were found, these results should be 
interpreted with some caution as this study had a limited sample size and no 
distinction was made between PD(D) and DLB. 

The PPN is part of the mesencephalic locomotor region, which plays an 
 important role in gait control by activating spinal cord networks inducing 
gait. In animal models of PD, dysfunction of the PPN has been associated 
with abnormal gait and postural instability.53,55,56 Future neuropathological 
studies with larger sample sizes and standardized clinical data on the 
 presence or absence of VH, postural instability and RBD, are essential to shed 
more light on the association between PPN degeneration and these symptoms 
in PD(D) and DLB. Combining the results of such neuropathological studies 
with in vivo, high-resolution DTI analysis of fiber tracts connecting the PPN 
to the thalamus and basal ganglia may lead to improved patient selection for 
PPN-DBS, which is a promising treatment in PD patients with gait distur-
bances including freezing and postural instability.57

In this thesis, we demonstrated more severe α-synuclein pathology in the 
ppnc of PD(D) compared to DLB patients, while Aβ pathology was more pro-
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nounced in DLB patients. These findings, as well as those in other neuro-
pathological reports comparing α-synuclein and co-existing AD pathology 
in PD(D) and DLB patients58-62, inspired us to study Aβ pathology in other 
brain regions as well. We hypothesized that differences in the load and dis-
tribution of Aβ pathology between PD(D) and DLB might explain the clinical 
differences with regard to the presence and timing of dementia. 

Extensive amyloid-β pathology in DLB, less in PDD, and least in 
PD patients
In Chapter 6 we describe the results of a quantitative postmortem study com-
paring Aβ pathology in 133 patients fulfilling the clinical diagnostic criteria for 
PD, PDD or DLB.63-65 Overall, the prevalence and severity of Aβ pathology was 
highest in DLB, less in PDD and least in PD patients. β-Amyloidosis in the 
 medial temporal lobe was most advanced in DLB patients. Aβ pathology was 
more prevalent in limbic and striatal regions, and more severe in these and 
additional neocortical areas in DLB compared to PDD patients. In PDD com-
pared to PD patients, Aβ pathology was more frequently observed in the 
temporal cortex, and Aβ load was higher in multiple cortical regions and 
striatum. We concluded that the extent and load of Aβ pathology may con-
tribute to cognitive dysfunction in PDD and the early-stage severe dementia 
of DLB patients.

Although PDD and DLB share numerous clinical symptoms, there are im-
portant clinical differences as well. First of all, the onset of dementia relative 
to the onset of parkinsonian motor symptoms is earlier in DLB than in PDD. 
This difference is presently used in a rather arbitrary way by defining that 
for a diagnosis of DLB the onset of dementia and parkinsonism both have to 
occur within the same year, while for a diagnosis of PDD the interval be-
tween the onset of motor symptoms and the subsequent development of 
dementia should be at least one year.63,64 The results described in Chapter 
6 of this thesis show that the distribution pattern of Aβ pathology differs 
 between PDD and DLB, while the distribution of α-synuclein pathology and 
the presence of significant NFT pathology is similar in both groups. Thus, 
the presence of Aβ pathology appears to be an important determinant of the 
timing of dementia in these disease entities, i.e. early in DLB and late in PDD. 

Interestingly, a shorter disease duration in our DLB patients correlated with 
more advanced β-amyloidosis in the medial temporal lobe, which supports 
the theory that a more rapid rate of progression of Aβ pathology may accel-
erate clinical disease progression. Moreover, in a recent CSF study comparing 
AD biomarkers between PDD and DLB patients, low CSF Aβ levels were more 
often reported in DLB than in PDD patients, and were associated with a 
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shorter disease duration.66 We did not observe any correlation between the 
time of onset of dementia in PD patients and the severity of Aβ patho logy, 
but this may have been due to the retrospective character of our study. In-
formation on the exact onset of dementia in the PD patients may have been 
imprecise. Histopathological studies of brains collected from prospectively 
followed cohorts, incorporating detailed and standardized clinical evalua-
tions including cognitive assessments, as well as thorough quantitative 
measurements of Aβ, α-synuclein and tau pathology, are warranted to shed 
more light on the relationship between the rate of development of disease-
related pathology and clinical cognitive profiles. 

Not only the timing of dementia within the disease course, but also the 
 nature of the cognitive impairments in PDD and DLB is somewhat different. 
In both diseases, executive dysfunction is well-described and probably a 
consequence of abundant α-synuclein pathology, as well as striatal and 
 frontal Aβ pathology, while memory deficits are more frequent and severe in 
DLB compared to PDD.67,68 Possibly, the more prevalent and severe Aβ 
 pathology in temporal and entorhinal cortices, as observed in DLB patients, 
may account for the more severe memory impairments in these patients. 
This is in line with a previous in vivo imaging study, wherein more advanced 
temporal atrophy was reported in DLB compared to PDD patients and the 
amount of atrophy correlated with worse memory scores.69 Although 
 frontal and striatal Aβ pathology was prevalent in both PDD and DLB, the 
load was higher in DLB patients, which might reflect the earlier onset of 
more severe executive dysfunction in these patients. 

When comparing PD with PDD patients, α-synuclein pathology was more 
advanced in the PDD cases. In addition, PDD patients had more advanced 
β-amyloidosis in the medial temporal lobe, as well as higher neuritic plaque 
scores. Apparently, both AD and α-synuclein pathology contribute to the 
development of dementia in PD, which is consistent with previous work.70-72 
Regional measurements displayed more prevalent Aβ pathology in the 
 temporal cortex in PDD patients and a higher load of Aβ pathology in the 
posterior cortices and striatum. The particular involvement of temporal and 
posterior cortices in PDD patients is in accordance with the dual syndrome 
hypothesis of cognitive impairment in PD.2 According to this hypothesis, 
specific cognitive impairments associated with dysfunction of temporal and 
posterior cortices, superimposed on fronto-striatal based deficits, lead to 
the development of dementia in PD. As mentioned above, more advanced 
stages of α-synuclein pathology21 in combination with more widespread and 
severe Aβ pathology are probably the underlying neuropathological sub-
strates thereof. 
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In accordance with the results described in Chapter 6, previous PET imaging 
studies in PDD and DLB patients have demonstrated frequent Aβ positivity 
in DLB patients and less prevalent Aβ positivity in PDD patients.73,74 In PD 
patients without dementia, Aβ deposition was similar to healthy controls in 
PET imaging studies, similar to what our neuropathological data suggest.75,76 
Quantitative molecular imaging studies, as well as CSF studies of Aβ may 
provide us with in vivo prognostic biomarkers and could, ultimately, be 
 relevant for monitoring treatment effects in future disease-modifying 
 intervention studies targeting Aβ. Of note, in most PET imaging studies 
 patients are classified as either Aβ positive or negative depending on the 
level of Aβ deposition being above or below certain thresholds established 
for AD. In the setting of an α-synucleinopathy, however, lower Aβ levels may 
be clinically relevant, as a result of a so-called ‘amplifier’ effect on cognition 
caused by the presence of multiple neuropathological processes.73 There-
fore, lower Aβ thresholds should probably be used for PDD patients. 

In our study, we have not examined regional tau pathology in a quantitative 
manner, so we are unable to rule out that tau pathology is another contrib-
utory factor to the clinical differences between PD(D) and DLB. A quantitative 
postmortem study of tau pathology is a recommended topic for future 
 research, in particular since PET imaging of tau is now underway and appears 
to be promising.77 As described in Chapter 6, pathological scores of α- 
synuclein, Aβ and NFT were positively correlated with each other in PD(D) and 
DLB patients, which may suggest synergistic effects and/or common patho-
physiological mechanisms of the different types of pathology. Future studies 
investigating the interaction of different pathologies using in vitro, as well as 
in vivo measurements can provide essential basic pathophysiological in-
sights regarding the process of neurodegeneration in PD(D) and DLB, and in 
this way provide clues for the right development of future intervention 
 studies targeting different types of pathology.

PDD and DLB: two of a kind?
Whether PDD and DLB really represent two distinct nosological entities or 
exist along the spectrum of a single disease – i.e. Lewy body dementia – is 
the objective of an ongoing scientific debate.58,78-82 Arguments in favor of 
defining PDD and DLB as clinical subtypes of a single disease include the 
extensive overlap of clinical features and the lack of a single symptom that 
definitely distinguishes between them. Parkinsonism and dementia are core 
features of both diseases, and neuropsychiatric symptoms and autonomic 
dysfunction are common in both PDD and DLB.63,64 Moreover, symptomatic 
treatment, i.e. dopaminergic treatment for motor impairment and treat-
ment with cholinesterase inhibitors for cognitive impairment, have benefi-
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cial effects in both diseases.78,82 With regard to neuropathological changes, 
both PDD and DLB are characterized by widespread α-synuclein pathology, 
as demonstrated in Chapter 6 of this thesis and in numerous previous 
 studies.58,83,84 

Arguments against the idea that PDD and DLB represent phenotypes of a 
single disease are based on the observation of differences in the specific 
 nature, prevalence and temporal sequence of clinical symptoms. Dementia, 
for example, occurs more than 8 years after the onset of motor symptoms in 
the vast majority of PDD patients, while it is often the presenting symptom 
in DLB patients.80,85 Parkinsonism is usually bilateral in DLB, as opposed to 
the unilateral and asymmetric presentation in PDD, and tremor is less 
 frequently seen in DLB patients.85,86 Also, although dopaminergic medica-
tion may improve motor function in DLB patients, it is not as effective as in 
PDD.82,87 Complex VH occur early in DLB, which is in contrast to the typical 
gradual development of hallucinations in PDD, and delusions are far more 
common in DLB than in PDD.88 Furthermore, most DLB patients are highly 
sensitive to treatment with neuroleptics. As mentioned above, the nature of 
the cognitive impairments is somewhat different between PDD and DLB, 
with memory impairment arising earlier and being more severe in DLB.67,68 
Lastly, overall disease progression is more rapid in DLB than in PDD patients; 
i.e. the time to death in DLB patients rarely exceeds 10 years and can be more 
than 20 years in PDD patients.80,89 In addition to these clinical differences 
between PDD and DLB, there is evidence for neuropathological differences 
as described in Chapters 5 and 6 of this thesis and reported previously. These 
include differences in the degree of cell loss in the PPN, and the distribution 
and severity of concomitant Aβ pathology.58-62 

Considering the arguments mentioned in the preceding paragraph, distin-
guishing between PDD and DLB seems justified for routine patient care, 
choice of symptomatic treatment and clinical research. Patients with a 
 primary movement disorder and dementia later in the disease course – i.e. 
patients diagnosed with PDD – and patients with the primary symptom com-
plex of dementia – i.e. patients diagnosed with DLB – require different 
symptomatic treatments, particularly in the early phase of disease. At the 
same time, a distinction between PDD and DLB may be less relevant in studies 
focusing on a better understanding of the relationship between α-synuclein 
accumulation and neurodegeneration, as well as in future studies assessing 
the effects of disease-modifying treatments targeting α-synuclein. 

In spite of the widespread nature of α-synuclein pathology in both PDD and 
DLB, there is differential involvement of brainstem nuclei, notably the PPN 
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and the substantia nigra58, which suggests heterogeneity in selective vulner-
ability of specific brain areas and/or a different pattern of progression of 
α-synuclein pathology.58,78 Moreover, there are differences in the preval-
ence and severity of Aβ pathology between PDD and DLB, as described in 
Chapter 6 of this thesis, once more emphasizing the presence of neuro-
pathological differences. To better answer the question whether PDD and 
DLB  represent the same or different disease entities, the temporal develop-
ment of the different pathologies in these diseases needs to be studied in 
more detail in future neuropathological studies that include prospectively 
diagnosed PDD and DLB patients, who have died at different stages of  disease, 
ideally including the prodromal stages. 

PD(D) AND DLB: TOWARDS TAILORED THERAPY 

Taking together the results described in the different Chapters of this thesis, 
it appears that clinical phenotypic differences (in particular the occurrence 
of VH and the presence and temporal sequence of dementia), both among 
PD patients and between PD, PDD and DLB patients, are to a large extent 
determined by neurobiological and neuropathological differences. The 
presence of VH in PD is associated with a specific cholinergic mediated 
 cognitive profile (Chapter 2), a widespread loss of functional interactions 
between brain regions (Chapter 3) and disrupted cholinergic tracts between 
the NBM and the posterior cortices (Chapter 4). Thus, PD patients with VH 
are likely to benefit from specific therapeutic interventions targeting the 
cholinergic system, including both pharmacological treatment with acetyl-
choline enhancing medication and directed NBM-DBS, and from therapies 
(such as rTMS) that target specific disconnected brain regions. These treat-
ment options may not be beneficial for PD patients without VH. 

The presence of early-stage dementia in DLB appears to be the result of 
 extensive cortical and striatal Aβ pathology, which is less abundant in PDD 
patients and virtually absent in PD patients (Chapter 6). Hypothetically, 
 cortical and striatal Aβ pathology, together with cortical α-synuclein patho-
logy, occur early in DLB and drive the early-stage and severe dementia in 
this disease. At a later disease stage, α-synuclein pathology appears in the 
brainstem and may cause parkinsonism in a selection of DLB patients. By 
contrast, in PD(D), α-synuclein pathology ascending from the brainstem to 
the cerebral cortex comes first, initially giving rise to parkinsonism. Later in 
the course of the disease, cortical α-synuclein pathology and – in a selection 
of patients – co-occurring Aβ pathology contribute to the development of 
dementia. This hypothetical course of neuropathological events should be 
tested in rigorous future histopathological studies, which are highly relevant 
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to provide the optimal targets for the development of disease-modifying 
therapies.

To conclude, the acknowledgement of the above-mentioned neuropsycho-
logical, neuroimaging and neuropathological determinants of VH and 
 dementia in PD and DLB may prove relevant for the future development of 
both targeted disease-modifying therapies as well as tailored symptomatic 
treatments. Awaiting the much-wanted development of disease-modifying 
therapies, the development of symptomatic treatments tailored to the indi-
vidual patients should not be neglected as these could considerably improve 
the quality of life of our patients. Tailored symptomatic treatment requires a 
better understanding of the underlying substrates of clinical heterogeneity 
in PD(D) and DLB. Hence, future studies using a dual approach of histo-
pathological analysis and high-field brain imaging, both post-mortem and 
in vivo, in prospectively followed, well-phenotyped cohorts should be a 
high-priority.
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Conclusions of this thesis

VH in PD are associated with a specific cognitive profile 
•  The presence of visual hallucinations (VH) in non-demented 
 Parkinson’s disease (PD) patients is associated with a cognitive profile 
 characterized by impairments in verbal learning and attention.
• This specific cognitive profile suggests the involvement of other 
 neurotransmitter systems than dopamine in the etiology of VH in PD, 
 especially a cholinergic deficit.
• Other non-motor symptoms, namely anxiety, depression and sleep 
 disturbances, are associated with VH in PD.
• The presence of VH in PD may be part of a ‘malignant’ clinical PD 
 subtype, which is characterized by a rapid disease progression.

VH in PD are associated with a loss of functional interactions 
between brain regions and cholinergic denervation
• PD patients with VH show a widespread loss of resting-state functional 
 connectivity suggesting a global loss of network efficiency in these 
 patients.
• This global loss of network efficiency could drive disturbed attentional 
 and visuospatial processing, leading to VH in PD.
• The disruption of white matter tracts between the nucleus basalis of 
 Meynert (NBM) and posterior cortical brain regions in PD patients with 
 VH may partly explain the global loss of network efficiency in these 
 patients.
• The selective involvement of tracts between the NBM and posterior, i.e. 
 parietal and occipital, brain regions in PD patients with VH suggests a 
 more severe involvement of the intermediate part of the NBM.

A neuropathological substrate for clinical differences between 
PD(D) and DLB
• Degeneration of the pedunculopontine nucleus (PPN) is severe and 
 consistent in PD(D) patients, but variable in dementia with Lewy bodies 
 (DLB) patients, which suggests a different pattern of degeneration of 
 cholinergic output structures in both diseases. 
• Amyloid-β pathology is different in PD(D) and DLB with most  frequent,  
 widespread and severe Aβ pathology in DLB patients, less in PDD 
 patients and least in PD patients.
• The load, extent and localization of Aβ pathology may contribute to the 
 development of dementia in PD (PDD) with disease progression and the 
 early-stage, severe dementia of DLB patients.



126

  References

 1. Kehagia AA, Barker RA, Robbins TW. 
Cognitive impairment in Parkinson’s 
disease: the dual syndrome hypothesis. 
Neurodegener Dis 2013;11:79-92.

 2. Williams-Gray CH, Evans JR, Goris A, 
  et al. The distinct cognitive syndromes 
  of Parkinson’s disease: 5 year follow-up 
  of the CamPaIGN cohort. Brain 

2009;132:2958-2969.
 3. Kalbe E, Rehberg SP, Heber I, et al. 

Subtypes of mild cognitive impairment 
in patients with Parkinson’s disease: 
evidence from the LANDSCAPE study. 

  J Neurol Neurosurg Psychiatry 2016.
 4. Williams-Gray CH, Foltynie T, Lewis 

SJ, Barker RA. Cognitive deficits and 
psychosis in Parkinson’s disease: a review 
of pathophysiology and therapeutic 
 options. CNS Drugs 2006;20:477-505.

 5. Bohnen NI, Kaufer DI, Hendrickson R, 
et al. Cognitive correlates of cortical 
cholinergic denervation in Parkinson’s 
disease and parkinsonian dementia. 

  J Neurol 2006;253:242-247.
 6. Aarsland D, Andersen K, Larsen JP,  
  Lolk A, Kragh-Sorensen P. Prevalence 

and characteristics of dementia in 
Parkinson disease: an 8-year prospective 
study. Arch Neurol 2003;60:387-392.

 7. Fereshtehnejad SM, Romenets SR, 
  Anang JB, Latreille V, Gagnon JF, 

Postuma RB. New Clinical Subtypes of 
Parkinson Disease and Their Longitudinal 
Progression: A Prospective Cohort 
Comparison With Other Phenotypes. 
JAMA Neurol 2015;72:863-873.

 8. van Rooden SM, Colas F, Martinez- 
Martin P, et al. Clinical subtypes 
of  Parkinson’s disease. Mov Disord 
2011;26:51-58.

 9. Lenka A, Hegde S, Jhunjhunwala KR, 
Pal PK. Interactions of visual hallu-
cinations, rapid eye movement sleep 
behavior disorder and cognitive impair-
ment in  Parkinson’s disease: A review. 
 Parkinsonism Relat Disord 2016;22:1-8.

 10. Fenelon G. Psychosis in Parkinson’s 

disease: phenomenology, frequency, 
risk factors, and current understanding 
of pathophysiologic mechanisms. CNS 
Spectr 2008;13:18-25.

 11. Lee AH, Weintraub D. Psychosis in 
Parkinson’s disease without dementia: 
common and comorbid with other 
non-motor symptoms. Mov Disord 
2012;27:858-863.

 12. Politis M, Wu K, Loane C, et al. 
 Depressive symptoms in PD correlate 
with higher 5-HTT binding in raphe 
and limbic structures. Neurology 
2010;75:1920-1927.

 13. Hesse S, Meyer PM, Strecker K, et al. 
Monoamine transporter availability 
in Parkinson’s disease patients with or 
without depression. Eur J Nucl Med Mol 
Imaging 2009;36:428-435.

 14. Nagano-Saito A, Washimi Y, Arahata Y, 
et al. Visual hallucination in Parkinson’s 
disease with FDG PET. Mov Disord 
2004;19:801-806.

 15. Park HK, Kim JS, Im KC, et al. Visual 
hallucinations and cognitive impairment 
in Parkinson’s disease. Can J Neurol Sci 
2013;40:657-662.

 16. Oishi N, Udaka F, Kameyama M, 
 Sawamoto N, Hashikawa K, Fukuyama 
H. Regional cerebral blood flow in 
Parkinson disease with nonpsychotic 
visual hallucinations. Neurology 
2005;65:1708-1715.

 17. Stebbins GT, Goetz CG, Carrillo MC, et 
al. Altered cortical visual processing in 
PD with hallucinations: an fMRI study. 
Neurology 2004;63:1409-1416.

 18. Meppelink AM, de Jong BM, Renken R, 
Leenders KL, Cornelissen FW, van LT. 
Impaired visual processing preceding 
image recognition in Parkinson’s disease 
patients with visual hallucinations. Brain 
2009;132:2980-2993.

 19. Matsui H, Nishinaka K, Oda M, et al. 
Hypoperfusion of the visual pathway in 
parkinsonian patients with visual 
hallucinations. Mov Disord 
2006;21:2140-2144.

 20. Boecker H, Ceballos-Baumann AO, Volk 



127

D, Conrad B, Forstl H, Haussermann P. 
Metabolic alterations in patients with 
Parkinson disease and visual hallucina-
tions. Arch Neurol 2007;64:984-988.

 21. Braak H, Del TK, Rub U, de Vos RA, 
Jansen Steur EN, Braak E. Staging of 
brain pathology related to sporadic 
Parkinson’s disease. Neurobiol Aging 
2003;24:197-211.

 22. Perry E, Walker M, Grace J, Perry R. 
Acetylcholine in mind: a neurotrans-
mitter correlate of consciousness? 
Trends Neurosci 1999;22:273-280.

 23. Onofrj M, Taylor JP, Monaco D, et al. 
Visual hallucinations in PD and Lewy 
body dementias: old and new hypo-
theses. Behav Neurol 2013;27:479-493.

 24. Kerbler GM, Hamlin AS, Pannek K, 
et al. Diffusion-weighted magnetic 
resonance imaging detection of basal 
forebrain cholinergic degeneration in a 
mouse model. Neuroimage 2013;66:133-
141.

 25. Gartner U, Hartig W, Brauer K, 
 Bruckner G, Arendt T. Immuno-
fluorescence and immunoelectron 
microscopic evidence for differences in 
myelination of GABAergic and 
cholinergic septohippocampal fibres. 

  Int J Dev Neurosci 2001;19:347-352.
 26. Aston-Jones G, Shaver R, Dinan T. 

Cortically projecting nucleus basalis 
neurons in rat are physiologically 
heterogeneous. Neurosci Lett 1984;46:19-
24.

 27. Mesulam MM, Mufson EJ, Levey AI, 
Wainer BH. Cholinergic innervation of 
cortex by the basal forebrain: cyto-
chemistry and cortical connections of 
the  septal area, diagonal band nuclei, 
nucleus basalis (substantia innominata), 
and hypothalamus in the rhesus mon-
key. J Comp Neurol 1983;214:170-197.

 28. Liu AK, Chang RC, Pearce RK, 
 Gentleman SM. Nucleus basalis of 
Meynert revisited: anatomy, history and 
differential involvement in Alzheimer’s 
and Parkinson’s disease. Acta Neuro-
pathol 2015;129:527-540.

 29. Rogers JD, Brogan D, Mirra SS. The 
nucleus basalis of Meynert in neurological 
disease: a quantitative morphological 
study. Ann Neurol 1985;17:163-170.

 30. Klein JC, Eggers C, Kalbe E, et al. 
Neuro transmitter changes in  dementia 
with Lewy bodies and Parkinson 
disease dementia in vivo. Neurology 
2010;74:885-892.

 31. Gratwicke J, Kahan J, Zrinzo L, et al. The 
nucleus basalis of Meynert: a new target 
for deep brain stimulation in dementia? 
Neurosci Biobehav Rev 2013;37:2676-
2688.

 32. Kuhn J, Hardenacke K, Lenartz D, et al. 
Deep brain stimulation of the nucleus 
basalis of Meynert in Alzheimer’s de-
mentia. Mol Psychiatry 2015;20:353-360.

 33. Kuhn J, Hardenacke K, Shubina E, et al. 
Deep Brain Stimulation of the Nucleus 
Basalis of Meynert in Early Stage of 
Alzheimer’s Dementia. Brain Stimul 
2015;8:838-839.

 34. Freund HJ, Kuhn J, Lenartz D, et al. 
Cognitive functions in a patient with 
Parkinson-dementia syndrome under-
going deep brain stimulation. Arch 
Neurol 2009;66:781-785.

 35. Rafii MS, Baumann TL, Bakay RA, et 
al. A phase1 study of stereotactic gene 
delivery of AAV2-NGF for Alzheimer’s 
disease. Alzheimers Dement 2014;10:571-
581.

 36. Muller AJ, Shine JM, Halliday GM, 
 Lewis SJ. Visual hallucinations in 
Parkinson’s disease: theoretical models. 
Mov Disord 2014;29:1591-1598.

 37. Diederich NJ, Goetz CG, Stebbins 
GT. Repeated visual hallucinations in 
 Parkinson’s disease as disturbed external/
internal perceptions: focused review and 
a new integrative model. Mov Disord 
2005;20:130-140.

 38. Collerton D, Perry E, McKeith I. Why 
people see things that are not there: 
a novel Perception and Attention 
Deficit model for recurrent complex 
visual  hallucinations. Behav Brain Sci 
2005;28:737-757.



128

 39. Shine JM, Halliday GM, Gilat M, et al. 
The role of dysfunctional attentional 
control networks in visual mispercep-
tions in Parkinson’s disease. Hum Brain 
Mapp 2014;35:2206-2219.

 40. Fernandez HH, Aarsland D,  Fenelon 
G, et al. Scales to assess  psychosis 
in Parkinson’s disease: Critique and 
 recommendations. Mov Disord 
2008;23:484-500.

 41. Bullock R, Cameron A. Rivastigmine 
for the treatment of dementia and 
visual hallucinations associated with 
 Parkinson’s disease: a case series. Curr 
Med Res Opin 2002;18:258-264.

 42. Burn D, Emre M, McKeith I, et al. 
 Effects of rivastigmine in patients with 
and without visual hallucinations in 
dementia associated with Parkinson’s 
disease. Mov Disord 2006;21:1899-1907.

 43. Mamikonyan E, Xie SX, Melvin E, 
 Weintraub D. Rivastigmine for mild 
cognitive impairment in Parkinson 
disease: a placebo-controlled study. 

  Mov Disord 2015;30:912-918.
 44. Oh YS, Kim JS, Lee PH. Effect of 

 Rivastigmine on Behavioral and Psychi-
atric Symptoms of Parkinson’s Disease 
Dementia. J Mov Disord 2015;8:98-102.

 45. Peinemann A, Reimer B, Loer C, et al. 
Long-lasting increase in corticospinal 
excitability after 1800 pulses of sub-
threshold 5 Hz repetitive TMS to the 
 primary motor cortex. Clin Neuro-
physiol 2004;115:1519-1526.

 46. Pascual-Leone A, Rubio B, Pallardo 
F, Catala MD. Rapid-rate transcranial 
magnetic stimulation of left  dorsolateral 
prefrontal cortex in drug-resistant 
 depression. Lancet 1996;348:233-237.

 47. Brys M, Fox MD, Agarwal S, et al. 
Multifocal repetitive TMS for motor 
and mood symptoms of Parkinson 
disease: A randomized trial. Neurology 
2016;87:1907-1915.

 48. Yarnall A, Rochester L, Burn DJ. The 
interplay of cholinergic function, atten-
tion, and falls in Parkinson’s disease. 
Mov Disord 2011;26:2496-2503.

 49. Tiraboschi P, Hansen LA, Alford M, et 
al. Early and widespread cholinergic 
losses differentiate dementia with Lewy 
bodies from Alzheimer disease. Arch 
Gen Psychiatry 2002;59:946-951.

 50. Bohnen NI, Albin RL. The cholinergic 
system and Parkinson disease. Behav 
Brain Res 2010.

 51. Janzen J, van ’t ED, Lemstra AW, 
 Berendse HW, Barkhof F, Foncke EM. 
The pedunculopontine nucleus is related 
to visual hallucinations in Parkinson’s 
disease: preliminary results of a voxel-
based morphometry study. J Neurol 
2012;259:147-154.

 52. Ziabreva I, Ballard CG, Aarsland D, 
et al. Lewy body disease: thalamic 
cholinergic activity related to dementia 
and parkinsonism. Neurobiol Aging 
2006;27:433-438.

 53. Karachi C, Grabli D, Bernard FA, et al. 
Cholinergic mesencephalic neurons are 
involved in gait and postural disorders 
in Parkinson disease. J Clin Invest 
2010;120:2745-2754.

 54. Dugger BN, Murray ME, Boeve BF, et al. 
Neuropathological analysis of brain-
stem cholinergic and catecholaminergic 
nuclei in relation to rapid eye movement 
(REM) sleep behaviour disorder. Neuro-
pathol Appl Neurobiol 2012;38:142-152.

 55. Fytagoridis A, Silburn PA, Coyne TJ, 
Thevathasan W. Understanding the 
human pedunculopontine nucleus in 
Parkinson’s disease. J Neural Transm 
(Vienna) 2016;123:769-774.

 56. Jenkinson N, Nandi D, Muthusamy K, 
et al. Anatomy, physiology, and patho-
physiology of the pedunculopontine 
nucleus. Mov Disord 2009;24:319-328.

 57. Wang JW, Zhang YQ, Zhang XH, Wang 
YP, Li JP, Li YJ. Deep Brain Stimulation 
of Pedunculopontine Nucleus for Pos-
tural Instability and Gait Disorder After 
Parkinson Disease: A Meta-Analysis of 
Individual Patient Data. World Neuro-
surg 2017;102:72-78.

 58. Tsuboi Y, Dickson DW. Dementia with 
Lewy bodies and Parkinson’s disease 



129

with  dementia: are they different? 
Parkinsonism Relat Disord 2005;11 Suppl 
1:S47-S51.

 59. Halliday GM, Song YJ, Harding AJ. 
Striatal beta-amyloid in dementia with 
Lewy bodies but not Parkinson’s disease. 
J Neural Transm 2011;118:713-719.

 60. Jellinger KA, Attems J. Does striatal 
pathology distinguish Parkinson disease 
with dementia and dementia with Lewy 
bodies? Acta Neuropathol 2006;112:253-
260.

 61. Ballard C, Ziabreva I, Perry R, et al. Dif-
ferences in neuropathologic character-
istics across the Lewy body dementia 
spectrum. Neurology 2006;67:1931-1934.

 62. Fujishiro H, Iseki E, Higashi S, et al. Dis-
tribution of cerebral amyloid deposition 
and its relevance to clinical phenotype 
in Lewy body dementia. Neurosci Lett 
2010;486:19-23.

 63. McKeith IG, Dickson DW, Lowe J, 
et al. Diagnosis and management of 
dementia with Lewy bodies: third report 
of the DLB Consortium. Neurology 
2005;65:1863-1872.

 64. Emre M, Aarsland D, Brown R, et al. 
Clinical diagnostic criteria for dementia 
associated with Parkinson’s disease. Mov 
Disord 2007;22:1689-1707.

 65. Hughes AJ, Daniel SE, Kilford L, Lees 
AJ. Accuracy of clinical diagnosis of 
idiopathic Parkinson’s disease: a clinico-
pathological study of 100 cases. J Neurol 
Neurosurg Psychiatry 1992;55:181-184.

 66. van Steenoven I, Aarsland D, Weintraub 
D, et al. Cerebrospinal Fluid Alzheimer’s 
Disease Biomarkers Across the Spectrum 
of Lewy Body Diseases: Results from a 
Large Multicenter Cohort. J Alzheimers 
Dis 2016;54:287-295.

 67. Park KW, Kim HS, Cheon SM, Cha 
JK, Kim SH, Kim JW. Dementia with 
Lewy Bodies versus Alzheimer’s Disease 
and Parkinson’s Disease Dementia: A 
Comparison of Cognitive Profiles. J Clin 
Neurol 2011;7:19-24.

 68. Noe E, Marder K, Bell KL, Jacobs DM, 
Manly JJ, Stern Y. Comparison of de-

mentia with Lewy bodies to Alzheimer’s 
disease and Parkinson’s disease with 
dementia. Mov Disord 2004;19:60-67.

 69. Tam CW, Burton EJ, McKeith IG, Burn 
DJ, O’Brien JT. Temporal lobe atrophy 
on MRI in Parkinson disease with 
dementia: a comparison with Alzheimer 
disease and dementia with Lewy bodies. 
Neurology 2005;64:861-865.

 70. Horvath J, Herrmann FR, Burkhard PR, 
Bouras C, Kovari E. Neuropathology of 
dementia in a large cohort of patients 
with Parkinson’s disease. Parkinsonism 
Relat Disord 2013;19:864-868.

 71. Compta Y, Parkkinen L, O’Sullivan SS, 
  et al. Lewy- and Alzheimer-type 

pathologies in Parkinson’s disease 
dementia: which is more important? 
Brain 2011;134:1493-1505.

 72. Kotzbauer PT, Cairns NJ, Campbell 
MC, et al. Pathologic accumulation of 
alpha-synuclein and Abeta in Parkinson 
disease patients with dementia. Arch 
Neurol 2012;69:1326-1331.

 73. Petrou M, Dwamena BA, Foerster BR, et 
al. Amyloid deposition in Parkinson’s 
disease and cognitive impairment: a 
systematic review. Mov Disord 
2015;30:928-935.

 74. Gomperts SN, Locascio JJ, Marquie 
M, et al. Brain amyloid and cognition 
in Lewy body diseases. Mov Disord 
2012;27:965-973.

 75. Mashima K, Ito D, Kameyama M, et al. 
Extremely Low Prevalence of Amyloid 
Positron Emission Tomography 
Positivity in Parkinson’s Disease without 
Dementia. Eur Neurol 2017;77:231-237.

 76. Edison P, Rowe CC, Rinne JO, et al. 
Amyloid load in Parkinson’s disease 
dementia and Lewy body dementia 
measured with [11C]PIB positron 
emission tomography. J Neurol 
Neurosurg Psychiatry 2008;79:1331-1338.

 77. Gomperts SN, Locascio JJ, Makaretz SJ, 
et al. Tau Positron Emission Tomo-
graphic Imaging in the Lewy Body 
 Diseases. JAMA Neurol 2016;73:1334-
1341.



130

 78. Goldman JG, Williams-Gray C, Barker 
RA, Duda JE, Galvin JE. The spectrum 
of cognitive impairment in Lewy body 
diseases. Mov Disord 2014;29:608-621.

 79. Halliday GM, Holton JL, Revesz T, 
Dickson DW. Neuropathology under-
lying clinical variability in patients with 
synucleinopathies. Acta Neuropathol 
2011;122:187-204.

 80. Richard IH, Papka M, Rubio A, Kurlan 
R. Parkinson’s disease and dementia 
with Lewy bodies: one disease or two? 
Mov Disord 2002;17:1161-1165.

 81. Aarsland D, Ballard CG, Halliday G. 
Are Parkinson’s disease with dementia 
and dementia with Lewy bodies the 
same entity? J Geriatr Psychiatry Neurol 
2004;17:137-145.

 82. Gomperts SN. Lewy Body Dementias: 
Dementia With Lewy Bodies and 
Parkinson Disease Dementia. Continuum 
(Minneap Minn ) 2016;22:435-463.

 83. Harding AJ, Halliday GM. Cortical 
Lewy body pathology in the  diagnosis 
of  dementia. Acta Neuropathol 
2001;102:355-363.

 84. Tsuboi Y, Uchikado H, Dickson DW. 
Neuropathology of Parkinson’s disease 
dementia and dementia with Lewy 
 bodies with reference to striatal patho-
logy. Parkinsonism Relat Disord 2007;13 
Suppl 3:S221-S224.

 85. McKeith IG, Boeve BF, Dickson DW, 
et al. Diagnosis and management of 
dementia with Lewy bodies: Fourth 
 consensus report of the DLB Consor-
tium. Neurology 2017;89:88-100.

 86. Gnanalingham KK, Byrne EJ, Thornton 
A, Sambrook MA, Bannister P. Motor 
and cognitive function in Lewy body 
dementia: comparison with Alzheimer’s 
and Parkinson’s diseases. J Neurol 
Neurosurg Psychiatry 1997;62:243-252.

 87. Postuma RB, Berg D, Stern M, et 
al. MDS clinical diagnostic criteria 
for Parkinson’s disease. Mov Disord 
2015;30:1591-1601.

 88. Aarsland D, Ballard C, Larsen JP, 
 McKeith I. A comparative study of 

psychiatric symptoms in dementia with 
Lewy bodies and Parkinson’s disease 
with and without dementia. Int J Geriatr 
Psychiatry 2001;16:528-536.

 89. Hely MA, Reid WG, Adena MA, 
Halliday GM, Morris JG. The Sydney 
multicenter study of Parkinson’s disease: 
the inevitability of dementia at 20 years. 
Mov Disord 2008;23:837-844.



131

NEDERLANDSE SAMENVATTING

Ik zie, ik zie wat jij niet ziet

Visuele hallucinaties en dementie bij de ziekte van Parkinson: 
een  zoektocht naar neuropsychologische, neuroradiologische en 
 neuro pathologische determinanten.

De ziekte van Parkinson is een veelvoorkomende, chronische hersenziekte. 
Naast de karakteristieke motorische symptomen (parkinsonisme) zoals 
beven, traagheid en stijfheid wordt de ziekte gekenmerkt door diverse 
niet-motorische symptomen, waaronder visuele hallucinaties, cognitieve 
stoor nissen en dementie, depressie, angst, slaapstoornissen, obstipatie, 
afname van het reukvermogen en vermoeidheid. 

De motorische symptomen van de ziekte van Parkinson worden veroor-
zaakt door het verlies van dopamine producerende hersencellen in de 
substantia nigra, een kern in de hersenstam. In de hersenen van overleden 
Parkinsonpatiënten worden in de nog resterende dopaminecellen van de 
substantia nigra ophopingen gezien van het eiwit α-synucleïne; de 
 zogenoemde Lewy lichaampjes. De niet-motorische symptomen bij de 
ziekte van Parkinson hangen vermoedelijk samen met het verlies van 
hersencellen en het ontstaan van Lewy lichaampjes in andere delen van de 
hersenen dan de substantia nigra. In de hersenen van Parkinsonpatiënten 
zijn na het overlijden ook ophopingen gezien van eiwitten die kenmerkend 
zijn voor een andere hersenziekte, de ziekte van Alzheimer, namelijk 
amyloïd-β en tau. Mogelijk dragen ook deze eiwitophopingen bij aan het 
ontstaan van de niet-motorische symptomen bij de ziekte van Parkinson.

Naar schatting ervaart ongeveer vijfenzeventig procent van de Parkinson-
patiënten op enig moment tijdens hun ziekte visuele hallucinaties. Patiënten 
met visuele hallucinaties blijken vaak ook cognitieve stoornissen te hebben. 
Uit eerder onderzoek blijkt zelfs dat het hebben van hallucinaties gepaard 
gaat met een verhoogd risico op het ontwikkelen van dementie. Het inzicht 
in de hallucinatoire aard van de verschijnselen, dat er in het begin van de 
ziekte vaak nog wel is, verdwijnt wanneer patiënten ook dement worden. 
De patiënt is er dan van overtuigd dat de hallucinatoire fenomenen echt 
zijn en interacteert er soms ook mee. Het ervaren van visuele hallucinaties 
heeft een belangrijke negatieve invloed op de kwaliteit van leven van 
Parkinsonpatiënten en hun naasten, en vormt de belangrijkste voorspeller 
voor plaatsing in een verpleeghuis. 
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Cognitieve stoornissen komen regelmatig voor bij de ziekte van Parkinson 
en zijn bij ongeveer een kwart van de patiënten in lichte vorm zelfs al 
aanwezig bij het stellen van de diagnose. De meerderheid van de 
Parkinson patiënten ontwikkelt uiteindelijk een dementie, maar dit is in de 
regel pas meerdere jaren na het ontstaan van het parkinsonisme. Bij 
Parkinsonpatiënten met dementie worden bij onderzoek van de hersenen 
na het overlijden in vrijwel alle gebieden van de hersenen, inclusief de 
corticale hersengebieden die belangrijk zijn voor cognitieve processen, 
Lewy lichaampjes gezien. Deze uitgebreide Lewy pathologie wordt ook 
gezien bij patiënten die eerst dement worden en gelijktijdig, of zelfs pas 
later, parkinsonisme ontwikkelen. Bij de laatstgenoemde patiënten wordt 
bij leven de diagnose ‘dementie met Lewy lichaampjes’ (DLB) gesteld. Of de 
ziekte van Parkinson met  dementie aan de ene kant, en DLB aan de andere 
kant daadwerkelijk twee verschillende ziekten zijn, of twee verschillende 
klinische uitingsvormen van één onderliggende ziekte is nog steeds 
onderwerp van een levendige discussie. Eerder verricht onderzoek 
 suggereert dat de mate van aanwezigheid van pathologische eiwitten 
anders dan α-synucleïne, in het bijzonder amyloïd-β, een rol zou kunnen 
spelen bij het belangrijkste verschil in ziekte beloop, namelijk het vroeg of 
laat optreden van dementie.  

Ondanks dat visuele hallucinaties en dementie veelvoorkomend en 
 invaliderend zijn voor Parkinsonpatiënten is de pathofysiologie (de onder-
liggende oorzaak) van deze symptomen nog steeds onbekend. Eerdere 
onderzoeken hebben geleid tot de zogenoemde ‘hypocholinerge hypothese’, 
waarbij  gepostuleerd wordt dat een tekort aan de boodschapperstof 
acetylcholine een belangrijke bijdrage zou kunnen leveren aan het ontstaan 
van visuele hallucinaties en dementie. Het onderzoek dat beschreven 
wordt in dit proefschrift richt zich op het beter begrijpen van de onder-
liggende mechanismen van zowel visuele hallucinaties als dementie bij de 
ziekte van Parkinson met als uiteindelijk doel om aanknopingspunten te 
vinden voor de behandeling ervan. 

In hoofdstuk 1 van dit proefschrift wordt achtergrondinformatie gegeven 
over de ziekte van Parkinson. Er wordt aandacht besteed aan de frequentie 
van optreden en de aard van de niet-motorische symptomen, in het 
 bijzonder visuele hallucinaties en dementie. De neuropathologische 
bevindingen bij de ziekte van Parkinson worden besproken met speciale 
aandacht voor α-synucleïne pathologie, maar ook voor amyloïd-β en tau 
pathologie. De ziekte DLB wordt geïntroduceerd en de klinische en neuro-
pathologische verschillen met de ziekte van Parkinson met dementie 
worden besproken. Voorts worden de hypocholinerge hypothese en de 
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anatomie van het  cholinerge systeem uiteengezet. We beschrijven twee 
neuroradiologische technieken, namelijk functionele Magnetic Resonance 
Imaging (fMRI) en Diffusion Tensor Imaging (DTI), die we hebben toege-
past om meer inzicht te krijgen in de pathofysiologie van hallucinaties. Tot 
slot worden de onderzoeksvragen geformuleerd die de basis vormen voor 
de studies beschreven in de hoofdstukken 2 tot en met 6 van dit proefschrift.

In hoofdstuk 2 wordt een studie beschreven waarin we het cognitief 
functioneren van Parkinsonpatiënten met en zonder visuele hallucinaties 
hebben vergeleken. De Parkinsonpatiënten met hallucinaties bleken 
ernstigere stoornissen in de cognitieve domeinen aandacht en verbaal 
geheugen te  hebben vergeleken met patiënten zonder hallucinaties. Verder 
waren bij patiënten met hallucinaties de slaapproblemen meer uitgesproken 
en toonden zij meer tekenen van depressie en angst. Het cognitieve profiel 
van de Parkinsonpatiënten met hallucinaties suggereert een tekort aan 
acetylcholine als een van de pathofysiologische mechanismen. De tevens 
in sterke mate aanwezige andere niet-motorische symptomen suggereren, 
naast een tekort aan acetylcholine, ook een tekort aan de boodschapper-
stoffen  noradrenaline en serotonine. In combinatie zouden deze 
 bevindingen  kunnen duiden op het bestaan van een ‘maligne’ klinisch 
subtype van de ziekte van Parkinson, waarbij een uitgesproken tekort aan 
boodschapper stoffen anders dan dopamine een belangrijke oorzakelijke 
rol zou kunnen spelen. 

In de hoofdstukken 3 en 4 worden studies beschreven waarin we door 
 middel van fMRI en DTI meer inzicht probeerden te krijgen in de 
pathofysio logische mechanismen die ten grondslag liggen aan de visuele 
hallucinaties bij de ziekte van Parkinson. Met fMRI kan de mate van 
functionele interactie tussen hersengebieden (functionele connectiviteit) 
gemeten worden, terwijl met DTI de structurele integriteit van de 
 verbindende vezelbanen tussen hersengebieden (structurele connectiviteit) 
gevisualiseerd kan worden. In beide studies werden de scans van 
Parkinson patiënten met en zonder visuele hallucinaties met die van 
gezonde controles vergeleken. 

Met het onderzoek beschreven in hoofdstuk 3 trachtten we met fMRI meer 
inzicht te krijgen in welke hersengebieden betrokken zijn bij het ontstaan 
van hallucinaties. Bij alle Parkinsonpatiënten (met én zonder hallucinaties) 
bleken bepaalde hersengebieden, in het bijzonder de paracentraal en in de 
achterhoofdskwab gelegen hersengebieden, een lagere functionele connec-
tiviteit te hebben dan bij gezonde controles. Die gebieden lijken dus meer 
geïsoleerd te zijn geraakt van de rest van de hersenen. Echter, bij de 
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hallu cinerende Parkinsonpatiënten was dit beeld veel meer uitgesproken 
en toonden veel meer gebieden een verlies aan functionele connectiviteit. 
Dit gold onder andere voor hersengebieden die betrokken zijn bij aandacht 
en visuele perceptie, terwijl dit niet het geval was bij de niet-hallucinerende 
Parkinsonpatiënten. Een lagere functionele connectiviteit correleerde 
bovendien met lagere scores op cognitieve taken, waaronder taken die 
aandacht en visuele perceptie meten. Samengevat lijkt niet één specifiek 
hersengebied of hersennetwerk betrokken bij het ontstaan van de visuele 
hallucinaties bij de ziekte van Parkinson, maar gaat het om een afname van 
functionele  connectiviteit van vele hersengebieden. 

De oorzaak van het wijdverspreide verlies aan functionele connectiviteit bij 
de Parkinsonpatiënten met hallucinaties is onduidelijk. Een mogelijke 
oorzakelijke factor is een tekort aan cholinerge input vanuit de basale 
voorhersenen, meer specifiek vanuit de nucleus basalis van Meynert (NBM; 
de grootste bron van acetylcholine voor de grote hersenen). In hoofdstuk 4 
beschrijven we een studie waarin we de integriteit van de vezelbanen 
tussen de NBM en de rest van de hersenen analyseren met behulp van DTI 
in  Parkinsonpatiënten met en zonder visuele hallucinaties en in gezonde 
 controles. De integriteit van de structurele verbindingen tussen de NBM en 
de rest van de hersenen bleek ten opzichte van de controles verlaagd bij 
Parkinsonpatiënten, vooral bij de groep met hallucinaties. Een interessante 
observatie was dat de mate van integriteit van de verbindingen tussen de 
NBM en de pariëtale en occipitale hersengebieden afgenomen was in de 
hallu cinerende Parkinsonpatiënten vergeleken met de niet-hallucinerende 
patiënten. Aangezien de vezelbanen tussen de NBM en de pariëtale en 
 occipitale hersengebieden uit het middelste gedeelte van de NBM ontspringen 
lijkt dus het middelste gedeelte van de NBM het meest sterk aangedaan te 
zijn bij hallucinerende Parkinsonpatiënten. Deze observatie kan een 
interes sante toepassing vinden bij het onderzoeken van het effect van diepe 
hersenstimulatie van de NBM bij Parkinsonpatiënten.  

De studies beschreven in de hoofdstukken 5 en 6 richten zich op de 
neuropathologische veranderingen in de hersenen van Parkinsonpatiënten 
met en zonder dementie en patiënten met DLB. Het doel van de studie in 
hoofdstuk 5 was om te onderzoeken of het cholinerge tekort bij zowel de 
ziekte van Parkinson als DLB, naast de degeneratie van de NBM, mogelijk 
mede zijn oorsprong heeft in degeneratie van de in de hersenstam gelegen 
nucleus pedunculopontinus (PPN), een tweede belangrijke bron van 
acetylcholine. We vergeleken daarom de neuropathologische veranderingen 
in de PPN  tussen Parkinsonpatiënten met en zonder dementie, DLB 
patiënten en gezonde controles. Het aantal hersencellen in de PPN bleek bij 
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alle Parkinsonpatiënten (zowel met als zonder dementie) met 40% af-
genomen ten opzichte van controles. Bij DLB patiënten was het verlies van 
hersencellen nogal variabel en gemiddeld niet significant verschillend van 
het aantal hersencellen van gezonde controles. Daarnaast vonden wij bij 
Parkinsonpatiënten meer α-synucleïne pathologie in de PPN dan bij DLB 
patiënten, terwijl bij DLB patiënten juist meer amyloïd-β pathologie in de 
PPN zichtbaar was. Op grond van onze observaties concluderen we dat de 
sterke mate van degeneratie van de PPN bij alle Parkinsonpatiënten zou 
kunnen bijdragen aan het ontstaan van specifieke niet-motorische symp-
tomen, zoals visuele hallu cinaties, terwijl dit niet het geval is bij (alle) DLB 
patiënten. Vermoedelijk is het tekort aan acetylcholine bij DLB patiënten 
vooral toe te schrijven aan degeneratie van de NBM. 

Gezien de verschillen in de hoeveelheid amyloïd-β in de PPN tussen 
Parkinsonpatiënten en DLB patiënten zoals beschreven in hoofdstuk 5, 
alsmede de resultaten van eerder neuropathologisch onderzoek, hebben 
wij de distributie en ernst van de amyloïd-β pathologie in de hersenen van 
Parkinson patiënten met en zonder dementie en van patiënten met DLB 
nader onderzocht. We veronderstelden daarbij dat verschillen in ernst van 
de amyloïd-β pathologie de belangrijkste klinische verschillen tussen de 
ziekte entiteiten mogelijk zou kunnen verklaren. Hoofdstuk 6 is een 
beschrijving van dit onderzoek, waarin we amyloïd-β pathologie hebben 
geanalyseerd in een patiëntencohort van de Nederlandse Hersenbank. De 
frequentie van voor komen en de ernst van de amyloïd-β pathologie in 
hersengebieden die van belang zijn voor het geheugen en andere cogni-
tieve processen bleken hoger te zijn in DLB patiënten dan in Parkinson-
patiënten met dementie, die op hun beurt weer een sterkere mate en 
uitbreiding van amyloïd-β patho logie hadden dan Parkinsonpatiënten 
zonder dementie. We concluderen dan ook dat amyloïd-β pathologie kan 
bijdragen aan de ontwikkeling van cognitieve stoornissen bij de ziekte van 
Parkinson en aan de in een vroege fase optredende, ernstige dementie bij 
DLB. 

In hoofdstuk 7 worden de belangrijkste conclusies van de verschillende 
hoofdstukken samengevat en bediscussieerd. De observaties betreffende   
de pathofysiologie van visuele hallucinaties bij de ziekte van Parkinson 
 (beschreven in de hoofdstukken 2, 3 en 4) worden naast de bestaande 
 theoretische modellen gelegd. Onze onderzoeksresultaten, in het bijzonder 
het verlies aan integriteit van vezelbanen vanuit de NBM bij Parkinson-
patiënten met hallucinaties en hun cognitieve profiel, ondersteunen de 
hypocholinerge hypothese van visuele hallucinaties. Er worden tevens 
suggesties gedaan voor vervolgonderzoeken, waaronder studies naar het 
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bestaan van verschillende klinische subtypen van de ziekte van Parkinson. 
Een gedetailleerde registratie van het optreden en de ernst van niet- 
motorische symptomen, waaronder hallucinaties, is hierbij van belang, net 
als de inzet van neuro radiologische technieken zoals fMRI en DTI. De 
onderzoeksresultaten  beschreven in de hoofdstukken 2, 3 en 4 zijn tevens 
van belang voor toekomstige studies die zich richten op de ontwikkeling 
van therapeutische interventies voor visuele hallucinaties bij de ziekte van 
Parkinson, zoals diepe hersenstimulatie van de NBM en de toepassing van 
cholinerge medicatie. 

Op basis van onze bevindingen met betrekking tot het neuropathologisch 
substraat van (vroege of late) dementie bij de ziekte van Parkinson en DLB 
(beschreven in de hoofdstukken 5 en 6) zijn vervolgstudies gericht op het 
meten van de aanwezigheid en ernst van amyloïd-β pathologie bij levende 
patiënten interessant. Dit kan bijvoorbeeld met kwantitatieve moleculaire 
radiologische studies en onderzoek dat zich richt op het meten van 
amyloïd-β in het hersenvocht. Mogelijk kunnen deze studies bijdragen aan 
de ontwikkeling van prognostische biomarkers en uiteindelijk relevant zijn 
voor toekomstige therapeutische interventies gericht op amyloïd-β. Verder 
suggereren we dat neuropathologische vervolgstudies gericht op de 
kwantificatie van tau pathologie bij de verschillende patiëntengroepen van 
belang zijn. Ook verschillen in de aanwezigheid, ernst en/of distributie van 
tau  pathologie zouden immers – naast die van α-synucleïne en amyloïd-β – 
kunnen bijdragen aan de klinische verschillen tussen de patiëntengroepen. 
Toekomstig in vitro en in vivo onderzoek naar de interactie tussen de 
 verschillende type pathologieën (α-synucleïne, amyloïd-β en tau) is van 
essentieel belang voor basale pathofysiologische inzichten met betrekking 
tot het proces van neurodegeneratie bij zowel de ziekte van Parkinson als 
DLB, en kan aanwijzingen opleveren voor de juiste richting van toekomstige 
interventie studies gericht op de verschillende type pathologieën.  
  
Belangrijkste conclusies van dit proefschrift
– Visuele hallucinaties bij de ziekte van Parkinson zijn geassocieerd met   
 een specifiek cognitief profiel en met meer uitgesproken andere niet-
 motorische stoornissen, zoals angst en depressie, mogelijk als uiting van  
 een meer  ‘maligne’ vorm van de ziekte die gekenmerkt wordt door een   
 snellere ziekteprogressie.

– Visuele hallucinaties bij de ziekte van Parkinson zijn geassocieerd met   
 een wijdverspreid verlies aan functionele interacties tussen hersen-
 gebieden. Hieruit zou kunnen worden afgeleid dat het geïsoleerd raken   
 van hersengebieden bijdraagt aan het ontstaan van visuele hallucinaties. 
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– Visuele hallucinaties bij de ziekte van Parkinson hangen tevens samen   
 met een verlies van integriteit van cholinerge vezelbanen vanuit de   
 nucleus basalis van Meynert (NBM), met name de verbindingen met de   
 parietale en occipitale gebieden, wijzend op een mogelijke selectieve   
 betrokkenheid van het middelste deel van de NBM.

– De klinische verschillen tussen Parkinsonpatiënten met en zonder   
 dementie en patiënten die lijden aan dementie met Lewy lichaampjes   
 hangen waarschijnlijk samen met verschillen in het patroon van 
 degeneratie van belangrijke cholinerge output-gebieden (PPN en NBM)   
 en met de distributie en ernst van amyloïd-β pathologie. 
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