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Abstract 

Dementia with Lewy bodies (DLB) is a neurodegenerative disease and a common 
cause of dementia in the elderly.  The primary pathology of DLB is the mis-folding of 
the α-synuclein protein, classifying DLB as a synucleinopathy.  However, concomitant 
pathologies are commonly found in post-mortem examination of DLB patients that 
may complicate diagnosis.  Furthermore, DLB is a relatively new disease, first 
discovered in 1976, while the first official diagnostic criteria released in 1996.  
Consequently, the diagnostic criteria for DLB have evolved as more is learnt about the 
clinical and neuropathological profile.  Synucleinopathies are also known to be 
heterogeneous, with no single symptom or biomarker present in all DLB cases.  
Instead, combinations of common symptoms lead to a diagnosis of probable DLB. Two 
of the most prominent and debilitating symptoms of DLB are visual hallucinations 
and cognitive fluctuations.  Visual hallucinations (VH) in DLB patients are typically 
vivid, well-formed percepts and are a major cause of patient and caregiver stress as 
well as a risk factor for the patient being placed into professional care.  Cognitive 
fluctuations (CF) involve a cycling change in attention and alertness and may occur 
on a daily or monthly basis, while drops in awareness may last seconds or hours. 
Currently, the only tools to measure cognitive fluctuations or visual hallucinations are 
scales or questionnaires that rely on responses from the patient or informant.  
Furthermore, severity of the symptom is then ranked on an arbitrary ranking system.  
While this method has advantages in a clinical setting, the subjective nature of the 
scales combined with the ranking of scores results in a loss of sensitivity.  In a research 
setting, especially imaging or clinical trials, objective measures that are sensitive to 
changes in symptom severity are highly valued.  This allows researchers to assess the 
relationship between behavioural and fMRI data and clinicians to observe subtle 
changes in severity.  Furthermore, the measures need to be easy to conduct as patients 
are often severely impaired. 
 

The aim of this thesis is to test cognitive function using three paradigms that are 
novel to DLB patients: Sustained Attention Response Task (SART), the Mental 
Rotation (MR) task and the Bistable Percept Paradigm (BPP).  Chapter Two tests the 
SART as a measure of sustained attention within the DLB cohort and compares 
performance with clinical measures of CF.  Findings suggest that the number of misses 
in the SART are correlated with measure of CF, supporting future use of the SART as 
an indicator of CF severity.  Chapter Three compares DLB performance in the MR task 
with healthy controls.  Findings from this chapter suggest that the MR is accessible to 
DLB patients, as well as providing a good measure of visuospatial impairment.  
Furthermore, the difficulty of the MR task can be adapted to match the ability of DLB 
patients, making a more sensitive measure.  Chapter Four investigates the BPP as a 
measure of VH severity in DLB patients.  This study found that the number of 
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misperceptions made was correlated with measures of VH.  Additionally, DLB 
patients were found to miss many percepts when presented with multi percept 
images.  This indicated that misses in the BPP may tap into attention or saccadic 
impairments present in DLB patients.  Chapter Five focused on patients that have a 
high-risk of developing DLB, referred to as prodromal DLB.  These high-risk patients 
were given the SART, MR and BPP tasks to compare their performance with 
performance of DLB patients in Chapters Two – Four.  Prodromal DLB patients 
performed at the same level as cognitively normal isolated REM sleep behaviour 
disorder (iRBD) patients for the SART.  However, there is a trend suggesting that the 
prodromal DLB patients may be poorer at the MR and BPP tasks but did not make 
significance due to small sample sizes.  The findings from Chapter Five also highlight 
that a revision is needed for the recently proposed prodromal DLB criteria.   Overall, 
this thesis provided the groundwork needed before these three tasks can be utilised 
in a clinical or research setting.  Moreover, as each task was accessible to DLB patients 
and provided a measure associated with VH or CF, they may prove useful for future 
neuroimaging/neuropsychological studies.  Indeed, the SART is currently part of a 
neuropsychological battery used in a drug trial (NCT04739423).  I here argue that the 
remaining tasks will also prove to be useful and provide much needed insight to this 
devastating disease. 
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Chapter One 
 

 

 

 

1. An overview of dementia with Lewy bodies. 
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1.1. Overview of Chapter 

During the early stages of the dementia with Lewy bodies (DLB), separating 

patients with DLB from Parkinson’s disease (PD), PD with dementia (PDD) or 

Alzheimer’s disease (AD) patients has been a problem for many clinicians.  Difficulty 

arises due to the overlap of shared symptoms between DLB, PD, PDD and AD and 

comorbidity of pathology often present in DLB patients.  The purpose of this chapter 

is to review the current knowledge on DLB and to compare with similar findings in 

PD, PDD or AD to demonstrate the amount of overlap between DLB and PD, PDD 

and AD.  This will begin with a general overview of DLB (section 1.2), highlighting 

the main features of DLB, the challenges and the impact DLB has on patients and 

caregivers.  Neuropathology that underlies DLB is then reviewed (section 1.3), 

beginning with α-synuclein and how this protein leads to DLB and how α-synuclein 

interrupts neurotransmitters systems.  This is followed with an extensive review of 

current biomarkers of DLB (section 1.4) which will include findings from imaging 

studies, neurochemicals, electroencephalography (EEG) and biopsies.  Genetic risk 

factors will then be covered (section 1.6), outlining the genes that are associated higher 

risk of developing DLB, that are also shared with PD or AD.  The review will then 

focus on the main symptoms of DLB (section 1.7) and the common methods used to 

measure DLB symptoms (section 1.8).  The final section of this chapter will review 

current pharmacological and non-pharma logical interventions for DLB, highlighting 

the problems with current treatments and the need for improved clinical trials using 

the SART, MR and BPP introduced in Chapters 2 - 4. 

 

1.2. Dementia with Lewy bodies 

 

Dementia with Lewy bodies (DLB) is a common neurodegenerative disease that 

is characterised pathologically by the presence of Lewy body (LB) inclusions, which 

are composed of abnormally configured α-synuclein protein.  Dementia with Lewy 
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bodies is characterised by a precipitous decline in cognition; Van der Beek et al. (2022) 

demonstrate a significant annual decline in the Mini Mental State Exam (MMSE) as 

well as an increase in psychotic symptoms each year following diseases onset.  Given 

its primary pathology, DLB is regarded as a synucleinopathy:  a cluster of 

neurodegenerative diseases that also have LB pathology.  Although, concomitant 

pathologies (e.g., amyloid, tau and cerebrovascular; Chin et al., 2019; Matej et al., 2019; 

McKeith et al., 2005) are commonly found in DLB patients at post-mortem that may 

influence the clinical phenotype (Sarro et al., 2016; van der Zande et al., 2020b) and 

have significant implications for future therapeutic strategies (McKeith et al., 2017).   

The prevalence of DLB varies considerably across studies. When focusing on 

patients diagnosed with dementia, studies have found that 4 – 5% have DLB (Kane et 

al., 2018; Vann Jones & O'Brien, 2014).  While other studies suggest that DLB is 

responsible for 15-20% of dementia cases (Aarsland et al., 2008; Jellinger & Attems, 

2011). The large variance across the studies is likely due to the evolving diagnostic 

criteria for DLB (McKeith et al., 2017; McKeith et al., 2005; McKeith et al., 1996), as well 

as the use of different diagnostic techniques (inspection of case notes, autopsy reports 

or literature reviews) and equipment available (clinical interview or single photon 

emission computed tomography [SPECT] scans; Kamagata et al., 2017; Kasanuki et al., 

2017b). 

In most cases, the prognosis of DLP patients is bleak (Aarsland 2016). This poor 

prognosis is often driven by a delayed diagnosis due to presentation of seemingly 

disparate range of symptoms. These symptoms may include a decline in cognition, 

the presence of parkinsonian symptoms (e.g., tremor, slowness), sleep disturbances 

(dream enactment) and psychiatric/ophthalmologic features such as visual 

hallucinations (Surendranathan et al., 2020).  However, neurodegenerative Lewy body 

pathology is a slow process, which is likely to have begun many years before a clinical 

presentation.  Indeed, on detailed questioning many patients will have experienced 

anosmia or sleep disorders before their first clinic visit (Donaghy et al., 2015; Ferman 

et al., 2011; Fujishiro et al., 2015; Postuma et al., 2019).  The disease course of DLB 



Page 4 of 336 
 

varies across patients, with the life expectancy from diagnosis quoted as varying 

between 2 and 10 years across studies (Mueller et al., 2017; Mueller et al., 2019; Price 

et al., 2017).   

Cognitive decline is the essential core feature of DLB (McKeith et al., 2017) and is 

more rapid than most neurodegenerative dementias with DLB patients averaging a 

loss of 4 points per year on the Mini Mental State Examination (MMSE; Rongve et al., 

2016).  This is compared to 1.75 points lost per year in Parkinson’s Disease (PD) 

patients with dementia (PDD) and 3 points per year in Alzheimer’s disease (AD; 

Mueller et al., 2017).  Quality of life (QoL) in DLB patients is also very low (Bostrom 

et al., 2007a), which is due not only to the rapid cognitive decline, but also to other 

core features of DLB (see Section 1.5).  Indeed, the presence of cognitive fluctuations 

and the emergence of visual hallucinations (VH) can cause significant distress, as well 

as hospitalisation (Lee et al., 2018a).  Burden on the caregivers attending to patients 

with DLB is also higher than what is experienced by caregivers of patients with other 

dementias.  This is thought to be due to several factors including the following: lower 

selfcare, increased aggression and neuropsychiatric symptoms from the patient, 

decrease in responsiveness from patient, as well as poor sleep due to the patient being 

less settled overnight (Rigby et al., 2019; Rigby et al., 2021).  The economic costs of 

DLB are also high (DLB: US$ 52,200, AD: US$ 17,800 per annum; Bostrom et al. 2007a) 

due to the increased levels of full-time care required and the higher rates of 

hospitalisation arising from psychotic symptoms (visual hallucinations and/or 

delusions), episodes of delirium, injury due to falling and aspiration pneumonia 

(Bostrom et al., 2007b).   

Currently, there are no treatments available to slow down the aggregation of LB 

and neuronal loss (Jellinger, 2018; Korczyn & Hassin-Baer, 2015), while symptomatic 

treatments typically involve off-label interventions with unclear efficacy (Querfurth 

et al., 2000; Rolinski et al., 2012; Sabbagh et al., 2005; Wang et al., 2015; Wild et al., 

2003; see section 1.7).  Furthermore, treatments that do counteract neurochemical 

imbalances that drive symptoms are short lived due to the rapid progression of DLB, 
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while some treatments can trigger severe adverse reactions (Ballard et al., 2005; 

McKeith et al., 1992a).   

  

1.3. Neuropathology in Dementia with Lewy Bodies 

The hallmark feature of DLB are the insoluble LB that form within neuronal 

bodies, resulting in neuronal death. This section will discuss theories regarding how 

LB are formed from α-synuclein and how LB may result in neuronal apoptosis.  This 

effect of LB on neurotransmitter systems in DLB will then be discussed and compared 

with neurotransmitter impairments observed in PD, PDD and AD.  

1.3.1. Proteinopathy and Lewy Bodies 

The main histological feature of DLB is the presence intra-cytoplasmic inclusions 

of α-synuclein protein referred to as LB that form within neurons throughout the 

nigrostriatal, limbic, and neocortical regions (Burton et al., 2002; Collerton et al., 2003; 

Morra & Donovick, 2014; Nakatsuka et al., 2013).  Lewy bodies consist mostly of α-

synuclein proteins that have become misfolded from their wild-type configuration 

(Burré et al., 2018; Spillantini et al., 1997).  During their maturation, Lewy bodies may 

attract other components, such that a mature LB often contains microtubule associated 

proteins (Jensen et al., 2000), various lipids (Araki et al., 2015) and hundreds of other 

substances (Leverenz et al., 2007; Shahmoradian et al., 2019).  Whilst the main function 

of α-synuclein is largely unknown, it is found in high concentrations around the 

synapse of neurons suggesting it is involved with vesicle trafficking between neurons 

(Maroteaux et al., 1988).  The reason behind why α-synuclein begins to mutate is 

unknown but may relate to impaired protein degradation, genetic disposition, or the 

inclusion of a toxic element (Fares et al., 2021).  Furthermore, why the formation of LB 

is associated with neuronal death is also unknown.  Flavin and colleagues (Flavin et 

al., 2017) observed that in vitro, LB’s can trigger the rupture of surrounding vesicles 

and the subsequent disruption of neuron transmission may trigger apoptosis.  It has 
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also been reported that Lewy bodies can attract surrounding organelles, such as 

mitochondria, thus removing them from their supporting roles in the neuron, which 

results in wider dysfunction and neuronal death (Fares et al., 2021; Volpicelli-Daley et 

al., 2011).  The pattern of neuronal death is also associated with deficits across a range 

of major neurotransmitter systems.   

 

1.3.2. Neurotransmitter deficits in Dementia with Lewy Bodies 

1.3.2.1. Dopaminergic pathways 

In PD, the primary synucleinopathy affects the nigrostriatal tract with a significant 

loss of dopaminergic neurons in the substantia nigra, which leads to depletion of this 

neurotransmitter across the striatum (Aquino et al., 2014; Pagano et al., 2016).  Similar 

degeneration has also been observed in DLB patients (Huang et al., 2015) with SPECT 

and [18F]DOPA positron emission tomography (PET) studies showing significant 

dopamine (DA) loss across the striatum (Caminiti et al., 2017; O'Brien et al., 2004; 

Walker et al., 1999; Walker et al., 2004; Walker et al., 2002).  However, whilst the 

majority of DLB patients have significant degeneration across their dopamine 

pathways, this is not universal with 25% having normal DA imaging (McKeith et al., 

2007b) and where identified, dopaminergic losses are typically not as severe as those 

observed in PD and PDD patients (Kasanuki et al., 2017a; O'Brien et al., 2004; Walker 

et al., 2004).  This heterogeneity of DA involvement would also explain inconsistencies 

in the presence of motor symptoms of DLB, as well as the ineffectiveness of DA 

treatments in a proportion of DLB patients (McKeith et al. 2017).   

1.3.2.2. Cholinergic pathways  

Impairments in the cholinergic (Acetylcholine - ACh) system have been associated 

with AD and PDD with evidence from imaging studies (Halliday et al., 2014; Mega, 

2000) and clinical response to acetylcholinesterase inhibitors, which help improve 

levels of neurotransmission.  Furthermore, it has been noted that in the early stages of 

DLB, these deficits may be more severe than those found in AD patients with similar 
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disease duration (Marcone et al., 2012; Samuel et al., 1997; Tiraboschi et al., 2002; 

Tiraboschi et al., 2000).  Using PET with tracers sensitive to ACh has shown reduced 

levels in the cingulate, hippocampus, insula, thalamus and fornices (Kanel et al., 2020), 

as well as parietal (Mazère et al., 2017), frontal and occipital regions (Klein et al., 2010).  

These areas have roles in alertness, visuospatial processes, visual attention, apathy, 

and motor symptoms.   

The Nucleus of Basalis of Meynert (NBM) represents the brain’s primary 

cholinergic pathway with connections spreading throughout cortical regions 

(Mesulam & Geula, 1988).  Previous imaging studies in DLB have demonstrated 

decreased activation (Mazère et al., 2017) and connectivity (Caminiti et al., 2017) of the 

NBM and neuropathological studies have also confirmed significant neuronal losses 

(Grothe et al., 2014; Schumacher et al., 2020b).  Furthermore, previous clinical trials 

have also confirmed that cholinesterase inhibitors are useful in the treatment of 

cognitive impairments in DLB (McKeith et al., 2004).  Evidence suggests that the ACh 

system is impaired in DLB patients and is a likely driver of cognitive impairment 

observed in these patients.  

1.3.2.3. Serotonin pathways 

The dorsal raphe nuclei are the main source of central serotonin (5HT) and project 

throughout the mid brain and cortical areas (Okaty et al., 2019; Walker & Tadi, 2021).  

In DLB, LB pathology has been found in the dorsal raphe, which can be linked to a 

reduction in serotonergic neurons (Seidel et al., 2015) resulting in a decrease of 5HT 

neurons (Benarroch et al., 2007).  Similarly, a range of neuroimaging studies have 

demonstrated disrupted 5HT activity in the hypothalamus (Joling et al., 2019) and 

striatal areas (Joling et al., 2018; Roselli et al., 2010).   

Serotonin is linked clinically to affective symptoms such as depression (Dell'Osso 

et al., 2016).  Interestingly, previous studies in DLB patients with depression have 

found a relative preservation of 5HT re-uptake transporters in the parietal area, 

compared to patients without depression (Ballard et al., 2002a; Sharp et al., 2008).  This 
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finding appears counterintuitive as in depression without DLB, 5HT levels are 

typically lower than in non-depressed individuals.  However, there have been mixed 

findings regarding the role of these transporters on depression within dementia 

populations (Berardelli et al., 2019) and a number of other studies have highlighted a 

role for serotonergic processes across cognition and psychosis (Ballanger et al., 2010; 

Halliday et al., 2014; Meltzer et al., 2010).  

1.3.2.4. Norepinephrine pathways 

The locus coeruleus (LC) is the main source of norepinephrine (NE) for the brain 

(Benarroch, 2009).  Norepinephrine interacts with other neurotransmitters (DA, ACh, 

5HT) by modulating the sensitivity of neurons, making them more or less likely to fire 

an action potential (Briand et al., 2007; Vermeiren & De Deyn, 2017).  The LC has 

projections throughout the brain, suggesting that impairment in this system would 

present with symptoms across a broad range of domains (Briand et al., 2007).  Indeed, 

NE has been implicated in alertness, attention, and spatial navigation (Benarroch, 

2009; Dayan & Yu, 2006), as well as learning (Cartford et al., 2004) and the autonomic 

nervous system (Coon et al., 2020).  Furthermore, NE dysfunction has also been 

associated with neuropsychiatric symptoms experienced in dementia patients 

(Hansen, 2021).  With many of these symptoms matching the DLB profile, it would be 

expected that the NE system is compromised in this cohort.   

The integrity of the LC has been measured with immunostaining at post-mortem 

in patients with DLB and has consistently shown a profound reduction in NE neurons 

compared to findings in PDD and AD (Brunnström et al., 2011; Haglund et al., 2016; 

Szot et al., 2006; Tilley et al., 2021).  In addition, cerebrospinal fluid (CSF) has also been 

used to measure the level of 3-methoxy-4-hydroxyphenylethyleneglycol (MHPG), a 

metabolite of NE.  Again, these findings have shown that compared to AD patients, 

levels of MHGP are significantly reduced in DLB, further indicating the loss of the 

neurotransmitter NE (Herbert et al., 2014; Janssens et al., 2018).  An appreciation of 

this NE loss does potentially offer some pharmacological treatments targeting this 
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neurotransmitter system, which may have far reaching consequences across cognitive, 

psychiatric, and autonomic features, although robust clinical trials are awaited.   

1.3.2.5. Glutamate pathways 

Glutamate (Glu) is an excitatory neurotransmitter that has an important role in 

learning and memory (McEntee & Crook, 1993).  Furthermore, elevated levels of 

glutamate have been shown to be neurotoxic and may drive neuronal death (Lau & 

Tymianski, 2010).  There have been mixed findings regarding Glu activity in DLB, 

which in part reflects the difficulties in the tools for probing this system so almost all 

Glu studies on DLB have been performed at post-mortem.  Some work in DLB has 

demonstrated elevated levels of mitochondrial branched-chain aminotransferase, 

which is known to increase the concentration of glutamate, especially in the frontal 

cortical region (Ashby et al., 2017; Hull et al., 2015).  An increase in Glu was also found 

by Truder and colleagues (2021) who reported that the presence of oligomeric α-

synuclein encouraged the release of Glu possibly through astrocytes.   

By contrast, there have also been several studies suggesting that reduced Glu 

activity may also underpin some of the symptoms experienced in DLB.  For example, 

glutamate reduction has been observed in the pulvinar nuclei of the thalamus (Erskine 

et al., 2018), possibly resulting in the loss of synchronicity seen in DLB brains, which 

is a feature of cognitive fluctuations (CF; Franciotti et al., 2020).  Furthermore, Glu 

receptor reduction has also been noted in the frontal regions, correlating with 

advancing levels of disease (Albasanz et al., 2005).   

Recent observations testing caffeine and theanine in healthy controls suggest that 

whilst Glu may have differential effects depending on the specific brain region, this 

approach may lead to improved attention and overall cognition (Kahathuduwa et al., 

2017).  Indeed, pre-clinical rodent DLB model studies evaluating Ceftriaxone’s ability 

to increase glutamate transporter 1 expression and glutamate reuptake have 

demonstrated cognitive improvements (Ho et al., 2019), but patient studies are 

lacking. 
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There is no single neurotransmitter that presents itself as the main driver of DLB. 

While DA loss is the defining feature of PD (Kalia & Lang 2015), and ACh in patients 

with AD (Ballard et al 2011); patients with DLB may have impairment across several 

neurotransmitter systems while having other transmitter systems intact.  The 

heterogeneity of neurotransmitter impairment across DLB patients is a likely cause to 

the variance in symptoms observed patients, adding to the difficulty of not only 

diagnosing DLB, but also in providing effective treatments. 

  

1.4. Neuroimaging observations in Dementia with Lewy Bodies 

1.4.1. Magnetic Resonance Imaging (MRI) 

1.4.1.1. Structural Imaging 

Given the degree of cortical and subcortical atrophy that occurs in DLB, many 

studies have assessed the role of volumetric MRI as a biomarker in DLB.  Compared 

to healthy controls, DLB patients display significant grey matter loss throughout the 

frontal, temporal, insular, and occipital cortices (Beyer et al., 2007; Burton et al., 2002).  

However, temporal lobe atrophy is not as severe in DLB when compared to patients 

with PDD, AD, or those DLB patients with concurrent AD, (Beyer et al., 2007; Burton 

et al., 2002; Chabran et al., 2020; Colloby et al., 2020; Harper et al., 2016; Oppedal et al., 

2019; Tam et al., 2005; van der Zande et al., 2018b).  Hippocampal volume is also 

relatively preserved in DLB compared to AD (Burton et al., 2002; Chow et al., 2012; 

Kantarci et al., 2012; Mak et al., 2016), while hippocampal volume reduction in DLB is 

likely due to presence of AD pathology (Burton et al., 2009).   

Changes in the substantia nigra have also been proposed as an imaging biomarker 

that can differentiate DLB from AD (Kamagata et al., 2017), but unfortunately not DLB 

from PD (Shams et al., 2017).  Subcortical grey matter loss has also been observed in 

DLB patients with a reduced size of the substantia innominata, which was correlated 

with cognitive impairment (Colloby et al., 2017).  In addition, impairments in 

executive function have been traced to atrophy in the left pulvinar nuclei (Tak et al., 
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2020) and the entorhinal cortex (Elder et al., 2017).  In relation to specific clinical 

features, prominent atrophy in the medial frontal gyri, insula, caudate nucleus, 

striatum, and insula (Pezzoli et al., 2019) have been noted in those DLB patients with 

visual hallucinations, which presumably reflects the role of these areas in visual 

attention.   

Diffusion tensor imaging (DTi) uses the behaviour of water surrounding axons to 

visualise the integrity of white matter tracts.  Whilst DLB and PDD patients have very 

similar clinical profiles, more severe degradation in the temporal lobe and cingulate, 

as well as the visual fibres that extend to the occipital cortex is seen in those with DLB 

(Lee et al., 2010; Watson et al., 2012).  Similarly, DLB patients also have significant 

changes in the white matter tracts of the precuneus (Firbank et al., 2007), a region that 

plays a role in visuospatial imagery and insight (Cavanna & Trimble, 2006).  Degraded 

visual pathways appear to be a common feature in DLB patients and may explain the 

high prevalence of VH in this cohort (Delli Pizzi et al., 2014; Kantarci et al., 2010; Zorzi 

et al., 2021).  Reviewing other clinical features, white matter tracts in the right 

postcentral gyrus of the temporal lobe, the thalamus and pons have been correlated 

with motor impairments in DLB (Firbank et al., 2011; Watson et al., 2012), whereas 

DTi changes from the thalamus to frontal regions appear to play a role in cognitive 

fluctuations in DLB (Delli Pizzi et al., 2015). 

1.4.1.2. Functional Imaging 

Functional MRI (fMRI) is reliant on the Blood Oxygen Level Dependent (BOLD) 

signal.  The BOLD signal measures the change in the proportion of oxygenated blood 

in tissue and is correlated with the activation of that region, although this does not 

indicate whether the processes are excitatory or inhibitory.  Functional MRI can 

measure changes in the BOLD signal over time, which is then analysed several ways 

depending on the hypothesis being tested.  Resting state fMRI (rsfMRI) is used to 

measure connections between regions while the participant is alert but resting.  This 

technique is useful with mapping networks throughout the brain, as well as studying 
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how different regions might interact.  The analysis of connectivity may involve 

“Seeding”, where a particular region of interest is selected, and other brain regions are 

explored to see if their activity is correlated, anti-correlated or unrelated to the 

primary region of interest (Smitha et al., 2017).  In event related fMRI, imaging of the 

brain is studied during a task.  By synchronising the imaging sequences with aspects 

of the task, researchers can observe changes in BOLD signal in relation to the processes 

being performed.  For example, by scanning PD patients while they performed a VH 

inducing task, researchers were able to determine the role of the attentional networks 

during VH in PD patients (Shine et al., 2015c). 

1.4.1.2.1. Connectivity 

Data from rsfMRI shows that dementia patients have less connections between 

regions compared to healthy controls (HC).  Schumacher and colleagues (2019a) 

identified three states of connectivity that HC and dementia patients alternate 

between:  The first state involves strong connections between motor and visual 

networks; state two had less connections between networks, but stronger within 

network connections; while the third state had more connectivity between the visual, 

saliency and default mode network (DMN) networks than the second state.  Healthy 

controls alternate between these states, while spending more time in the first state.  

However, dementia patients appear to spend less time in the first state and more time 

in the second state, thus reducing communication between networks (Fiorenzato et 

al., 2019; Schumacher et al., 2019a; Wang et al., 2007).  Furthermore, the more time 

patients spent in the second connectivity state, the more severe their impairment was 

found to be (Fiorenzato et al., 2019).  Indeed, CF in DLB patients are more severe when 

there is less communication between regions (Peraza et al., 2015).  As CFs are not as 

prevalent in PDD or AD, this suggests that while general dementia may be driven by 

the segregation of the main networks, there are likely disease specific impairments to 

particular networks (Chabran et al., 2018). 
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Compared to HC, AD patients appear to have reduced connectivity between the 

hippocampal, frontal, and parietal regions (Allen et al., 2007; Passamonti et al., 2019), 

while DLB hippocampal connectivity was matched with HC (Kenny et al., 2012).  This 

preservation of hippocampal connectivity in DLB may be aligned with why memory 

in DLB patients is not as impaired as AD patients.  The DMN has been implemented 

in VH within α-synucleinopathies, however there are mixed findings regarding the 

connectivity of this network in PD and DLB patients.  In PDD patients, there are 

reduced connections within the DMN, which have been associated with dementia 

severity (Wolters et al., 2019).  Regarding DLB patients, some studies have found 

reduction in DMN connectivity compared to AD (Lowther et al., 2014), whilst others 

have found DMN connectivity to match HC (Peraza et al., 2014; Schumacher et al., 

2018), and lower connectivity in AD compared to HC (Passamonti et al., 2019).  This 

discrepancy may reflect several factors from different acquisition and analysis 

techniques to patient characteristics.  Additionally, it could also be due to intermittent 

decoupling of the DMN, which has been observed in PD patients with VH (Shine et 

al., 2015a; see section 1.5.3). 

 

1.4.1.2.2. Event related fMRI 

Dementia with Lewy bodies patients have also been imaged while performing 

various tasks.  Using fMRI, activation patterns of DLB, AD and HC were compared 

while performing the Attentional Network Task (Firbank et al., 2016a).  The two 

patient groups have higher activation of the fronto-parieto-occipital network than the 

HC group, while the DLB group had more pronounced deactivations of their DMN 

than the AD and HC groups.  The authors hypothesised that this could be due to the 

DLB patients reallocating resources away from the DMN to accommodate 

degradation of other attentional networks (Firbank et al., 2016a).  This is in line with 

current theories linking impaired attentional networks to VH in synuclein diseases 

(Shine et al., 2014a).  Visual hallucinations have also been investigated with fMRI.  
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While observing various checkerboard designs, DLB patients demonstrated reduced 

activation throughout their occipital lobe, but especially in the V5 region (Taylor et al., 

2012).  However, the reduced activation did not differ between patients that did 

experience VH and those who did not.  This may be due to VH being a complex 

symptom that reaches beyond the visual system and the temporal resolution of event 

related fMRI.   

1.4.2. Positron Emission Tomography (PET) 

Fluorodeoxyglucose F 18([18F]FDG) PET has proved useful in neurology as a 

means to observe and measure glucose metabolism in the brain.  Brain regions with 

degeneration or reduced activity show less metabolism making this a useful tool to 

identify impairment and assist in diagnosis.  In DLB, [18F]FDG PET has revealed 

hypometabolism throughout the medial temporal lobe, posterior cingulate gyrus and 

occipital lobe (Imamura et al., 1999; Sarro et al., 2016; Whitwell et al., 2017).  Indeed, 

[18F]FDG PET has also been applied to differentiate DLB from AD patients and whilst 

both diseases have very similar profiles, DLB patients can show preserved metabolism 

in the amygdala (Pillai et al., 2019), as well as the “cingulate island sign”, which is 

characterised by preservation of metabolic activity in the posterior cingulate region 

relative to the precuneus and cuneus (Gjerum et al., 2020; Pillai et al., 2019).  

Previously, Lim and colleagues (2009) investigated the strength of the Cingulate 

Island (CI) imaging biomarker in isolation as an indicator of DLB, and reported a 

sensitivity of 83%, and a specificity of 100%.  However, these findings should be 

regarded with some caution due to the small sample size studied (14 DLB; 10 AD).  

Further efforts to identify the veracity of [18F]FDG PET markers have not proved 

robust.  For example, O’Brien and colleagues (2014) attempted to combine metabolism 

across the occipital, medial temporal lobes with the CI marker to differentiate DLB 

from HC and AD patients.  Although these markers were excellent at separating 

clinical from non-clinical patients, they performed poorly in differentiating DLB from 

AD patients.  In a more recent study, Iizuka and colleagues (2020) looked at [18F]FDG 
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PET in the left parahippocampus, right parietal cortex, vermis, and cuneus in an effort 

to differentiate DLB from AD patients.  This combination of features was found to 

have a sensitivity score of 94% and a specificity score of 82% in 50 DLB and 50 AD 

cases.  However, these cases also lacked post-mortem verification of the diagnosis.   

 A number of studies have also explored whether regional hypometabolism on 

[18F]FDG PET can be linked to specific symptoms in DLB.  Indeed, preservation of the 

Cingulate Island was correlated with better cognition and less pathology at post-

mortem (Graff-Radford et al., 2020; Graff-Radford et al., 2014), as well as lower VH 

scores (Iizuka & Kameyama, 2016) and occipital hypometabolism has also been linked 

to VH in DLB (Firbank et al., 2016b; Nagahama et al., 2010), especially in the 

occipitotemporal junction, an area that is responsible for visual association processes 

(Perneczky et al., 2008).  Hallucinations have also been linked to hypometabolism in 

the premotor area, basal ganglia and cerebellum (Miyazawa et al., 2010).  As this 

hypometabolism was not correlated to MMSE or parkinsonism, this finding may 

suggest that these areas play a specific role in hallucinations and are not a sign of more 

general disease severity.   

To address [18F]FDG PET’s inability to differentiate AD from DLB patients ligands 

that target other transmitter mechanisms have also been studied. Once such 

mechanism are vesicular monoamine type 2 transporters (VMAT2).  These 

transporters are responsible for pumping monoamine neurotransmitters such as DA, 

NE and 5-HT (Lin, et al. 2013).  In healthy controls high up take of the VMAT2 tracer 

18F-9-fluoropropyl-(+)-dihydrotetrabenzazine (18F-FP-(+)-DTBZ) was observed in 

regions rich in DA (i.e. striatum, nucleus accumbens, hypothalamus, substantia nigra 

and raphe nuclei) (Lin, et al. 2013).  In PD patients, VMAT2 tracer uptake was 

significantly lower (40 - 80%)  in the posterior and anterior putamen, and caudate 

nucleus compared to HC (Hsiao, et al. 2022; Okamura, et al. 2010).  Furthermore, 

adding VMAT2 PET scans also increased diagnostic accuracy for early and later stages 

of PD (Alexander, et al. 2017).  However, while VMAT2 may have utility in identifying 

PD and DLB patients from AD (Villemagne, et al. 2012); VMAT2 behaviour is similar 
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in both PD and DLB patients (Siderowf, et al. 2014). Another promising ligand is 18F-

Fluorodopa, which is sensitive to nigrostriatal DA denervation (Sinha, Firbank & 

O’Brien 2012).  However, while it is able to differentiate between DLB and PD patients 

(Hu et al. 2000), it has not proven useful when separating PD from DLB patients (Klein 

et al. 2010) 

Through the use of specific ligands, PET also offers a greater understanding of the 

neuropathology underpinning DLB.  Obviously, as a synucleinopathy, it would be 

ideal to use PET to measure the distribution and progression of α-synuclein.  

However, currently there are no available tracers that can reliably bind to α-synuclein 

given its intra-cellular distribution, although efforts to develop reliable ligands are 

ongoing (Korat et al., 2021).       

As commented on above, amyloid-β pathology is common in DLB patients at 

post-mortem (Fodero-Tavoletti et al., 2007; Irwin et al., 2017; Walker et al., 2015a).  In 

addition, a number of studies utilising PET ligands to bind amyloid deposits (e.g.  

Pittsburg B[PiB], Ikonomovic et al., 2008; florbetapir [corrected] F18, Wong et al., 2010; 

and florbetaben F18, Barthel et al., 2011) have helped to study neurodegeneration in 

DLB (Klunk et al., 2004).  Comparing PiB between DLB and AD patients, Kantarci and 

colleagues (2020) found higher levels in AD patients with an 80% sensitivity and 86% 

specificity to differentiate patients with AD and combined AD with LB pathology 

from patients with just LB pathology.  However, the disease duration in this study 

was not reported and AD patients had severe cognitive impairment compared to the 

DLB group, suggesting that the AD patients were likely to be at the later stages of their 

disease compared to DLB patients.  Studying amyloid pathology across the 

synucleinopathies has provided some clinical insights with some authors reporting 

that amyloid build up is higher in DLB compared to both PD and PDD in the 

prefrontal, parietotemporal, occipital and primary visual cortex, striatum and 

cingulate regions (Claassen et al., 2011; Edison et al., 2008).  Furthermore, amyloid 

load was correlated with cognitive impairment (Kalaitzakis et al., 2011; Maetzler et al., 

2009).  In contrast, another study could find no significant difference in amyloid 
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burden across PD, PDD and DLB (Shirvan et al., 2019).  It should be acknowledged 

that some of the inconsistencies seen across these studies are likely due to low or 

unbalanced sample sizes and inconsistent measures of cognition and diagnostic 

methods.   

 Significantly, amyloid comorbidity has also been linked to cognitive decline in 

the synucleinopathies, with higher levels being correlated with poorer cognition, as 

well as a more accelerated rate of decline (Brooks, 2009; Gomperts et al., 2016b).  

However, the presence and amount of amyloid is unlikely to affect the nature of 

impairment with similar cognitive profiles being demonstrated across groups (Brooks, 

2009).  However, it should be appreciated that many studies appear to have employed 

very general measures of cognition (i.e.  MMSE; Abdelnour et al., 2020; Edison et al., 

2008; Gomperts et al., 2012; Maetzler et al., 2009; van Steenoven et al., 2019; Walker et 

al., 2015a) making it difficult to determine, which domains are impaired. 

 Hyper-phosphorylated tau protein in the form of intracellular neurofibrillary 

tangles is also commonly present in the neuropathology of DLB.  One recent study has 

highlighted that tau concentrations in DLB, mirror the accumulation of amyloid-β 

(Lee et al., 2018b).  Interestingly, this Alzheimer-type pathology appears more 

abundant in the sensorimotor and visual regions compared to that which is typically 

seen in AD patients (Kantarci et al., 2017), suggesting that α-synuclein pathology may 

increase the susceptibility of these areas to developing AD pathology.  Indeed, Lee 

and colleagues have found that different strains of α-synuclein can seed tau 

fibrillization in rats (Lee et al., 2018b).   

Some studies have investigated whether PET imaging of tau may represent a 

useful tool to separate DLB from AD.  Tau pathology is synonymous with AD, but it 

is also common DLB patients (Chin et al., 2020; Ferman et al., 2020; McKeith et al., 

2017; Sarro et al., 2016).  Indeed, high levels of Tau in DLB patients may lead to a 

misdiagnosis of AD (Merdes et al., 2003), implying that diagnosis should not rely 

solely on imaging biomarkers.  In addition to its diagnostic potential, tau-PET has also 

been offering insights regarding the basis for some of the common symptoms 



Page 18 of 336 
 

observed in DLB.   For example, greater cognitive impairment has been found in DLB 

patients with higher tau levels in the inferior temporal gyrus and precuneus 

(Gomperts et al., 2016a).  Increased tau in the parietal regions has also been linked to 

poor executive function in DLB patients, whereas lower tau deposition in the 

substantia nigra may unexpectedly be related to more severe motor symptoms (Smith 

et al., 2018), although the sample size was potentially too low (DLB cases, n < 10) to 

generalise these findings.   

Neuroinflammation can also be traced and measured with PET using the [11C]-

PK11195 tracer that indicates the presence of microglia, a sign of inflammation (Bartels 

et al., 2010).  This is useful in α-synucleinopathies where neuroinflammation may be 

activated by α-synuclein, leading to neuronal loss (Surendranathan et al., 2015).  

Indeed, PET studies measuring neuroinflammation within synucleinopathies have 

shown inflammation in the substantia nigra and putamen in PD and DLB patients 

(Iannaccone et al., 2013), while DLB patients had further inflammation across several 

cortical regions (frontal lateral, parietal lateral, temporal lateral, temporal pole, 

precuneus, occipital medial, occipital lateral, anterior cingulate, posterior cingulate; 

Iannaccone et al., 2013; Mak et al., 2019).  Furthermore, the level of these 

neuroinflammation PET markers has also correlated with poorer cognition 

(Surendranathan et al., 2018). 

 

1.4.3. Single photon emission computed tomography (SPECT) 

Single photon emission computed tomography is relatively less expensive and 

more accessible than PET scanning.  However, the resolution of SPECT is much lower 

than PET and the number of ligands more restricted with much of the work focusing 

on brain metabolism and the dopaminergic neurotransmitter system.   

Cerebral blood flow can be measured with SPECT by using 99mTc-HMPAO(99mTc-

hexamethylpropyleneamine oxime), a gamma-emitting tracer that allows for the level 

of regional brain activity to be derived.  This blood flow marker of hypometabolism 
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has been used to compare DLB and AD, with DLB patients having poorer blood flow 

in the occipital lobe and AD having lower blood flow in the medial temporal region 

(Lobotesis et al., 2001).  The sensitivity and specificity for this discrimination has been 

calculated as being 65% and 71% respectively (Pasquier et al., 2002), which is clearly 

not suitable for diagnostic purposes.  Whilst SPECT has shown some utility in 

differentiating AD from DLB patients, it is quite unable to differentiate DLB from PDD 

cases (Yousaf et al., 2019). 

In addition to its role in diagnosis, SPECT imaging has also been used to explore 

a variety of symptoms in DLB.  Comparing DLB and PDD patients has revealed that 

regardless of disease group, patients with reduced blood flow in the midline posterior 

cingulate region have less severe VH (O'Brien et al., 2005) and other work has reported 

that hypometabolism in the bilateral anterior cingulate cortex, left orbitofrontal cortex, 

right parahippocampal gyrus, right inferior temporal cortex, and left cuneus can be 

correlated with the severity of VH (Heitz et al., 2015).  Furthermore, CF, one of the 

core features of DLB, have been associated with increased thalamic and decreased 

occipital blood flow on SPECT in DLB patients (O'Brien et al., 2005). 

Using ¹²³I-FP-CIT(N-omega-fluoropropyl-2 beta-carbomethoxy-3 beta-(4-

iodophenyl)nortropane), a tracer with affinity for DA transporters (DAT), can be used 

to investigate the integrity of DA receptors as a surrogate measure of nigrostriatal 

degeneration (DATscan).  Pronounced DA receptor loss in the nigrostriatal projection 

is common in patients with PD and DLB (Kramberger et al., 2010; Lobotesis et al., 2001; 

Pardini et al., 2020; Taylor et al., 2007; Walker et al., 2002), whereas the nigrostriatal 

tract is well preserved throughout the course of AD (Nobili et al., 2017).   

Correlating dopaminergic loss on DATscan with the symptoms of DLB has 

yielded mixed findings.  Whilst motor symptoms in DLB patients have been correlated 

with nigrostriatal loss (Siepel et al., 2016), no such relationship has been found with 

cognitive symptoms.  However, Roselli and colleagues (2009) did find a relationship 

between nigrostriatal loss and the severity of VH, and Kasanuki and colleagues 

(2017b) also found that the extent of degeneration was correlated with the presence of 
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anosmia and RBD.  These findings suggest that DATscan may offer some utility for 

understanding the extended symptoms of DLB.   

Using DATscan may prove useful for detecting prodromal cases of DLB 

(Kasanuki et al., 2017b), where the integrity of the striatal region is compromised early.  

Indeed, Thomas and colleagues (2019) found that DAT SPECT scanning had a 54% 

sensitivity and 89% specificity in prodromal DLB and AD cases.  The relatively low 

sensitivity presumably reflects the fact that whilst striatal dopamine uptake is 

correlated with DA receptor loss, it does not reflect the presence of Lewy Bodies 

(Colloby et al., 2012).   

There are some patients who display clinical features of DLB but have normal 

DATscans (O'Brien et al., 2009) and in contrast, others who do not have clinical 

features of DLB but can have abnormal scans and longitudinal follow up is 

recommended in the context of clinical suspicion (Siepel et al., 2013).  Re-imaging 

patients with a clinical diagnosis of DLB but normal baseline DATscans showed that 

at 1.5 years, most (5 out of 7) had gone on to develop an abnormal scan (van der Zande 

et al., 2016).  Reasons for the separation of clinical features and neuroimaging findings 

may include inaccurate clinical diagnosis in scan positive patients (O'Brien et al., 2009) 

or possible progression of Lewy Body formation that does not follow a traditional 

Braak pathway with cortical areas being impacted before the striatum (Siepel et al., 

2013; van der Zande et al., 2016). 

The sensitivity and specificity of the DATscan does increase as the disease 

progresses to approximately 80% and 90%, respectively (McKeith et al., 2007b; 

Thomas et al., 2017).   This level of diagnostic accuracy combined with its relatively 

lower costs and higher availability compared to PET, has led to SPECT scans 

becoming a useful tool in the diagnosis of DLB, proving helpful in distinguishing DLB 

from AD (McKeith et al., 2007a; Walker et al., 2002; Walker et al., 2015b).  For this 

reason, DATscan in conjunction with clinical assessment has been incorporated as an 

indicative biomarker into the most recent diagnostic criteria for DLB (McKeith et al., 

2017).  ¹²³I-FP-CIT can also be used to measure degradation in 5HT regions and 
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compared to healthy controls, DLB patients have severely reduced 5HT transporter in 

the hypothalamus (Joling et al., 2019; Roselli et al., 2010).  Unfortunately, little work 

has looked at comparing 5HT preservation between AD and DLB using SPECT to this 

point.   

 

1.4.4. Meta-iodobenzylguanidine(MIBG) Myocardial Scintigraphy 

 Meta-iodobenzylguanidine(MIBG) myocardial scintigraphy is a similar 

technique to PET(1.2.2) and SPECT(1.2.3) imaging as it involves an isotope tracer 

123Iodine(123I-MIBG) and a camera sensitive to gamma radiation to measure tracer 

behaviour and present a 2D image for reporting.  123I-MIBG behaves like 

norepinephrine and is received by postsynaptic epinephrine receptors.  In myocardial 

scintigraphy this behaviour is exploited to measure the integrity of epinephrine 

receptors in the heart.  The most common measure used in MIBG is the heart-

mediastinum ratio (HMR).  This is calculated by comparing 123I-MIBG uptake in the 

cardiac region with a control area of interest (ROI) in the chest (Orimo et al., 2016).  

However, inconsistency in how the HMR is measured has caused mixed results 

(Roberts et al., 2019), requiring caution when interpreting HMR values.   

 Patients with DLB are known to have a degraded norepinephrine system (see 

section 1.1.2.4).  This can be seen in MIBG scans as low uptake of 123I-MIBG in the heart 

and may be the cause of autonomic symptoms in DLB such as orthostatic, supine, 

and/or postprandial hypotension (Kobayashi et al., 2009; Oka et al., 2020).  The HMR 

has shown significant promise and has been added as an indicative biomarker for the 

diagnosis of DLB (McKeith et al., 2017).  Indeed, many studies have found 

significantly lower HMR ratios in DLB patients compared to AD patients, with an 

average sensitivity of 85% (71 – 100%), specificity of 91% (75% - 100%; Abbasi et al., 

2017; Kane et al., 2019; Nihashi et al., 2020; Slaets et al., 2015; Treglia & Cason, 2012; 

Wada-Isoe et al., 2007). 
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Multiple system atrophy patients have preserved cardio norepinephrine systems 

and have a HMR score comparable to HC (Goldstein et al., 2008; Kikuchi et al., 2011).  

This feature has given MIBG high sensitivity in separating PD patients from MSA 

(Alves Do Rego et al., 2018).  However, there are few studies comparing other 

synucleinopathies, but one study reported DLB as having a lower HMR than PD (Oka 

et al., 2020), it should be noted however, that both PD and DLB had very low HMR 

ratios.  Some studies have tried to combine the HMR biomarker with SPECT and 

DATscan to improve their diagnostic effectiveness with mixed results.  Sakamoto and 

colleagues (2014) found that combining the HMR ratio with SPECT of the parietal 

region did not improve diagnostic accuracy and that HMR combined with DATscan 

reduced the sensitivity and specificity performance.  In contrast, Shimizu and 

colleagues (2016) improved diagnostic accuracy by combining MIBG results with 

DATscan findings.   

 Few studies have investigated the relationship between abnormal myocardial 

scintigraphy and specific DLB symptoms.  Slaets and colleagues (2015) found that 

lower HMR ratios were correlated with the presence of more core symptoms, whereas 

Oka and colleagues (2020) did not find any relationship between the HMR and the 

degree of cognitive impairment.  Shimizu and colleagues (2015) did note that REM 

Sleep Behaviour Disorder (RBD), an early risk factor for synucleinopathies, appeared 

to be more common in patients with low HMR.  Indeed, in a mild cognitive 

impairment (MCI) with LB (MCI-LB) group, patients who had RBD were more likely 

to have a low HMR and the patients with a low HMR were more likely to progress 

towards clinical DLB (Fujishiro et al., 2021).   

 Overall, MIBG appears to be a promising biomarker but is differentially 

affected across the synucleinopathies.  Furthermore, a low HMR may also be present 

in patients with heart conditions.  Indeed, patients with heart failure or myocardial 

injury from ischemic event will also present with low HMR (Carrió et al., 2010; Iqbal 

et al., 2018), requiring a thorough medical history to ensure accurate diagnosis.  Until 
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more consistent methods are adopted across all laboratories and clinics, HMR values 

should be used diagnostically with caution.   

 

1.5. Other biomarkers in Dementia with Lewy Bodies 

1.5.1. Neurochemical biomarkers 

Biofluids that are likely to have the most relevance in DLB are blood and CSF, as 

they have both had contact with the brain to varying degrees.  Whilst extracting blood 

is less invasive and less expensive than a lumbar puncture, it is likely that CSF may 

provide a more accurate representation of which neurochemicals are being impacted 

in the brain.   

1.5.1.1. Plasma 

Recently phosphorated forms of tau (pTau) have been identified as a potentially 

useful biomarker in the plasma of AD patients.  Indeed, levels of Tau isoforms 217 and 

181 have been found to not only correlate with CSF pTau levels (Barthélemy et al., 

2020; Hall et al., 2021), but also predict cortical levels of amyloid-β pathology 

(Janelidze et al., 2021; Mielke et al., 2018) and cognitive impairment (Fossati et al., 

2019).  With tau also being present in DLB patients, pTau markers used in AD may 

also be applicable in the DLB cohort.  However, whilst these markers could be used 

to differentiate DLB from PD, it would be potentially less useful at separating DLB 

from AD.  With the improvement of laboratory techniques and reagents, recent 

studies have broken down plasma from DLB patients to identify possible biomarkers 

that could aid diagnosis.  The main features of DLB blood that separate the disease 

from healthy controls and PDD are the presence of elevated proteins related to 

metabolic and vascular dysfunction (O'Bryant et al., 2019), neuroinflammation 

(Usenko et al., 2020) and oxidative stress (Kume et al., 2012).  However, as these are 

also present in a wide range of diseases and illness, they typically have a low 

specificity for identifying DLB.  Focusing on extracellular vesicles responsible for 

intercellular communication, immunomodulation, and inflammation; Gámez-Valero 
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and colleagues (2019) identified gelosine, a protein believed to encourage the 

aggregation of α-synuclein and amyloid-β in DLB patients.  However, this was also 

present in AD patients, limiting this marker’s ability to separate DLB from AD 

patients.  Immunomagnetic reduction assay (IMR) has recently been employed as an 

indirect means to detect α-synuclein in plasma.  This involves adding iron-infused 

antibodies that are sensitive to amino acid residues of α-synuclein.  The magnetic 

susceptibility can then be measured and used as a reference for α-synuclein levels 

(Chang et al., 2019).  This technique has shown a high sensitivity (99%) and specificity 

(92%) at differentiating PD patients from HC (Chang et al., 2019).  α-synuclein levels 

using this method may also predict motor impairment, but not cognition (Lin et al., 

2019).  Few studies have used IMR to differentiate synucleinopathy diseases, but one 

study did not find a difference in α-synuclein levels when comparing PD with DLB, 

frontal temporal dementia with parkinsonism, progressive supranuclear palsy and 

cortical basal disease (Lin et al., 2018).  However, as the diseases were all grouped 

together, individual differences cannot be determined.   

1.5.1.2. Cerebrospinal Fluid 

In DLB and PD, there are mixed findings regarding levels of α-synuclein as a 

diagnostic tool in the CSF.  Studies have found lower α-synuclein CSF levels in DLB 

and PD patients compared to AD patients (Mollenhauer et al., 2011; Parnetti et al., 

2011), which has been attributed to the potential accumulation of α-synuclein in the 

form of Lewy bodies at the neuronal level, removing it from the CSF (Al-Nimer et al., 

2014).  However, other studies did not observe differences in CSF α-synuclein between 

DLB and HC (Llorens et al., 2016), or AD patients (Chaudhry et al., 2020).  

Furthermore, Bousiges and colleagues (2020) did find that AD patients had a higher 

α-synuclein concentration in their CSF but adding α-synuclein concentration in the 

CSF to a diagnostic model with AD markers did not improve the model’s accuracy.  

Indeed, several studies have also found that ratios of different amyloid-β peptides 

appear to be the most accurate approach for separating DLB from AD (Chaudhry et 
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al., 2020; Parnetti et al., 2019), but with limited sensitivity (78%) and specificity (67%; 

Mulugeta et al., 2011).  Recently, a real-time quaking-induced conversion (RT-QuIC) 

assay has been utilised in the detection of α-synuclein in CSF (Fairfoul et al., 2016).  

Initial studies have found this technique to be highly sensitive (93 – 95%) and have 

high specificity (96 – 100%) at differentiating synucleinopathies from non-

synucleinopathies (Bongianni et al., 2019; Fairfoul et al., 2016; Groveman et al., 2018).  

However, this technique is not as sensitive when differentiating leucine-rich repeat 

kinase 2 (LRRK2)-PD (n= 15) from LRRK2-HC (n = 16) with 40% sensitivity, 81% 

specificity (Garrido et al., 2019).  To enhance the accuracy of RT-QuIC, it can be 

combined with molecule florescence microscope, giving precise quantities of α-

synuclein present in CSF (Bhumkar et al., 2021).  Currently RT-QuIC is restricted to 

use with CSF, however current work is being undertaken to optimise the assay for use 

within other biofluids such as plasma (Bargar et al., 2021; Metrick et al., 2019).   

Concentrations of CSF phosphorated tau 181(p-tau181) have also shown mixed 

results in differential diagnosis, with an accuracy of 87.8% for separating DLB from 

HC patients (Llorens et al., 2016), and 73% sensitivity and 90% specificity at separating 

DLB from AD patients (van Harten et al., 2011).  However, this finding has not been 

consistent across studies.  For example, p-tau181 alone has been unable to separate 

DLB and AD patients (Goossens et al., 2017) or DLB from HC, PD and PDD patients 

(Gmitterová et al., 2020).  The accuracy of p-tau measurements could be increased 

when it was considered as a ratio to non-phosphorated tau with 60% and 70% 

sensitivity and specificity, respectively (Gmitterová et al., 2020).   

Neurofilament light chains (NfL) have also been studied as a potential means to 

improve diagnostic accuracy.  Neurofilament light chains are a marker of neuronal 

and axonal damage (Yilmaz et al., 2017).  Dementia with Lewy body patients appear 

to have higher NfL levels than PD and HC (Canaslan et al., 2021).  However, 

measuring NfL does not appear to improve diagnostic accuracy with moderate to low 

accuracy when discriminating DLB from HC (Zerr et al., 2018), or PD (Canaslan et al., 

2021).  When measured from plasma, this diagnostic accuracy may increase, with 
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prodromal and clinical DLB patients having higher concentrations compared to HC 

(Pilotto et al., 2021).  Furthermore, NfL may also predict disease severity and rate of 

progression (Pilotto et al., 2021), which could be helpful for prognostication and future 

disease modifying trials.  Overall, due to the current inconsistencies across 

neurochemical biomarkers, more research is needed before these techniques are 

implemented clinically.   

1.5.1.3. Saliva 

Saliva is another target that has shown promise for the early detection of α-

synuclein.  Unlike skin and colonic biopsies, saliva is much more accessible, less 

invasive and has a lower chance of being contaminated by blood.  It has been reported 

that α-synuclein concentrations in saliva are similar to CSF, where HC generally have 

higher concentrations than PD (Al-Nimer et al., 2014; Vivacqua et al., 2016).  This has 

been attributed to α-synuclein aggregating to form LB in synucleinopathy, thus 

reducing the amount found in bodily fluids.  However, some studies have failed to 

detect a difference in α-synuclein between PD and HC (Devic et al., 2011; Fernández-

Espejo et al., 2021), and although one other study did find a difference, this had a very 

low sensitivity (56%) in separating PD from HC (Chahine et al., 2020).  The Parkinson’s 

protein 7 (DJ-7) was also higher in PD patients than HC, even when there was no 

difference between α-synuclein levels (Devic et al., 2011).  But there was no association 

between DJ-7 concentration and symptom severity, suggesting a more complex 

relation between saliva DJ-7 and PD symptoms.  Oligomers of α-synuclein, which play 

a large role in the formation of LB are also higher in PD patients than HC, with saliva 

concentrations increasing with disease duration and being associated with poor 

cognition (Vivacqua et al., 2016).  Thus, whilst saliva may be a promising biomarker 

for early synucleinopathies, more research is needed especially in DLB where data is 

severely lacking.   

 

1.5.2. Electroencephalography (EEG) 



Page 27 of 336 
 

 Electroencephalography (EEG) is a relatively inexpensive and non-invasive 

technique to measure electrical changes across the cortex.  The main finding regarding 

DLB patients is a generalised slowing of their dominant wave frequency (Law et al., 

2020).  Indeed, this feature has been compared with AD patients, with DLB patients 

not only demonstrating a slower dominant frequency, but that this activity fluctuates 

more than in AD (Bonanni et al., 2016; Pascarelli et al., 2020).  These patterns have also 

been found in prodromal DLB (Schumacher et al., 2020a), with more abnormal EEG 

scans predicting a shorter interval until the patients converts to clinical DLB (van der 

Zande et al., 2020a).   

Comparing DLB EEG patterns with PD has demonstrated mixed results with 

Bonnani and colleagues (2008) finding that overall, DLB patients had slower dominant 

frequency and higher variability than PD patients.  However, this variability appears 

to have been driven by the presence of CF, and it was shown that PDD patients with 

CF had similar patterns to DLB patients (Bonanni et al., 2008).  Furthermore, other 

studies have found that PD and PDD patients have a similar dominant frequency to 

that seen in DLB (Massa et al., 2020; Stylianou et al., 2018). 

Interestingly, EEG slowing in DLB has been correlated with atrophy of the 

Nucleus Basalis of Maynert, the main source of ACh in the brain (Schumacher et al., 

2020b).  This would suggest that patients with AD, who have a more pronounced ACh 

deficit, would have similar EEG readings to DLB.  However, van der Zande and 

colleagues (2018a) compared DLB patients with concurrent AD pathology to patients 

without AD pathology and found that the profile was unchanged in patients with both 

α-synuclein and AD pathology.  This suggests that this EEG slowing may be caused 

more specifically by α-synuclein rather than AD pathology.   

Using various algorithms, neural networks and connectivity can also be measured 

using EEG.  Comparing DLB to AD patients, DLB patients have been shown to have 

poorer connectivity between cortical hubs (van der Zande et al., 2018a).  Indeed, DLB 

patients have also been shown to have fewer hubs than HC and AD patients, with 

inefficient connections between them (van Dellen et al., 2015).  This observation echoes 
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MRI findings that demonstrate DLB patients have isolated hubs with poorer 

connections (Peraza et al., 2015).  One reason for this could be due to random 

sprouting of the connections observed in DLB brains (Peraza et al., 2018), creating an 

incohesive network system.  The primary network connections that are impaired are 

between the frontal region with the parietal and occipital lobes (Aoki et al., 2019; 

Dauwan et al., 2016), which may explain some of the attentional and visuoperceptive 

symptoms experienced by DLB patients.  Taking a different approach to investigate 

connectivity in DLB, Schumacher and colleagues (2019b) focused on microstates (set 

topographical patterns that the brain switches between every ~80 – 120 ms) in DLB 

compared to AD patients and HC.  Interestingly, DLB patients appeared to have 

similar variations in their microstates to HC, with both groups having more than AD.  

However, DLB patients appeared to spend more time within each microstate than the 

other two groups.  The authors theorised that this may be driving some of the slower 

cognition observed in this cohort.   

Some of the symptoms in DLB have also been linked to EEG patterns.  Overall, 

poor cognition has been linked to abnormal EEG patterns (Barber et al., 2000).  

Specifically, CF have been correlated to EEG slowing as well as dominant frequency 

variability (Stylianou et al., 2018).  Furthermore, slow microstate transitions have also 

been linked to CF (Schumacher et al., 2019b).  Visual hallucinations are more severe in 

patients with higher proportions of delta waves in their parietal area (Pascarelli et al., 

2020).  Additionally, thalamocortical dysrhythmia is also observed in DLB (Franciotti 

et al., 2020).  This phenomenon causes theta bursts throughout the cortex, that in turn 

could lead to VH through a decoupling of the DMN (Onofrj et al., 2019). 

As a tool to differentiate DLB from AD, findings are also mixed.  Using the “Grand 

Total EEG” score, a scale that rates qualitative measures (i.e.  speed of background 

frequency, spread of abnormalities) to give a score (2 [normal] – 31 [very abnormal]), 

produced a sensitivity score of approximately 75% and specificity of 80% (Lee et al., 

2015; Roks et al., 2008).  Frontal intermittent rhythmic delta activity (FIRDA) has also 

shown promise as a complimentary tool to differentiate DLB from AD.  It appears to 
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be present in 30% of DLB patients and in less than 7% of AD patients (Calzetti et al., 

2002; Dauwan et al., 2018; Roks et al., 2008).  Perhaps, more surprisingly, FIRDA has 

been reported in less than 5% of PDD patients (Zinno et al., 2021).  Applying 

connectivity models that are characteristic of AD patients, Colloby and colleagues 

(2016) also had showed modest utility as diagnostic tool, with a 77% accuracy rate for 

identifying DLB patients amongst AD patients.  The most accurate measures to 

separate DLB from AD patients appears to be using frequency prevalence, dominant 

frequency, and variations with the dominant frequency, which provided a sensitivity 

score of 92% and specificity score of 83% (Stylianou et al., 2018), these measures were 

90% accurate at classifying DLB from AD (Bonanni et al., 2016). 

While EEG studies have been fruitful in providing patterns of activity and 

network stability, there are a lot of inconsistencies between studies resulting in 

contradicting findings.  This is likely due to the different methods used to define 

patient groups, measuring techniques, as well as different methods and algorithms 

used to analyse and interpret data.  However, using the core measures of frequency 

power, EEG appears to be a good technique that could assist the diagnosis of DLB and 

was added to the most recent diagnostic criteria.   

1.5.3. Biopsy 

With the high prevalence of autonomic dysfunction in α-synucleinopathies, 

researchers have also been searching for α-synuclein throughout the body.  As these 

biopsies are still relatively new, most studies have focused on the utility of each one 

at differentiating PD from HC, with few studies attempting to distinguish 

synucleinopathies from each other.   

1.5.3.1. Skin 

Skin biopsies are a relatively non-invasive method to test for the spread of α-

synuclein throughout the peripheral systems.  Early studies yielded modest findings, 

with 70% of PD and PDD patients showing immunoreactive responses to α-synuclein 

in their skin nerves, while only 40% of DLB patients showed signs of α-synuclein 
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(Ikemura et al., 2008).  These low numbers could be due to the retrospective nature of 

the study, which used samples up to 10 years old, or the use of unrefined lab 

techniques and assays which have since improved.  Recent studies have utilised RT-

QuIC to analyse skin nerves from biopsies from cadavers and found 89% sensitivity 

and 96% specificity in distinguishing confirmed Lewy body dementia (LBD) cases 

from non-LBD cases (Wang et al., 2020).  While intra vitam samples ranged from 89-

95% and 96-100% sensitivity and specificity respectively, at separating PD patients 

from HC (Mammana et al., 2021; Wang et al., 2020).  Dementia with Lewy body 

patients also appear to have higher concentrations of dermal α-synuclein than PD 

patients (Donadio et al., 2018).  Furthermore, concentrations were associated with 

severity of autonomic dysfunction in this cohort (Donadio et al., 2017).   

1.5.3.2. Colon 

Gastroenterological complications are also common in synucleinopathies 

(Sakakibara et al., 2019; Stocchi & Torti, 2017), making the colon a promising area to 

detect α-synuclein.  Findings regarding the relationship between colonic α-synuclein 

and synucleinopathies are mixed with early studies concluding that the presence of 

α-synuclein in the colon was only present in PD patients, and not HC or patients with 

non-PD gastroenterological conditions (Lebouvier et al., 2008; Pouclet et al., 2012; 

Shannon et al., 2012b).  Furthermore, the presence of colonic α-synuclein also predated 

motor symptoms by up to eight years and was paired with early autonomic symptoms 

(Hilton et al., 2013; Shannon et al., 2012a).  Conversely, several studies have also found 

no difference between patient groups or HC samples, detecting α-synuclein in 

portions of PD patients as well as HC (Chung et al., 2016; Gold et al., 2013; Visanji et 

al., 2015).  Indeed, in a systematic review, Malek and colleagues (2014) found a lot of 

variances in sensitivity across studies, reporting values from 42-90%, while specificity 

was 100%.  Low sample sizes and inconsistencies in sample collection, storage and 

analysis likely drive the discrepancy between findings (Beach et al., 2016).  Until a gold 
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standard method of sample analysis is agreed upon, evidence from colonic biopsy 

should be interpreted with caution and in conjunction with other diagnostic methods. 

1.5.3.3. Salivary glands 

The salivary glands have also been investigated as a target for detecting α-

synuclein pathology in PD patients (Cersósimo et al., 2009).  Furthermore, biopsy of 

the parotid gland in an RBD patient was shown to contain α-synuclein pathology 

(Fernández-Arcos et al., 2018), suggesting that α-synuclein pathology may be present 

during the prodromal stages of synucleinopathies.  Indeed, this patient later 

transitioned to PD (Fernández-Arcos et al., 2018).  However, in larger samples there 

have been mixed findings.  Whilst some studies have found α-synuclein pathology in 

all of their PD patients and most of their DLB patients (Del Tredici et al., 2010; Ma et 

al., 2019), other studies have reported positive findings in approximately half of their 

PD and DLB patients (Iranzo et al., 2018; Shin et al., 2019).  Thus, whilst these findings 

look promising as a potential biomarker for α-synucleinopathies, interpretation 

should be made with caution due to very small sample sizes.  Large studies are needed 

before α-synuclein pathology in the salivary glands can be regarded as a reliable 

biomarker for synucleinopathies. 

 

1.6. Genetics 

Thus far, most research on synucleinopathies that has been reported in this thesis 

has focused on idiopathic, or incidental cases.  While most cases of synucleinopathy 

do occur without a clear cause, there are several genes that have been identified as 

strong risk factors for developing an α-synuclein (Jellinger, 2018).  The study of these 

genes in synucleinopathies can provide researchers with a better understanding of 

dysfunctional mechanisms that may be driving aspects of the disease.  For example, 

the high prevalence of synucleinopathies in Gaucher’s disease patients who survive 

into later life has led researchers to identify glucocerebrosidase (GBA) mutations as 

strong genetic risk factor for DLB and PD (Goker-Alpan et al., 2004; Mazzulli et al., 
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2011; Tayebi et al., 2001; Tayebi et al., 2003).  This has also led researchers to focus on 

glucocerebrosidase and its role in synucleinopathies.   

1.6.1. Glucocerebrosidase (GBA) 

Probably, the most important genetic contribution to DLB relates to mutations in 

the GBA gene, which are also common in PD (Blauwendraat et al., 2020; Sidransky & 

Lopez, 2012; Sidransky et al., 2009).  Defective GBA has been found to be the driving 

cause of Gaucher’s disease (Do et al., 2019).  Gaucher’s disease is a hereditary disease 

that affects lipid storage through the lysosome system, driven by GBA mutations 

(Aflaki et al., 2017).  Early studies of Gaucher’s disease noted the high prevalence of 

PD within this cohort (Tayebi et al., 2003), as well as close proximity familial members 

(Goker-Alpan et al., 2004).  This phenomenon directed focus towards identifying 

potential genes that cross over both diseases and to study how they interact (Tayebi 

et al., 2001).  The mechanism behind the interaction between GBA and α-synuclein is 

still unclear, although there are several theories.  Glucocerebrosidase is involved in 

the lysosomal system, so mutations to this enzyme would impair the metabolism of 

glycolipids and in turn promote the conversion of α-synuclein to its toxic insoluble 

form (Blandini et al., 2019; Rongve et al., 2019).  It is also theorised that there is a 

bidirectional interaction between GBA and α-synuclein, where the build-up of α-

synuclein interrupts the lysosomal system, which in turn promotes further α-

synuclein to be formed (Mazzulli et al., 2011).  These theories have been supported 

with low GBA lysosome activity in striatal and substantia nigra regions in PD and 

DLB patients (Chiasserini et al., 2015), as well as decreased concentration of GBA in 

the CSF of DLB patients (Parnetti et al., 2009).  Furthermore, decreased concentrations 

of GBA in the substantia nigra of PD patients has been correlated with increase 

concentrations of α-synuclein (Gündner et al., 2019).  Focusing on a group of 

Ashkenazi Jews (a population notorious for their susceptibility to synucleinopathies 

and other inherited conditions; Aharon-Peretz et al., 2004), one third of the DLB 

patients had GBA mutations (Shiner et al., 2016).  In a large multi-centre study, 
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patients from around the world people with GBA mutations were more likely to 

develop DLB than PD (Nalls et al., 2013).  Not surprisingly, GBA mutation carriers are 

also more likely to develop DLB than AD (Clark et al., 2009).  Furthermore, patients 

with GBA mutations appear to have younger onset and poorer prognosis than non-

carriers (Blauwendraat et al., 2020; Bregman et al., 2019; Lerche et al., 2019; Nalls et al., 

2013; Parnetti et al., 2009; Setó-Salvia et al., 2012; Shiner et al., 2016; Shiner et al., 2021).   

1.6.2. Synuclein encoding gene (SNCA) 

The role of α-synuclein encoding gene (SNCA) mutations has also been explored 

with some findings supporting the presence of SNCA mutations within a group of 

familial DLB patients (Zarranz et al., 2004).  However, other reports have found that 

the presence SNCA mutations reduced the chance of developing DLB (Guerreiro et 

al., 2018).  Similar patterns of findings are also present in the β-synuclein encoding 

gene (SNCB) mutations.  By investigating SNCB in PDD and DLB patients, Gámez-

Valero and colleagues (2018) found several mutations that were unique to the DLB 

group.  However, Ohtaki and colleagues (2004) did not find any mutations to the 

SNCB gene that were consistent across there DLB group.  Differences in these findings 

likely represent advancements in techniques and technology involved in genetic 

analysis.   

1.6.3. Leucine-rich repeat kinase 2(LRRK2) 

As Dementia with Lewy bodies and PD share synuclein pathology, they also share 

many of the same genetic mutations that increase the risk of developing LB.  

Mutations in the LRRK2 gene are the most common mutation in familial PD disease 

(Ross et al., 2006; Zimprich et al., 2004).  Mutations to the LRRK2 gene have been 

shown to interfere with mitochondrial dynamics, which results in oxidative stress on 

the neuron leading to neuronal death (Singh et al., 2019).  Mutations in this gene have 

been linked with non-motor symptoms in PD, such as cognitive impairment, anxiety, 

and orthostatic hypotension, but not motor symptoms (Kalia et al., 2015).  However, 

Heckman and colleagues investigated the genetic profile of 400 DLB patients and did 
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not find any common mutations in the LRRK2 gene to support its role in DLB 

(Heckman et al., 2016).   

1.6.4. Apolipoprotein-E 

Mutations in the genes that are common in AD are also present in DLB and PDD.  

The apolipoprotein E (APOE) ε4 allele has been found to exacerbate the aggregation 

of α-synuclein within DLB and PDD populations while having no effect on amyloidβ 

presence.  Additionally, mutations to the butyrylcholinesterase are also found in AD 

and DLB and result in decreased levels of cortical ACh (Josviak et al., 2017).  

Additionally, the presence of APOE in DLB patients is also associated with less severe 

symptoms related to α-synuclein (i.e.  RBD and Parkinsonism; Ferreira et al., 2020) 

and higher memory impairments (Mirza et al., 2019).  Thus, increasing the overlap of 

DLB and AD clinical profiles, which increases the risk of misdiagnosis. 

To date, no gene has been found that is unique to DLB patients.  Not surprisingly, 

genes that have been responsible in PD and AD have also found to interact with 

symptomology of DLB patients.  These genetic mutations can cause symptoms that 

mirror those in PD or AD, further complicating accurate diagnosis of DLB.  

Furthermore, genetic mutations are not present in all DLB patients, so genes are not 

the sole cause of DLB.  They do appear make the individual more predisposed not 

only developing DLB, but also having more severe symptoms than idiopathic DLB 

patients. 

 

1.7. Core symptoms 

1.7.1. Cognitive Decline 

The essential feature of DLB is dementia, which is defined as a progressive decline 

in cognition that interferes with occupational or social functioning, as well as daily 

activities (McKeith et al., 2017).  The rate of decline varies across the cognitive domains 

and whilst non-amnestic domains decline at a faster rate in DLB patients (Smirnov et 

al., 2020), findings regarding amnestic domains in DLB compared to AD are less clear.  
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Most studies have demonstrated that compared to patients with AD, there is a relative 

preservation of memory (Bussè et al., 2017; Economou et al., 2016; van de Beek et al., 

2020; Westervelt et al., 2016).  However, amnestic deficits do occur in DLB and 

memory decline has been repeatedly demonstrated in comparison to age matched 

controls (Calderon et al., 2001; Kemp et al., 2017; Petrova et al., 2016).  Studies have 

found that non-verbal memory in DLB is impaired (Lambon Ralph et al., 2001), which 

may be due to the visuospatial demands of these tasks given that impairments to this 

domain are common in DLB (Kemp et al., 2017; McLaughlin et al., 2012).  In contrast, 

there have been mixed findings regarding verbal memory impairments in DLB.  

Whilst there are findings to suggest that AD patients have poorer verbal memory than 

DLB (Kawai et al., 2013), others have failed to demonstrate any difference on the 

performance of verbal memory tasks between DLB and AD (Bussè et al., 2017; Calil et 

al., 2021; Hamilton et al., 2004; Simard et al., 2002).  Such inconsistencies may reflect 

the heterogeneity of DLB, the presence of comorbid Alzheimer-type pathology or the 

specific verbal memory tests that were evaluated.   

Non-amnestic deficits have been more consistent across DLB studies.  For 

example, performance on visuospatial tasks have typically revealed more 

impairments in DLB compared to age matched controls (Pal et al., 2016) and AD 

patients (Johnson et al., 2005; Mosimann et al., 2004).  However, it has been more 

difficult to discriminate visuospatial performance between DLB and PDD patients 

(Mosimann et al., 2004).  Impaired executive function is also a characteristic finding 

when comparing healthy age matched controls to DLB patients (Aldridge et al., 2018; 

Bradshaw et al., 2006; Petrova et al., 2016).  However, the findings are less clear cut 

when comparing executive performance between DLB and AD patients.  Whilst 

greater impairments have been reported in DLB (Bradshaw et al., 2006; Nagahama et 

al., 2017), these findings have not been universal with some studies failing to show a 

difference between DLB and AD (Firbank et al., 2016a).  Again, these inconsistencies 

are likely to reflect the varying degrees of comorbid AD pathology in DLB.  It is also 

common for DLB patients to have language processing impairments, with prodromal 
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and early-stage patients performing worse than healthy controls (Kemp et al., 2017; 

Petrova et al., 2016).  However, there are mixed findings when comparing language 

performance between DLB and AD (Ferman et al., 2006; Smits et al., 2015; Westervelt 

et al., 2016).   

 

1.7.2. Rapid eye movement (REM) sleep behaviour disorder 

Rapid eye movement (REM) sleep behaviour disorder is characterised by dream 

enactment and the loss of skeletal atonia (muscle paralysis) during the REM stage of 

sleep (Postuma et al., 2015a).  This loss of atonia releases motor movements that are 

normally suppressed during REM cycles, which results in the dream enactment that 

is reported clinically.  Dream enactment movements can range from minor jerks to 

complex behaviours (e.g.  walking motion, grabbing, talking; Nepozitek et al., 2021).  

These movements may result in the patient falling from bed or causing injury to 

themselves or their bed partner.  Such patients often report experiencing very vivid 

nightmares (Dauvilliers et al., 2018), although only a small percentage report making 

motor movements to reflect this (Nepozitek et al., 2021).  The risk of injury to patients 

and their bed partners, as well the potential for disturbing dream content makes RBD 

a distressing symptom that can lead to significant concerns. 

The pathophysiology underlying RBD is not fully understood but some interest 

has focused on the sublaterodorsal tegmental nucleus (STD; Peever et al., 2014), which 

is located rostrally to the locus coeruleus in the brain stem (Torontali et al., 2019).  

Experimental lesions in animal models to discrete areas within this nucleus have been 

shown to induce REM sleep without atonia and alter the length and number of REM 

periods during sleep (Boissard et al., 2002; Lu et al., 2006).  In a model of early PD, 

mice had been genetically altered to include SNCA with an A53T mutation, a common 

polymorphism identified in familial PD, while also maintaining their natural α-

synuclein production (Taguchi et al., 2020).  In these mice, LB have been observed in 

the STD nucleus that also had RBD symptoms (Taguchi et al., 2020).  This suggests 
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that the STD may be a site of LB aggregation early in synucleinopathies.  Indeed, RBD 

patients also have decreased DAT uptake in the caudate compared to HC (Iranzo et 

al., 2017), which decreases to eventually match PD patients with RBD (Bauckneht et 

al., 2018; Heller et al., 2017), implying a link between RBD and synucleinopathies.  

Moreover, autopsies of RBD patients who have not transitioned to PD or DLB ante-

mortem have shown widespread LB pathology (Boeve et al., 2007; Iranzo et al., 2013).  

Furthermore, α-synuclein pathology has also been detected in skin biopsies of RBD 

patients who did not meet diagnostic criteria for a synucleinopathy (Al-Qassabi et al., 

2021).   

Rapid eye movement sleep behaviour disorder is highly prevalent in DLB and has 

recently been included as a core symptom of DLB (McKeith et al., 2017).  Indeed, in 

cases confirmed at autopsy, RBD was present in 74% of the clinical profiles (Ferman 

et al., 2011), compared to 3-15% of AD patients (Galbiati et al., 2018; Park et al., 2020).  

Furthermore, patients with RBD have a higher chance of progressing to a 

synucleinopathy than non-RBD individuals (Postuma et al., 2019).  Indeed, between 

39 - 87% of RBD patients progress to a synucleinopathy over the course of 13 years 

(Fereshtehnejad et al., 2017; Schenck et al., 2013).  To capture RBD patients who are 

likely to transition to a clinical form of synucleinopathy, prodromal stages of DLB and 

PD have been classified.  The criteria for prodromal DLB (MCI-LB) mirror those of 

DLB; however, the threshold for cognitive impairment has been reduced to match 

criteria for MCI (i.e.  objective impairment in one domain, patients’ independence is 

not affected).  Patients with MCI-LB also have at least one DLB core feature, but in a 

mild form (McKeith et al., 2020).  Indeed, RBD patients with autonomic dysfunction, 

minor hallucinations or misperception errors also had lower scores on general 

cognition tests (Montreal Cognitive Assessment; MoCA) and were more likely to 

transition to DLB within 1 – 3 years (Honeycutt et al., 2020; Postuma et al., 2013; Sumi 

et al., 2021).  Additionally, 74% of patients with RBD meet Movement Disorder 

Society’s (MDS) criteria for probable prodromal PD (Barber et al., 2017).  With such a 

high rate of RBD patients progressing to a degenerative synucleinopathy, RBD 
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patients are an ideal population to study for markers that foreshadow PD or DLB.  

However, differentiating between these two diseases during very early stages is 

difficult.  Following a cohort of 55 RBD patients until transition, researchers identified 

motor, cognition, and autonomic impairments that deteriorated leading to transition 

(Fereshtehnejad et al., 2019).  From this cohort, half transitioned to PD, while almost 

half transitioned to DLB with a minority developing a multiple systems atrophy 

(MSA).  Predictors of DLB transition were a sharper decline in cognition, impaired 

colour vision and more severe orthostatic hypotension.  Whilst presence of 

constipation and hyposmia were the predictors of PD (Fereshtehnejad et al., 2019).  

Findings from this study highlight that none of the core symptoms of PD separated 

prodromal PD from MCI-LB patients, while a more rapid decline in cognition was the 

only core feature to differentiate DLB from PD.  Furthermore, separation of these two 

diseases during prodromal stages cannot rely on the presence, even in mild form, of 

their defining characteristics and more sensitive testing is needed separate them.   

1.7.3. Hallucinations  

Hallucinations are defined as percepts that are not attached to any object (O'Brien 

et al., 2020).  Illusions, while like hallucinations, are the instances where a percept has 

been either mistaken or distorted to look like something else. While these perceptual 

abnormalities can occur in all modalities (visual, aural, tactile, gustatory, and 

olfactory) the most common form in DLB and synucleinopathies are visual.  Patients 

may experience illusions that include misperceptions, where an object is perceived as 

something that it is not (e.g.  mistaking a garden hose for a snake; Shine et al., 2012); 

hallucinations of presence (ou de presence), the strong sensation that someone is 

nearby; or hallucinations passage (ou de passage), the brief movement of a person or 

animal in the peripheral visual field (Friedman, 2013); and VH, a percept in the 

absence of corresponding external stimuli.  The latter will be the focus of this section.   

Visual hallucinations may also be present in non-clinical populations.  Charles 

Bonnet syndrome is the presence of VH in otherwise healthy individuals, typically 
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caused by damage to the ocular or visual pathways (Pang, 2016).  This syndrome is 

more prevalent in individuals with visual impairments or lesions to the visual 

pathways (Pang, 2016).  Indeed, many studies have found that individuals with poor 

visual acuity are more likely to experience VH, regardless of age, cognition, or 

comorbid conditions (Gordon, 2016; Marmamula et al., 2020; Scott et al., 2001; Urwyler 

et al., 2014).  A similar pattern has been found in PD patients, with poorer visual acuity 

in patients that experienced VH (Matsui et al., 2006).  In Healthy individuals specific 

visual impairments have also been linked to VH. Poor contrast sensitivity has been 

found to be a risk factor of VH (Jackson et al., 2007).  Patients with PD are also known 

to have poor contrast sensitivity, likely caused by LB pathology in the retina or visual 

pathways (Ortuño-Lizarán et al., 2018; Visser et al., 2020; Weil et al., 2016).  Indeed, 

PD patients with poor contrast sensitivity are also more likely to experience VH 

(Visser et al., 2020).     

In synucleinopathies, VH are frequently considered along a spectrum of severity.  

At the mild end of the spectrum are misperceptions. While misperceptions are 

illusions, they are included in this spectrum as they are likely to precede the presence 

of VH in their different forms.  Further along the spectrum, patients start to report 

shadowy shapes or figures.  These then begin to take form to become complex 

hallucinations (O'Brien et al., 2020) and can take the form of animals or people 

(Ferman et al., 2013; Gomperts, 2016).  At the most severe end of the scale 

hallucinations become more vivid and can be accompanied by delusions (false 

beliefs).  This is often distressing for the patient and caregiver and commonly leads to 

the patient being admitted into a full-time care facility.  While there are few studies 

on visual impairments in DLB patients, one recent study found that in DLB patients 

poor colour discrimination was strongly associated with VH (Matar et al., 2019a), also 

linked to LB pathology in the visual pathway.  There are multiple theories behind the 

causes of VH within clinical populations, with many of them including poor visual 

input combined with poor awareness and attention (Arnulf et al., 2000; Ballanger et 

al., 2010; Barnes et al., 2003; Diederich et al., 1998; Diederich et al., 2005; Gordon, 2016; 
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Hamilton et al., 2012; Jackson et al., 2007; Koerts et al., 2010; Matar et al., 2019a; Matsui 

et al., 2006; Muller et al., 2014; Shine et al., 2014a; Shine et al., 2015c; Shine et al., 2014b).   

Due to the high comorbidity of VH and RBD in PD patients, early theories 

surmised that VH were the product of impaired sleep cycles (Arnulf et al., 2000).  

Driving this model was the temporal proximity between occurrence of VH and REM 

cycles, which led researchers to believe that VH were the product of dream imagery 

that occurs during RBD stages of sleep intruding into waking states (Arnulf et al., 

2000).  However, a 24-hr sleep study monitored PD patients with VH and noted that 

while VH did appear around REM transitions, they also occurred during fully 

attentive, wakeful states of patients (Manni et al., 2002).  This suggests that while 

dream intrusion may explain some VH, there are likely other mechanisms that also 

increase the risk of VH within this population.  Additionally, imaging studies have 

shown intact brainstems in some PD patients with VH (Goetz et al., 2014; Ibarretxe-

Bilbao et al., 2010) but hypometabolism in the cortical areas.   

Hallucinations in schizophrenia are believed to be due to confusion of the source 

of a stimulus, leading to internal representations thought to be external stimuli (e.g.  

internal voices believed to be coming from a higher power; Mondino et al., 2019).  The 

reality monitoring deficit is supported in PD with patients that experience VH 

performing poorly on source memory tests compared to non-VH PD patients (Barnes 

et al., 2003).  Furthermore, performance was worsened when VH patients had to 

switch between internal and external sources of stimuli (Barnes et al., 2003).  However, 

impaired source memory does not explain complexities of the hallucination content, 

suggesting additional areas are likely involved (Muller et al., 2014). 

The activation, input, and modulation model of VH combines aspects from the 

dream intrusion and reality monitoring deficit models combining REM, external 

stimuli with the addition of visual impairment and cognition (Diederich et al., 2005).  

This model is based on Hobson’s states of consciousness that includes three main 

dimensions that influence consciousness: Activation, Input, and Modulation.  

Activation refers to the activation of information processes, at the high state the 
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individual is alert and awake, while the low state would represent non-REM sleep.  

Input refers to the gating of internal and external stimuli, at high levels (open) 

information is exchanged between internal and external sources (during alert, wakeful 

states) while at low levels information is restricted to internal sources only (during 

REM and non-REM stages of sleep).  The input dimension also relies on internal 

stimuli and a mechanism that controls the gating of internal/external stimuli.  

Modulation controls the interaction of activation and input over time.  During alert, 

wakeful states the activation of attention, logical thinking and other frontal functions 

are enhanced.  During REM states, hyper-associative cognition and production of 

visual imagery are facilitated (Hobson et al., 2000).  In PD, impairment in the input 

dimension is believed to be the driving cause of VH (Diederich et al., 2005).  Here, an 

imbalance between external and internal input occurs.  This could be due to visual 

impairments or poor lighting of the environment.  This causes the input gating system 

to rely on internal stimuli to complete ambiguous external stimuli, leading to VH 

(Diederich et al., 2005).  According to this model, impairment to the ponto-geniculo-

occipital system which modulates internal stimuli as well as being involved in the 

processing of external stimuli (Diederich et al., 2005).  However, imaging studies have 

also linked abnormalities to the frontal, and parietal cortices, and thalamus (Esmaeeli 

et al., 2019; Onofrj et al., 2019; Pezzoli et al., 2019; Pezzoli et al., 2021). 

The perception and attention deficit model focusses on attention due to many VH 

occurring at the centre of visual attention and how it interacts with visual perception 

to recreate and process a visual scene.  This model is based on scene perception models 

that propose that the perception of a scene is subjective, and the construction of the 

visualisation is driven by both top-down (attention, goals, mnemonics) and bottom-

up processes (sensory) (Collerton et al., 2005).  During construction, objects are 

represented by top-down processes (i.e.  what we expect to see in this space) that 

compete with bottom-up processes (perceptual stimuli), to be placed in conscious 

awareness.  Visual hallucinations occur when objects from top-down processes which 

are inconsistent with the bottom-up percepts are incorrectly placed into conscious 
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awareness.  This could be due to a hyperactive attention system or visual impairment 

(Collerton et al., 2005).  This model relies on the ventral visual stream, which has been 

shown to be impaired in hallucinators (Ramírez-Ruiz et al., 2008).  However, both the 

ventral and dorsal visual streams have been shown to be impaired in PD patients with 

VH (Boecker et al., 2007), suggesting more involvement of the attentional networks.   

A more recently developed theory focuses on the attentional networks (Shine et 

al., 2011).  These networks consist of the dorsal attentional network (DAN), the ventral 

attentional network (VAN) and the default mode network (DMN).  The DAN is 

responsible for directed or goal driven attention (Fox et al., 2006).  It contains the 

intraparietal sulcus and the frontal eye field regions (Vossel et al., 2014).  The former 

being responsible for top-down influence over attention (Hwang et al., 2020) whereas 

the latter controls saccadic eye movements (Vernet et al., 2014), highlighting the 

influence the DAN has on the visual network (Shine et al., 2015c).  The VAN is 

involved in exogenous attention that are driven by stimuli (Fox et al., 2006) and 

includes regions such as the temporoparietal junction, an area involved in awareness 

and attention (Chang et al., 2013; Wilterson et al., 2021), and the ventral frontal cortex, 

which has been linked to feature based attention (Bichot et al., 2019).  The DMN is 

known as a task negative network, which is activate during rest (awake and alert, but 

not attending to any particular stimuli) and is responsible for introspective thought 

and mind wandering, as well as playing a role in episodic memory retrieval.  The main 

regions of the DMN are the posterior cingulate cortex, precuneus and medial frontal 

cortex (Hu et al., 2017).  These areas have lowered activity during active tasks, while 

increased activity during rest periods (Cavanna & Trimble, 2006), as well as being 

involved in preparation of attentional shifts (Small et al., 2003). 

The attentional network model of VH consists of two components: the impairment 

of the goal directed DAN and the uncoupling of the DMN (Shine et al., 2011).  The 

uncoupling of the DMN causes abnormal communication between the DMN and 

VAN, allowing the DMN to influence what the VAN perceives resulting in 

misperceptions or VH (Shine et al., 2015c).  Moreover, during misperceptions 



Page 43 of 336 
 

connectivity between the DMN and the visual network also increases (Shine et al., 

2015c).  While the DAN would normally filter out incorrect perceptions, degradation 

of this network removes this filtration system (Shine et al., 2011).  This model has been 

evaluated empirically using fMRI and EEG in PD patients with VH (Piarulli et al., 

2021; Shine et al., 2015c).  Shine and colleagues (2012) employed the Bistable Percept 

Paradigm (BPP; see section 1.5.3) as a measure of VH.  In this paradigm participants 

are presented with ambiguous images, of which half have multiple perceptual 

interpretations while the other half only have one.  Participants are then required to 

identify if there are one or more main percepts in each image.  Misperceptions 

occurred when incorrect percepts were described for either image type, while misses 

were defined as percepts that were missed by the participant (Shine et al., 2012).  

Parkinson’s patients underwent fMRI while completing the BPP, focusing on activity 

of their attentional networks.  Abnormal connectivity was found that was specific for 

PD patients with VH, this was characterised by a decrease in VAN activity during 

correct and misperceived images.  Misperceptions were also paired with a large 

increase in activity in the DMN network and an increase in connectivity between the 

DMN and visual network (Shine et al., 2015a).   

Dementia with Lewy body patients have shown impairment in the dorsolateral 

prefrontal cortex (Ye et al., 2019), posterior parietal cortex (Crutch et al., 2012), and 

frontal eye fields (Ishii, 2020), areas that are involved in the DAN (Ishii, 2020), 

suggesting that the DAN network would also be impaired in DLB.  The decoupling of 

the DMN may be caused by thalamocortical dysrhythmia with pathological bursts of 

theta wave activity originating from the thalamus (Onofrj et al., 2019).  As a main 

conduit of information travelling throughout subcortical and cortical regions 

(Esmaeeli et al., 2019), the theta bursts ripple throughout the cortex, specifically the 

frontal areas.  These bursts of theta waves are believed to have an inhibitory effect on 

the frontal attention networks, allowing the DMN to decouple and potentially become 

unfiltered (Onofrj et al., 2019).  As discussed in section 1.3.1.3, DLB patients have also 

shown low ACh uptake and metabolism in the thalamus (Kanel et al., 2020; Kanemoto 
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et al., 2020), as well as a shift towards slower theta waves (Bonanni et al., 2015; 

Franciotti et al., 2020).  This pathology in DLB patients, combined with impairments 

in the temporoparietal junction, would suggest that the attentional networks are 

affected in the same way in DLB as in PD patients with VH.  Moreover, 

hypometabolism in the occipital cortex is common in DLB (Prosser et al., 2017), and 

has been linked to a disconnection between the visual network and higher order visual 

processing regions (Iaccarino et al., 2018).  Indeed, VH severity and frequency in DLB 

patients has been shown to correlate with degeneration of the occipital cortex (Firbank 

et al., 2016b; Iaccarino et al., 2018; Pezzoli et al., 2021), further supporting the 

attentional network theory of VH and potentially explaining the main drivers of VH 

in DLB patients.  An empirical study using the BPP to investigate the mechanisms 

behind VH in DLB forms the basis of Chapter Four of this thesis. 

Visual hallucinations are very common in DLB, affecting 30 – 70% of patients 

(Jellinger, 2018), compared to 19 - 40% of PD patients (Eversfield & Orton, 2018), and 

just 13% in AD patients (Zhao et al., 2016).  This high prevalence in DLB has resulted 

in VH being a core feature of DLB in the official diagnostic criteria (McKeith et al., 

2017).  The presence of VH also signals a poor prognosis for DLB patients (Bostrom et 

al., 2007a).  Severity and frequency of VH are often paired with poorer cognition, as 

well as other neuropsychiatric symptoms (depression, anxiety, apathy).  They are also 

the main causes of carer stress (Svendsboe et al., 2016), as well as a strong predictor of 

the patient being admitted into institutionalised care (Rongve et al., 2014).  Therefore, 

the impact of VH clinically emphasises the need for more accurate detection, as well 

as improved treatments. 

1.7.4. Cognitive Fluctuations 

Cognitive fluctuations are characterised by a cycling change between high and 

low cognition and alertness that affects responsiveness, speech, memory, and 

behaviour (McKeith et al., 1992b).  These CF are associated with poor cognition, 

especially in the domains of attention, working memory and executive function 
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(Ballard et al., 2002b; Bliwise et al., 2014).  Whilst CF have been a core symptom of 

DLB since the first iteration of diagnostic criteria, little is known about their 

underlying pathophysiology.  However, a recent framework has been proposed that 

emphasises that the dysfunction underlying the phenomenon is occurring across a 

distributed neural system, operating at a network-level that ordinarily controls the 

transition between conscious and unconscious brain states (Matar et al., 2019b).  The 

duration of these episodes may be from seconds, minutes or even longer in rare cases.  

Their frequency can also vary from multiple times in the same day to every few 

months.  During a cognitive fluctuation, a patient’s behaviour could be likened to that 

which is observed during partial seizures.  However, unlike what occurs in a seizure, 

patients can often be roused by salient stimuli such as calling their name (Matar et al., 

2019b).   

Electroencephalography has been used to identify the neurophysiological 

abnormalities occurring in DLB patients with CF.  Walker and colleagues (2000b) 

observed a slowing in wave frequency in the frontal and parietal regions during the 

resting state of a DLB patient with severe CF.  A similar pattern has also been recorded 

in a larger cohort, with EEG slowing and dominant frequency variation being 

correlated with CF severity within DLB patients (Stylianou et al., 2018).  Theta activity 

in the frontal region has also been linked to behavioural inhibition (Huster et al., 2013), 

suggesting that the unresponsive component of CF could be the result of an overactive 

inhibition system.  Electroencephalography disturbance is not restricted to the frontal 

and parietal regions.  Focusing on whole-brain dynamics in DLB, Schumacher and 

colleagues (2019b) found that DLB patients have fewer microstate transitions 

compared to HC and AD patients.  Furthermore, the length of time spent within a 

single state was also correlated with CF.  While this may explain the overall cognitive 

slowing experienced by DLB patients, it is unclear how this slowing specifically leads 

to fluctuations of cognition.  In addition, the duration of the microstate was also 

correlated with functional activity between the cortex, basal ganglia, and thalamus 

(Schumacher et al., 2019b), suggesting that the thalamus, which is a major source of 
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theta wave activity may play a key role in CF.  It has been suggested that thalamic 

impairments in DLB may be due to a depletion in ACh levels (Kanel et al., 2020; 

Kanemoto et al., 2020), secondary to neurodegeneration of the nucleus basalis of 

Meynert.  Indeed, a loss of volume within this region has been correlated with the 

severity of CF (Colloby et al., 2017; Kim et al., 2011).  Furthermore, pharmacological 

interventions targeting AChEI have also been shown to reduce the severity of CF 

within DLB patients (Kazui et al., 2017; Onofrj et al., 2003).   

The prevalence of CF in DLB is very high, with approximately 80 – 90% of patients 

reporting fluctuations (Lee et al., 2012).  This compares to just 20% of AD patients 

(Onofri et al., 2015) and 29% of PDD patients (Ballard et al., 2002b), making CF a 

potentially useful feature for differentiating between these diseases.  Furthermore, the 

quality of CF seems to be different in AD compared to DLB, wherein they may be 

triggered by environmental factors and tend to impact more significantly on memory 

function (Bradshaw et al., 2004).  Conversely, the CF observed in DLB patients are 

typically spontaneous and appear to be internally driven with characteristic 

impairments in attention and alertness (Bradshaw et al., 2004).  These differences 

might reflect differential neural underpinnings for the CF experienced in DLB and AD 

presumably in relation to their distinct neuropathology.   

To date, no link between disease severity and CF severity has been found (Ferman 

et al., 2004) and there is no evidence that their presence is associated with a more 

aggressive disease progression (Kramberger et al., 2017).  Additionally, DLB patients 

who present with CF during the early stages of their disease do not experience more 

severe CF than those who develop them in later stages (Graff-Radford et al., 2017) and 

CF do not necessarily predict cognitive performance with no significant differences 

recorded on MMSE between patients with and without this symptom (Cagnin et al., 

2013).  However, DLB patients with CF do perform more poorly on specific tests of 

attention (Ballard et al., 2002b; Cagnin et al., 2013).   

   

1.7.5. Parkinsonism 
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Parkinsonism is defined as the presence of bradykinesia and either rest tremor 

and/or rigidity (Postuma et al., 2015b).  Unlike the diagnostic criteria for PD (Postuma 

et al., 2015b), the diagnostic criteria for DLB require the presence of just one of these 

features and do not demand the more stringent features of bradykinesia with 

decrement, tremor occurring predominantly at rest or rigidity in association with 

cogwheeling (McKeith et al., 2017).  Parkinsonian features occur in up to 85% of DLB 

patients over the course of their disease (Jellinger & Korczyn, 2018) with bradykinesia 

appearing as the most frequent finding, compared to tremor (Onofrj et al., 2013).  The 

presence of parkinsonism does not predict prognosis in DLB but may have a negative 

effect on their quality of life and activities of daily living (Bostrom et al., 2007a; Lee et 

al., 2018a).  To date, there are no studies investigating motor symptoms on quality of 

life in DLB.    

Parkinsonian signs are much less common in other dementias, for example being 

present in <10% of Vascular Dementia (Al-Harrasi et al., 2021) and 13% of AD patients 

(Scarmeas et al., 2005).  The pathology driving parkinsonism in DLB mirrors that 

which is observed in PD with loss of dopaminergic neurons predominantly in the 

nigrostriatal projection, which can be measured with DAT scanning as described 

above (section 1.4.3; McKeith et al., 2007b).   

 

1.8. Measuring Core Features in DLB 

1.8.1. Cognitive Decline 

The Mini Mental State Examination (MMSE, Folstein et al., 1975) and the Montreal 

Cognitive Assessment (MoCA, Nasreddine et al., 2005) represent common measures 

of general cognition and whilst both tests may be appropriate for testing patients with 

dementia, it is well recognised that the MMSE has a low sensitivity for differentiating 

between different dementia subtypes (Arevalo-Rodriguez et al., 2015) compared to 

the MoCA (Martini et al., 2020).  Comparing the two scales, the MoCA has been shown 

to have fewer ceiling and floor effects than the MMSE, whilst the MMSE appears to be 
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more stable across timepoints (Biundo et al., 2016).  However, it should be emphasised 

that the current consensus would be that neither test should be used as the sole 

diagnostic tool for DLB (Arevalo-Rodriguez et al., 2015).  Indeed, many studies have 

highlighted the role of testing specific cognitive domains in DLB, both in clinical and 

research settings, to detect and measure more specific and subtle impairments.   

There are numerous cognitive tests designed to target specific domains.  This 

section, however, will only focus on the paradigms commonly used with DLB patients 

to measure executive function, attention, visuospatial ability, memory, and language.  

Compared to other disorders and dementias, there are few studies that have applied 

these tests on a DLB population, let alone compared results between DLB and other 

dementias.  Furthermore, many standard cognitive tests are not designed to be used 

with severely demented populations such as DLB patients, while tests that are used 

often yield very high variance within the DLB cohort.  These two features make it 

challenging to obtain consistent results from DLB populations and highlight the need 

for new tests that are practicable for use in DLB patients.   

 

1.8.1.1. Executive function and Attention  

Executive function and attention can be severely impaired in DLB patients and 

thus consideration needs to be given to the limitations when selecting an appropriate 

task.   

One common task designed to measure processing speed, inhibition, as well as 

task switching is the Stroop task (Stroop, 1935).  Processing speed is measured in the 

first two sections with patients required to read a matrix of words and then name 

colours presented in another matrix.  Dementia with Lewy body patients are usually 

able to complete the first two sections of the Stroop task, although at a slower speed 

than HC (Pezzoli et al., 2019), demonstrating a slower processing speed.  The first two 

sections of the Stroop produce worse performance amongst DLB than AD and 

frontotemporal dementia (FTD) patients (Breitve et al., 2018; Johns et al., 2009; Park et 
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al., 2011).  The second two sections of the Stroop require patients to identify the text 

colour of mismatched colour words, and then to switch between stating the word or 

the colour of the word.  These measure inhibition and task switching, respectively.  

Dementia with Lewy bodies patients are severely impaired at these Stoop sections 

(Petrova et al., 2016).  Furthermore, DLB patients with mild cognitive impairment 

performed at a similar level to patients with more severe cognitive impairment 

(MMSE < 20), suggesting a floor effect with this cohort.  This floor effect may also be 

evident through the absence of difference between AD and DLB (Breitve et al., 2018).  

However, this could be disease specific as FTD patients performed better than DLB 

(Johns et al., 2009).  Although, studies have also found the Stroop sections designed to 

measure inhibition and task switching too difficult for DLB patients to complete or 

have avoided the later sections altogether (Martini et al., 2020; Park et al., 2011; Petrova 

et al., 2016), highlighting the need for tasks that are suitable for more severely 

demented populations.    

The Trail Making Test (TMT; Reitan & Wolfson, 1985) requires patients to connect 

numbered dots with lines in numerical order.  There are two parts: part A only 

contains numbers and relies on visuospatial ability; whilst part B included numbers 

and letters, requiring patients to alternate between them.  Part B also relies on 

inhibitory control, task switching and working memory (Sánchez-Cubillo et al., 2009).  

Dementia with Lewy body patients perform poorly on the TMT-A compared to PDD 

(Mondon et al., 2007) and AD (Breitve et al., 2018) and whilst the task switching in 

TMT-B may be helpful for probing this domain, many DLB patients are unable 

complete the test (Breitve et al., 2018; Breitve et al., 2014; Martini et al., 2020).   

The Digit Span task requires patients to repeat a string of numbers read to them 

by the researcher that get incrementally longer (Wechsler, 2008).  Performance can be 

reported for forward and backwards digit spans, or as a combined score.  High scores 

are associated with good working memory and attention.  Dementia with Lewy body 

patients are able to complete this task, demonstrating a similar digit span to PDD 

patients (Howard et al., 2021; Petrova et al., 2015), but lower than HC (Gnanalingham 
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et al., 1997; Warden et al., 2016; Yoon et al., 2014).  However, focusing on backward 

digit span, patients with DLB were more impaired than PDD (Petrova et al., 2015), but 

this was not replicated in a recent study (Howard et al., 2021).  Inconsistent findings 

also appear when comparing DLB with AD patients.  One early study found that DLB 

and AD had similar forward digit spans, while DLB had poorer backward digit span 

(Calderon et al., 2001).  This finding was also supported with a retrospective autopsy 

study of a dementia cohort finding that patients with only LB pathology had poorer 

digit span than patients with either AD pathology, or both LB and AD pathology 

(Kraybill et al., 2005).  Unfortunately, the only composite score was reported, 

restricting further analysis to determine if this was driven by forward or backward 

digit span scores.  More recently, although using only the backward digit span, 

Howard and colleagues (2021) did not find a difference between AD and DLB patients.  

Backward digit spans for DLB in the aforementioned studies was also very short (1 – 

3), suggesting that this could be a floor effect for this cohort.  Indeed, Martini and 

colleagues found that the majority of their DLB sample were unable to complete the 

backward digit span due to the difficulty level (Martini et al., 2020).   

1.8.1.2. Language 

The verbal fluency task requires the patient to state as many words as they can 

that begin with a particular letter (the Controlled Oral Word Association Test - 

COWAT) or fit a specific category (e.g.  animals) within a set time.  Performance is 

measured from the number of words made and as well as the number of 

errors/repetitions.  Verbal fluency targets working memory, as well as language 

(Lezak et al., 2012).  Dementia with Lewy body patients are able to complete this task 

and have poor verbal fluency when compared with HC (Ferman et al., 2006; Petrova 

et al., 2016; Wajman et al., 2019).  Unfortunately, task performance becomes 

inconsistent when comparing DLB with other clinical groups.   

During prodromal stages of disease, DLB and PD patients perform at similar 

levels, but prodromal DLB patients perform worse with the category condition (Yoon 
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et al., 2014).  Moreover, Génier Marchand and colleagues (2018) found that prodromal 

DLB patients had lower fluency up to six years before diagnosis.  Comparing task 

performance across dementias, DLB demonstrates variable results with some groups 

reporting poorer performance at the verbal fluency task than PDD patients (Martini 

et al., 2020), whereas others did not find a difference between DLB and PDD (Park et 

al., 2011).  However, this non-significant finding may have been due to low statistical 

power from a small sample of DLB (n = 10) as their finding was trending towards 

significance (p = 0.07).  Performance on the verbal fluency task also had mixed results 

at separating DLB from AD patients.  During early stages, MCI-LB patients have been 

found to have poorer fluency than patients with MCI and AD pathology (Cagnin et 

al., 2015).  However, this was not found in a recent study, with both prodromal groups 

performing at the same level (Hamilton et al., 2021b).  In clinical populations, older 

studies have found DLB to perform poorer than AD (Ferman et al., 2006; Lambon 

Ralph et al., 2001), but more recently, Wajman and colleagues (2019) did not find any 

difference between AD and DLB groups.  These conflicting findings are likely due to 

inconsistencies task methods, with Wajman and colleagues (2019) only using a 

category rule (animals) whilst others reported results on the COWAT for the letters F, 

A and S.  No difference in fluency was found between DLB and FTD (Johns et al., 

2009), perhaps reflecting similarities in impairment to frontal regions in these two 

groups.   

1.8.1.3. Memory 

There are hundreds of tests designed to measure specific domains in memory (i.e.  

episodic, semantic, procedural).  Additionally, they can target verbal domains (i.e.  

recollection of word lists, vignettes) or non-verbal (i.e.  tapping blocks in a particular 

order, recalling a visual scene).  In this section, DLB ability will be compared with 

other types of dementia across verbal and non-verbal tasks among various memory 

domains. 
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Verbal memory tasks typically involve the participant listening to a list of words 

or a story and then after a set delay, they are required to recall as many words or as 

much of the story as possible.  The Rey Adult Verbal Learning Task (RAVLT) is 

commonly used to test word recall.  This task is similar to a basic word list recall task; 

however, the list is repeated several times with recall times spread out across the 

testing to cover a range of delays.  Compared with controls, DLB patients typically 

have poorer performance in the RAVLT (Caso et al., 2021; Ferman et al., 2006).  When 

comparing prodromal AD and DLB, the RAVLT is not able to differentiate between 

the two diseases (Hamilton et al., 2021b).  However, in clinical DLB and AD, DLB is 

often found to have poorer performance than AD (Caso et al., 2021; Ferman et al., 

2006).  Although, in a basic word recall task, DLB have been shown to perform at the 

same level as AD (Kawai et al., 2013; Salmon et al., 2015).  This suggests that DLB 

patients may benefit from a shorter verbal memory task, possibly due to increased 

attentional demand of longer tasks.  The Logical Memory task is another verbal task, 

in which participants are read a story and are required to recall as much as they can 

either immediately or after a delay.  This task appears appropriate for DLB patients 

who perform poorer than HC (Calderon et al., 2001), while better than AD (Calderon 

et al., 2001; Kawai et al., 2013; Oda et al., 2009) 

Non-verbal memory tasks often present the patient with images, shapes, or 

patterns, with patients then required to recall or recognise the image or shape or 

pattern immediately or after a delay.  These tests appear to be good at separating DLB 

from AD, with studies agreeing that DLB patients have worse non-verbal memory 

than AD patients (Nervi et al., 2008; Noe et al., 2004; Salmon et al., 2015).  However, 

there are mixed findings between DLB and PDD performance with some work 

showing no difference in performance between these groups (Noe et al., 2004), whilst 

another found worse performance in DLB compared to PDD (Sanchez-Castaneda et 

al., 2009).   

1.8.1.4. Visuospatial 
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Visuospatial tasks require the manipulation or recreation or judgement of visual 

stimuli.  The Visual Object and Space Perception battery (VOSP) is a battery of tasks 

designed to measure impairment in object and space perception.  Tasks require 

patients to complete incomplete letters, name objects from silhouettes and compare 

the positions of objects (Warrington, 1991).  During prodromal stages of DLB, it 

appears that the VOSP is unable to differentiate MCI-LB from HC (Kemp et al., 2017), 

however it can separate clinical DLB from HC, with DLB patients having poorer 

performance (Pal et al., 2016).  Additionally, some of the VOSP components have 

shown differences between DLB and AD patients (Calderon et al., 2001).  These 

findings suggest that while the VOSP may be useful at distinguishing clinical 

populations, it may not be sensitive enough to differentiate prodromal patients.   

The Block Design task requires patients to replicate set patterns using blocks with 

various shapes printed on them (Kohs, 1920).  Studies have found DLB and AD 

patients performing at a similar level (Hamilton et al., 2008; Johnson et al., 2005), 

suggesting that this task may be too difficult to separate between these two cohorts.  

The Clock Drawing Task requires patients to draw an analogue clock that is 

displaying a specific time.  Compared with HC, DLB patients are very impaired with 

this task (Gnanalingham et al., 1997; Ota et al., 2015).  However, there are mixed 

findings when comparing AD patients with DLB (Cahn-Weiner et al., 2003; 

Gnanalingham et al., 1997; Ota et al., 2015).  The copy condition of the Rey Complex 

Figure task requires patients to replicate a complicated shape with smaller shapes and 

patterns within it.  Comparing prodromal patients, MCI-LB have been shown to 

perform poorer than MCI-PD (Yoon et al., 2014).  Findings are mixed when comparing 

DLB with PDD patients, with DLB patients performing poorer than PDD in a recent 

study (Martini et al., 2020), but no difference being found between the two in previous 

studies (Mondon et al., 2007; Park et al., 2011).  This difference may be due to the small 

number of DLB patients of the earlier studies (n = 10) compared with a larger sample 

in the recent study (n = 18).  The Benton Judgement of Line Orientation is another task 

that has been applied to compare DLB and AD patients, with mixed findings.  When 
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completed, it appears that DLB patients are impaired at this task (Ota et al., 2015; 

Simard et al., 2003).  However, a recent study has also reported that this task is too 

difficult with most of their DLB patients unable to complete it (Martini et al., 2020). 

A reoccurring theme with cognitive testing is an inconsistency in findings across 

studies.  This could be due to tests not being sensitive enough to measure subtle 

impairment in prodromal patients or small differences between DLB and AD.  

Regardless, current tasks may need to be altered or new tasks introduced to ensure 

accurate measurements of cognitive impairments within the DLB cohort.   

 

1.8.2. Rapid Eye Movement Sleep Behaviour Disorder 

The gold standard for the diagnosis of RBD is using video polysomnography 

(vPSG).  While this test involves many different measures to detect a broad range of 

sleep disturbances (Qian et al., 2021), the most relevant measures for RBD are from 

the EEG, Electromyography (EMG), and video recording, as well as excluding the 

confound of severe sleep apnea.  Cycles of REM are detected with the EEG, while body 

movement is detected with EMG and video analysis.  The current international 

classification of sleep disorders lists two requirements for the diagnosis of RBD: (1) 

the repeated presence of behaviour or vocalisations during REM as measured by 

vPSG, or an informant (typically bed partner); (2) evidence of REM sleep without 

atonia (RSWA) from vPSG (Sateia, 2014).  Additionally, muscle activity during REM 

cycles is scored for frequency and severity (St Louis & Boeve, 2017).  However, the 

presence of any muscle activity during REM supports the loss of atonia and allows for 

the diagnosis of RBD in the right clinical context.  While vPSG provides a confident 

diagnosis of RBD, it has very limited accessibility to the general population.  With 

expensive setup and maintenance costs, vPSG is only available in health centres 

specialised in sleep disorders or select hospitals.  Furthermore, measuring a condition 

during “normal” sleep can be difficult when requiring the patient to sleep in a 

laboratory environment, whilst wired for the different measures required.  Ideally, 
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testing should be as unintrusive as possible, and be undertaken in an environment 

comfortable and familiar to the patient.  This is even more imperative when testing 

patients with dementia.  There are currently trials underway investigating the use of 

a home PSG device.  If these trials prove successful, it will make the diagnosis of RBD 

much easier (Hof Zum Berge et al., 2020).   

Currently, without access to a PSG test, only probable RBD can be diagnosed.  This 

can be done via clinical interview where the patient is probed to identify dream 

features (if they are vivid and negative; for review see Matar & Lewis, 2017), and if 

they experience any dream enactment (Dauvilliers et al., 2018).  Alternatively, the RBD 

Screening Questionnaire (RBDSQ; Stiasny-Kolster et al., 2007) or Mayo Sleep 

Questionnaire (Boeve et al. 2013) can be used to detect RBD symptoms.  These 

questionnaires ask if the patient is aware of enacting their dreams and the nature of 

their dreams.  The RBDSQ it has high sensitivity (Stiasny-Kolster et al., 2007) the 

reliability of this tool has been reported to be low (Stefani et al., 2017).  Conversely the 

MSQ has shown promise in correctly identifying RBD patients (Boeve et al. 2013; 

Bolitho et al. 2014).  Variance across the questionnaires and clinical interview may be 

due to the self-report format, potentially allowing for recall bias or the denial or 

ignorance of symptoms, especially if they are mild.  For these reasons, clinical 

interview, MSQ and the RBDSQ are preferred to be completed with a bed partner or 

relevant informant present (Gilat et al., 2020). 

 

1.8.3. Hallucinations 

Hallucinations in DLB patients are typically vivid and well-formed (McKeith et 

al., 2017).  This feature allows for many hallucinations in DLB to be detected during a 

clinical interview or self-report questionnaire.  During interviews, some studies may 

just ask the patient if they experience VH as a direct question (Gama et al., 2015; Heitz 

et al., 2015).  The North East Visual Hallucination Interview is a semi-structured that 

probes for visual perception errors (i.e. VH or misperceptions) and queries if the 
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participnat has experienced any VH or ”other visual experiences” (Mosimann et al. 

2008).  These interviews, however, leave the definition of VH to the researcher, as well 

as the interpretation of the response.  To provide some consistency across studies, VH 

can also be probed as part of the Movement Disorder Society-Unified Parkinson’s 

Disease Rating Scale (MDS-UPDRS; Goetz et al., 2004).  Scoring of this item ranges 

from “no hallucinations experienced” (0) to “vivid hallucinations without insight” (3).  

While most patients can answer this question, it does depend on a level of insight from 

the patient, or if the caregiver identified this symptom.  The Scale for Outcomes in 

Parkinson’s Disease – Psychiatric Complications (SCOPA-PC; Visser et al., 2007) also 

includes an item that targets hallucinations, however like the MDS-UPDRS, it reduces 

the presence and characteristics of hallucinations to a generic four-point scale.  The 

Neuropsychiatric Inventory (NPI) is another measure that is commonly used in 

synucleinopathy research (Cummings, 1997).  This is a comprehensive scale with more 

than 80 items, which cover 12 different domains of neuropsychiatric symptoms (e.g. 

apathy, anxiety, irritability), with seven items for hallucinations.  The NPI has been 

used in DLB populations where it has been able to differentiate DLB from AD patients, 

but with a low sensitivity (Suárez-González et al., 2014).  This could be due to the NPI 

having been originally designed to detect neuropsychiatric symptoms in AD before 

DLB was formally recognised as a separate disease.  This scale has also been used to 

separate MCI patients with LB characteristics from MCI patients with a more AD 

phenotype.  Whilst the LB with MCI patients scored higher overall on this scale, the 

authors did not indicate which domains were driving this difference (Donaghy et al., 

2020). 

      

The Psychosis and Hallucinations Questionnaire (PsycHQ; Shine et al., 2015b) is a 

recently developed scale that was designed to not only probe for hallucinations in PD 

patients, but to also measure symptoms that often present with VH in this cohort.  A 

strength of the PsycHQ is that it probes for the broad spectrum of hallucinations, 



Page 57 of 336 
 

across all modalities.  While it has been validated in PD, it has yet to be validated in a 

DLB cohort.   

The Pareidolia task is a computerised tasked designed to measure misperceptions 

in the form of pareidolias (i.e., seeing objects in unrelated stimuli; Uchiyama et al., 

2012).  Dementia with Lewy body patients appear to identify more pareidolias than 

AD patients (Inagawa et al., 2020; Uchiyama et al., 2012), however the accuracy of 

separating these two diseases is varied with 73 – 100% sensitivity, and 62 – 88% 

specificity (Inagawa et al., 2020; Uchiyama et al., 2012).  This task has also been tested 

with RBD patients, with higher pareidolia scores predicting transition to DLB 

(Honeycutt et al., 2020) but there was poor sensitivity at separating MCI-LB patients 

from HC (sensitivity = 41%; specificity = 91%) or MCI-AD patients (sensitivity = 27%; 

specificity = 89%; Hamilton et al., 2021a).  Furthermore, while misperceptions can 

involve any type of object or living thing, the Pareidolia task only captures the 

misperception of faces, potentially missing other misperceptions that are not faces.   

Chapter Four of this thesis evaluates the BPP in DLB patients for the first time.  

The BPP is a novel behavioural task that was originally designed to measure visual 

hallucinatory phenomenon in PD (Shine et al., 2012).  The BPP provides an objective 

score that could be used by researchers and clinicians to measure and track changes 

in VH with disease progression and potentially in the context of a treatment 

intervention.  A further strength of the BPP is that it can also measure misperceptions, 

which are less severe phenomena that are experienced by PDD and DLB patients, and 

it well recognised that patients with misperceptions are more likely to experience VH 

(Shine et al., 2012).  This paradigm is also able to be administered in the context of 

fMRI, allowing researchers to investigate brain activation patterns that are associated 

with misperceptions and VH (Shine et al., 2015a; Shine et al., 2015c).   

 

1.8.4. Cognitive fluctuations 
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Cognitive fluctuations are possibly the most difficult DLB symptom to diagnose 

(Matar et al., 2019b) and are difficult to measure reliably.  Currently, fluctuations are 

identified during a clinical interview where a patient or their caregiver are asked if the 

patient has had periods of confusion, low alertness, or inattention.  The severity of 

these episodes may be gauged by probing their frequency and duration, as well as 

functional performance during the period.  There are validated scales designed to 

measure the severity of CF in DLB patients, such as the Clinical Assessment of 

Fluctuations (CAF) and the One Day Fluctuation Assessment Scale (ODFAS; Walker 

et al., 2000a), as well as the Mayo Fluctuations Questionnaire (MFQ; Ferman et al., 

2004).   

The CAF measures symptoms that have occurred over the preceding month and 

consists of four items.  The first ‘yes’ or ‘no’ item identifies the presence of any periods 

of lowered cognition; the second item identifies if these periods fluctuate over time, 

whilst the last two items measure the duration and frequency of any impaired cycles.  

The main criticism of this scale is that the clinician needs to have expert knowledge in 

CF to decide if various behaviours would indicate a CF (e.g.  if the patient is quiet 

while remembering a word or event; Ferman et al., 2004).  Furthermore, the scale does 

not distinguish any characteristics of the fluctuation episodes.  As discussed above 

this would be useful to measure as the CF in DLB patients are often qualitatively 

different to those observed in AD (Bradshaw et al., 2004).   

The ODFAS measures impairments in different domains that are known to be 

impaired in patients with CF (e.g.  communication, disorganised thinking, 

drowsiness; Walker et al., 2000a) and these features are each scored on a three-point 

scale.  The main issue with the ODFAS is that it only covers the current day of testing.  

Obviously, as CF may appear daily or monthly, it would need to be administered on 

a ‘typical’ day with fluctuations to appropriately capture these symptoms.  The CAF 

has been used to differentiate between DLB, AD and vascular dementia patients with 

high (>80%) sensitivity and specificity (Walker et al., 2000b).  The CAF scale has also 

been used in conjunction with the ODFAS to compare DLB and AD patients 
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(Bradshaw et al., 2004).  The DLB patients scored much higher on the CAF and the 

ODFAS than AD, however AD patients also scored higher on the ODFAS than the 

CAF.  This is likely due to the ODFAS having only one section that addresses 

fluctuations.  This implies that patients with non-fluctuating dementia may score 

highly on the remaining items, bringing the specificity of the ODFAS as a measure of 

CF into question.   

The MFQ consists of four items targeting drowsiness, daytime sleep, staring into 

space for extended periods of time and disorganised thoughts (Ferman et al., 2004).  If 

an item is present in the patient, they are given one point.  Thus, the maximum score 

is four, whilst a score of at least three is needed to suggest presence of CF (Galvin et 

al., 2021).  Whilst this scale has some items that describe episodes of CF (e.g.  staring 

into space), it focuses more on the symptoms that may accompany CF.  The Mayo 

Fluctuation scale has been used to compare DLB and AD profiles, with DLB patients 

scoring higher on each domain than AD patients (Galvin et al., 2021).  However, this 

may just be targeting features that are more common in DLB than AD, regardless of 

CF themselves.   

The above scales and interviews have demonstrated their utility in differentiating 

DLB from other dementias.  However, as these scales are also based on responses from 

either the patient or caregiver, there is potential for recall bias or denial of symptoms.  

Furthermore, as the scales appear to group many aspects of CF within one item, which 

is then reduced to a score ranging from 0 – 4, it may not be sensitive enough to detect 

mild instances of fluctuations or subtle changes to fluctuations, which would be very 

useful when assessing the effectiveness of an intervention.  Chapter Two will 

introduce the Sustained Attention Response Task (SART) to DLB patients (Phillips et 

al., 2019).  The SART is a simple computerised task that requires patients to maintain 

their attention during a mundane activity.  In this chapter performance on the task is 

compared with CF severity as measured by the CAF and CF features as measured 

with the ODFAS, as well as measures of DLB core features (Parkinsonism, RBD and 

cognitive decline).   
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1.8.5. Parkinsonism 

Parkinsonian features may be the reason why many DLB patients first seek 

medical advice.  Currently, the gold standard for objectively measuring Parkinsonian 

features is by using the MDS-UPDRS.  While this scale covers many aspects of PD, the 

third section is dedicated to motor symptoms (Goetz et al., 2008).  These assessments 

measure multiple aspects of physical performance on a five-point scale.  In 

comparative studies across dementias, PDD patients score higher than DLB, followed 

by AD patients (Smirnov et al., 2020).  Whilst the MDS-UPDRS is a comprehensive 

measurement tool, it requires highly trained clinicians to perform it correctly.  

Furthermore, as symptom severity is based on subjective judgements from the 

clinician, ratings are prone to inconsistency across clinicians (Evers et al., 2019).  

Additionally, the reduction of symptom severity to a five-point scale reduces the 

sensitivity of the overall test, as well as reducing potential variance that could be 

utilised when using the scale in a research setting.   

Applying technology designed to measure movement may provide a more 

accurate report of parkinsonism in DLB and PD patients.  Gait analysis mats allow the 

precise measurement of a kinematic features such as stride length, speed, rhythm, and 

step variability.  Furthermore, these features can be measured during normal walking 

or walking under cognitive load (subtracting 1s or 7s starting from 100).  Merory and 

colleagues (2007) compared DLB with AD patients and HC, finding that both 

dementias had smaller stride length and slower pace than HC.  However, there were 

no significant differences between DLB and AD (Merory et al., 2007).  However, under 

high cognitive load, RBD patients have demonstrated subtle abnormalities in their gait 

compared to HC (Ehgoetz Martens et al., 2019).  Unfortunately, it was not known 

whether these patients were more likely to progress to PD or DLB.  However, 

abnormal gait may not be unique to synucleinopathies as it has also found to be a risk 

factor for AD and VaD (Beauchet et al., 2016).  Although this study focused on 
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dementias, it did not include PDD or DLB, making a comparison from its findings 

difficult.   

Advances in personal and portable technologies has made actigraphy analysis 

much more accessible.  Indeed, using portable accelerometers, PDD patients have 

been shown to have slower step times with more variability than AD patients, whilst 

differences between DLB and AD patients were trending towards significance (Mc 

Ardle et al., 2020).  Accelerometers have also been utilised, taking advantage of their 

mobility to measure gait during natural activities (Mc Ardle et al., 2021).  While this 

study found DLB patients having larger step length variability, this was only during 

walks within the laboratory.  When in a natural environment, patients only displayed 

gait impairments during short walks (< 10s; Mc Ardle et al., 2021).  Motion capture 

technology has also been utilised to analyse the upper limb movements in DLB 

patients (Fadda et al., 2019) and it was found that movement in these patients was 

impacted by parkinsonism, as well as executive impairment (Fadda et al., 2019).  

Overall, the clinical assessment of motor impairment in DLB may benefit from 

objective measuring devices. 

 

1.9. Current treatments 

1.9.1. Pharmacological 

1.9.1.1.  Disease Modifying 

Currently, there are several potential pharmacological interventions that target 

synuclein pathology and mechanisms that influence LB formation (section 1.1.2) 

(Dong et al., 2019; Pope et al., 2021; Yang et al., 2021).  Unfortunately, these are still in 

their infancy, requiring more research before they can be prescribed.  Therefore, 

current pharmacological approaches target symptom relief and have typically been 

originally developed for patients with other conditions such as PD, AD, mood, and 

psychiatric disorders.  This is not ideal as underlying mechanisms in DLB are different 

to what is seen in these other diseases (Panza et al., 2021) and typically results in poor 
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outcomes for DLB patients.  Additionally, care is required as treating one symptom 

may exacerbate another symptom (Stinton et al., 2015).     

1.9.1.2. Cognition 

Pharmacological treatments for cognitive impairment in DLB have been drawn 

from treatment plans in AD and primarily target depleted ACh.  The main 

acetylcholinesterase inhibitors (AChEI) that are prescribed in DLB patients are 

rivastigmine and donepezil.  While both have been reported to improve cognition in 

DLB patients, donepezil has fewer adverse side effects (Ikeda et al., 2015; McKeith et 

al., 2000; Mori et al., 2012; Stinton et al., 2015).  Galantamine has also been used in DLB 

patients, while it did not improve cognition it did appear to alleviate neuropsychiatric 

symptoms (Edwards et al., 2007).  Memantine, a N-methyl-D-aspartate (NMDA) 

agonist, has been reported as giving general improvements in DLB, but not 

specifically improving cognition (Wang et al., 2015).  However, many of these clinical 

trials have relied on general measures of cognition (i.e.  MMSE) as their main outcome, 

which as discussed in section 1.6.1 may not be sensitive to subtle changes in domains 

within DLB.  These trials would therefore benefit from employing tasks that produce 

quantifiable measures, allowing an accurate assessment of the intervention.   

1.9.1.3. Neuropsychiatric 

The main pharmacological intervention prescribed for RBD is clonazepam (Ferri 

et al., 2017).  However, as a benzodiazepine, DLB patients prescribed this drug need 

to be carefully monitored given negative impacts on cognition, balance, and 

obstructive sleep apnoea (OSA) (Aurora et al., 2010).  Melatonin, an alternative to 

clonazepam, is a naturally occurring hormone within humans making it is generally 

well tolerated.  However, effectiveness at reducing RBD behaviours is mixed.  Some 

studies have found melatonin to have modest effects on RBD behaviour (Kunz & Bes, 

1999; Kunz & Mahlberg, 2010; Takeuchi et al., 2001), but not for all patients (Boeve et 

al., 2003).  While a recent study did not find any improvements from melatonin in PD 
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patients with RBD (Gilat et al., 2020).  Recently, nelotanserin, a serotonin reverse 

agonist, has also been found ineffective with RBD symptoms (Stefani et al., 2021). 

The treatment of hallucinations is complicated, with some VH induced from 

treatments for cognition, mood, or parkinsonism (Stinton et al., 2015).  Furthermore, 

older treatments for psychosis in DLB utilised antipsychotics with fatal side effects 

occurring rarely (McKeith et al., 2005).  More recently, atypical antipsychotics have 

reduced this risk but are still associated with increased cardiovascular deaths in this 

population (Weintraub et al., 2016), although this needs to be balanced against more 

the individualised risks of non-treatment (Malaty et al., 2016).  Clozapine is probably 

the most effective treatment for psychosis in DLB given findings in similar PD 

populations (The Parkinson’s Study Group, 1999; Pollak et al., 2004; The French 

Clozapine Parkinson Study Group, 1999), but its use is restricted by the monitoring 

required to avoid agranulocytosis and other common side effects including sedation, 

hypotension, and delirium (Stinton et al., 2015).  This shortcoming has probably led to 

the more widespread use of Quetiapine despite its lack of robust effect in clinical trials 

(Morgante et al., 2004; Weintraub et al., 2011).  There are also reports of AChEIs being 

effective at treating hallucinations (Henriksen et al., 2006) and their safety profile is 

typically more acceptable.  Probably, the most robust evidence in the field for the 

treatment of psychosis has come over the last decade using Pimavanserin, a 5-HT2A 

receptor inverse agonist/antagonist (Cummings et al., 2014; Tariot et al., 2021).  

However, this agent is not widely available and there have been some mixed concerns 

regarding its safety profile in post-surveillance monitoring (Brown et al., 2021; Hwang 

et al., 2021; Moreno et al., 2018).   

Parkinsonism symptoms are treated using similar protocols to those used in PD.  

Levodopa is the most common treatment; however, doses need to be kept low as to 

avoid causing/exacerbating neuropsychiatric symptoms (Hershey & Coleman-

Jackson, 2019).  Dopamine agonists pramipexole and ropinirole may also be used in 

DLB, however agonists have a higher chance to elicit neuropsychiatric symptoms so 

are typically avoided (Fernandez et al., 2003).  Zonisamide, an anticonvulsant that acts 
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on the dopamine system via opioid receptors, has been approved in Japan (Murata et 

al., 2020) and still undergoing trials in Europe with plans for it to be used in 

conjunction with levodopa to reduce adverse side effects (Panza et al., 2021).   

 

1.9.2. Non-pharmacological 

Deep brain stimulation (DBS) of the sub-thalamic nucleus (STN) is a common 

treatment for drug resistant motor symptoms in PD.  The effects of DBS on cognition 

are unknown, with one review reporting that STN DBS reduced verbal learning and 

executive function in patients, while WM was improved (Halpern et al., 2009).  A more 

recent review concluded that DBS of the STN had beneficial improvements on 

neuropsychiatric symptoms including VH and apathy, improvement in general 

cognition and improvement of parasympathetic symptoms (Hogg et al., 2017).  

However, with the small sample sizes, and potential variations in electrode placement 

or pathways taken to reach the target locations, these findings should be taken with 

caution.   

Deep Brain Stimulation is not commonly used with DLB patients; however 

recently DBS of the Nucleus of Basalis of Meynert (NBM), a main source of ACh 

(section 1.1.2.2) has been trialed.  Six DLB patients underwent the procedure with one 

experiencing adverse post-op complications.  Three of the remaining five reported an 

improvement with neuropsychiatric symptoms with no other benefits (Gratwicke et 

al., 2020).  Additionally, connectivity patterns concerning the DMN and 

parietotemporal junction changed with stimulation.  In an identical trial, no benefits 

were cited with some patients deteriorating in general cognition after the surgery, 

while stimulation impaired verbal fluency (Maltête et al., 2021).  Although the two 

trials have reported opposing outcomes, there is potential with NBM DBS.  However, 

more research is needed to identify the most beneficial region for stimulation.  

Moreover, the main outcomes for both trials were based on scales (e.g.  MMSE, NPI, 

MDS-UPDRS), while utilising behavioural tasks such as the SART (Chapter 2), BPP 
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(Chapter 3) or Mental Rotation (MR; Chapter 4) would potentially increase the 

sensitivity allowing the detection of less subtle effects of stimulation.   

A number of other non-pharmacological therapies such as physical therapy, art 

and music therapy, occupational therapy, psychological therapy and 

electroconvulsive therapy have been tested in the treatment of DLB.  However, most 

involve very small sample sizes and anecdotal reports of improvement (Connors et 

al., 2018).  More controlled studies with larger sample sizes are needed before any 

conclusions can be made about the effectiveness of these alternative treatments.   

 

1.9.3. Future directions 

As mentioned in section 1.9.1.1, multiple potential pharmacological treatments are 

in the development stage that target the formation of LB in synuclein diseases.  Dong 

et al. (2019) are testing cyclic tetrapyrroles, which have been shown to affect the 

aggregation of prion proteins, which have behaviour analogous to α-synuclein. Their 

initial findings suggest that the mechanisms that drive aggregation of the prion 

proteins are similar to those for α-synuclein (Dong et al. 2019). This suggest that may 

be able to interrupt the aggregation of α-synuclein, blocking the formation of LB. 

Taking a different approach, Yang et al. (2021) are developing safe vehicles to 

transport antisense oligonucleotides (ASO), peptides that have been shown to inhibit 

the formation of α-synuclein (Zharikov et al. 2017).  While they have found a suitable 

transport, it has yet to advance past testing on rodents.  

 

1.10. Summary 

Dementia with Lewy bodies is one of the common causes of dementia in the older 

population.  This disease has crippling effects on the patient, the highest rate of 

caregiver stress, high hospitalisation rates and a higher burden on society than other 

dementias (Espinosa et al., 2020; Mueller et al., 2018; Rongve et al., 2014).  Given that 

DLB is a neurodegenerative disease, it would be best diagnosed as early as possible, 
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which requires an accurate clinical profile.  The clinical profile of DLB is very similar 

to AD and significantly overlaps with that of PDD, making an accurate diagnosis 

difficult.  This task is even more difficult during the prodromal stage where neuronal 

damage is limited, and cognition is relatively preserved.  Currently, diagnostic 

methods are reliant on clinical interviews or scales.  As discussed in section 1.6, these 

methods may not be sensitive enough to separate DLB from other dementias, 

especially in their prodromal stage.  Suggesting a need for objective measures that are 

sensitive to subtle difference between diseases.   

Section 1.5 discusses common cognitive measures that have been used to test and 

compare cognitive impairment within domains that DLB typically shows deficits.  

However, findings are inconsistent, which may be due to tasks that are too difficult, 

or not sensitive enough to differentiate between diseases.  The aim of this thesis is to 

introduce novel tasks that have the potential to produce quantifiable measures of three 

symptoms that are synonymous with DLB, namely VH, visuospatial impairment and 

CF.  The main focus of this thesis will present four studies in which I was leading the 

design, and analysis of the data, while also being heavily involved in the collection of 

data with two colleagues.   

Chapter Two will look at the SART and how it is related to CFs.  The SART 

presents patients with a series of numbers and requires the same button press for each 

number, except for the number “3”, where they are required to withhold their 

response.  The strength of the SART lies in the constant responding that patients are 

required to do.  This allows for lapses in attention or alertness, which characterise CF 

in DLB, to be recorded and quantified.   

Chapter Three will introduce MR as a means of measuring visuospatial 

impairments in DLB.  The MR task requires patients to compare two 3-dimensional 

shapes to decide if they are identical, or if one is a mirror image of the other.  At the 

simplest condition, both shapes are pointed in the same direction which requires a 

direct comparison to make an accurate response.  While the more difficult conditions 

see one of the shapes rotated on a set number of degrees.  To make an accurate 
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response during these conditions the patient is required to internally visualise the 

shape and then rotate their visualisation of the shape.  One of the strengths of this 

paradigm is that task difficulty is scalable, ranging from 0 ° to 180°.   

Chapter Four will then focus on the BPP, one of the few behavioural tasks that has 

been validated to measure VH in synucleinopathy patients.  Furthermore, the BPP has 

been used with functional imaging to provide insight to the underlying mechanisms 

behind this crippling symptom.  The BPP is tested on a DLB cohort to see if it is 

accessible to these patients, and to see if it can also measure VH in DLB patients, as it 

does in PD patients.   

Chapter Five reports a study that assessed patients with isolated RBD (iRBD) who 

form part of an ongoing, longitudinal prospective study being conducted at the Brain 

and Mind Centre.  This Chapter highlights how the recently proposed research criteria 

for making the diagnosis of prodromal DLB might be best implemented in patients 

who have mild cognitive impairment (the essential feature of prodromal DLB) with at 

least one core clinical feature (dream enactment – RBD) and one objective biomarker 

(polysomnographically confirmed REM Sleep Without Atonia - RSWA).  This study 

also evaluates whether the SART, MR and BPP tasks described in this thesis might 

have any utility in differentiating patients meeting the proposed research criteria for 

prodromal DLB from those at risk of synucleinopathy who have iRBD and no 

significant cognitive impairment.  Furthermore, this Chapter evaluates the baseline 

performance on the SART, MR and BPP of those iRBD patients who transitioned to 

DLB or PD in the period of this research thesis.  

Finally, in Discussion, I will summarise the findings of these research papers and 

highlight the future directions that need to be pursued.  During the course of my 

candidature I also co-authored several papers that compliment the topics of this thesis.   

The first paper investigated the subtle features of gait disturbance within an iRBD 

cohort compared to age matched Healthy Controls (HC).  Here we recruited iRBD 

patients with confirmed RSWA via vPSG and had them walk on a pressure sensitive 

mat whilst performing various tasks (Ehgoetz Martens et al., 2019) and found that 
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during normal paced walking the two groups had similar gait patterns.  However, 

during a dual task walk, the HC group widened their stride width, perhaps to 

maximise stability during cognitive load, a behaviour that was absent in iRBD patients 

who instead varied their width during cognitive load.  This finding was further 

investigated in the follow-up paper that utilised a validated Virtual Reality gait 

paradigm in combination with event related fMRI to investigate the neural correlates 

during dual task walking in iRBD (Ehgoetz Martens et al., 2020).  This study found 

that as cognitive load increased, HC maintained high connectivity between the 

frontoparietal and motor networks.  Conversely, in iRBD patients this connectivity 

decreased with increasing cognitive load, suggesting that this network is impaired in 

iRBD patients, resulting in the use of compensatory strategies.  The third published 

paper focuses on VH in the DLB cohort and how they are related to colour 

discrimination vision (Matar et al., 2019a).  The findings demonstrated that DLB 

patients had poorer colour discrimination compared with aged match HC and that 

the degree of colour discrimination impairment was associated with the severity and 

frequency of VH within DLB patients.  This finding supports the involvement of low-

level visual networks in the complex VH experienced by DLB patients.  

It is believed that through the introduction of the SART, MR and BPP researchers 

will be provided with additional tools that are much needed to measure some of the 

key features in DLB.  These tasks are already being found to be valuable for accurately 

quantifying the effects of different interventions in clinical trials and may prove 

invaluable in future neuroimaging/neurophysiological studies to better understand 

the neural correlates underpinning clinical symptoms.   It is hoped that these fresh 

insights will lead to the improved future diagnosis and management of patients 

impacted by DLB.  
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2.1. Abstract 

 Cognitive fluctuations (CF) are a core diagnostic feature of Dementia 

with Lewy Bodies (DLB). Detection of CF are still mostly based on 

subjective reports from the patient or informant, more quantitative 

measures are likely to improve the accuracy of diagnosis of DLB. The 

purpose of the current study was to test whether performance on the 

Sustained Attention Response Task (SART) could distinguish those 

DLB patients with and without CF. Twenty-four DLB patients were 

tested on the SART and performance was related to scores on the 

Clinical Assessment of Fluctuations (CAF) and One Day Fluctuations 

Assessment Scale (ODFAS). The number of ‘Misses’ made was a 

significant predictor of their fluctuation severity, attentional 

performance, disorganized thinking and language production ratings 

on the ODFAS. However, measures on the SART did not correlate 

with measures on the CAF scale. In conclusion, these findings suggest 

that SART is a feasible measure of sustained attention in this 

population and has clinical and diagnostic relevance to the 

measurement of CF, particularly those aspects measured by the 

ODFAS.  

Key Words: Dementia with Lewy Bodies; attention; cognition; 

Sustained Attention Response Task 
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2.2. Introduction 

Dementia is characterized by a decrease in cognitive ability that negatively 

impacts everyday functioning (Chertkow et al., 2013).  Dementia with Lewy bodies 

(DLB) is a neurodegenerative disease that accounts for 5% of dementia worldwide 

(Kane et al., 2018). One of the most difficult clinical challenges has been dissociating 

DLB from other forms of dementia, especially Alzheimer’s disease (AD), thus 

highlighting the need for improved diagnostic tools (McKeith et al., 2016).   

The recently revised diagnostic guidelines for DLB specify four core clinical 

features: the presence of visual hallucinations, REM sleep behavior disorder (RBD), 

spontaneous parkinsonism and cognitive fluctuations (CF; McKeith et al., 2017).  The 

presence of any two of these core features, in the context of a dementing illness, allows 

for the diagnosis of probable DLB.  Despite early recognition of its diagnostic 

importance, CF remains one of the most challenging of DLB features to elicit reliably 

in clinical practice.     

Cognitive fluctuations are characterized by varying levels of cognitive ability, 

attention or arousal (McKeith et al., 1996). While CF are present in up to 90% of DLB, 

they are much less frequent in AD (20%) and Vascular Dementia (35-50%; Lee et al., 

2014). Patients with CF may alternate from holding a lucid conversation, to being in a 

state of delirium (Gore et al., 2015). Such episodes vary widely in their duration and 

frequency, such that they may last for a minute or several hours and may occur 

monthly or multiple times per day (Walker et al., 2000b). Importantly, in AD 

populations, it has been found that patients with CF perform more poorly on 

neuropsychological tests than patients who do not fluctuate (Escandon et al., 2010) 

suggesting an overall cognitive impairment that is not confined to the more impaired 

phases of performance.  

Unfortunately, CF have proven to be difficult to accurately identify (Luis et al., 

1999; Mega et al., 1996; Van Dyk et al., 2016) and currently their identification is 

derived from structured clinical interviews that can be supported using instruments 
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like the Clinical Assessment of Fluctuation scale (CAF) and the One Day Fluctuation 

Assessment Scale (ODFAS; Walker et al., 2000a). The CAF measures the frequency and 

duration of episodes of impaired alertness or concentration and confusion over the 

period of the preceding month. In contrast, the ODFAS relates to CF symptoms over 

the last 24 hours. It focuses on seven components affiliated with fluctuations, namely 

falls, fluctuations, drowsiness, attention, disorganized thinking, level of consciousness 

and communication, which are not solely focused on cognition (Walker et al., 2000a). 

A more recent scale is the Dementia Cognitive Fluctuation scale combine aspects from 

both the CAF and ODFAS and focuses of four aspects of CF: Changes in function, 

daytime drowsiness, daytime sleep, and levels of consciousness %; Lee et al., 2014). 

While these scales have improved the sensitivity for detecting CF, they still rely on 

either self-report from the patient, their informants or by observations made directly 

by the clinician, all of which remain subjective. Therefore, introducing a behavioral 

task to quantify CF could improve the sensitivity of measuring this symptom and 

potentially offer an objective, easy-to-use clinical tool that could overcome issues of 

interrater reliability.  

The Sustained Attention Response Task (SART; Robertson et al., 1997) is a 

simple and ecologically valid task designed to measure failures in sustained attention 

(Smilek et al., 2010). The SART is based on the Go/No-Go paradigm with a high ratio 

of go to no-go trials (9:1; Robertson et al., 1997). During the SART, participants are 

briefly presented with a number (1 – 9) and are required to press a button as quickly 

as possible if the number is not the number “3”. The main measures of the SART are 

response times (RT) and errors, identified as are either False Alarms or Misses. False 

Alarms indicate errors in inhibition (i.e., a key was pressed when a “3” was presented; 

Carter et al., 2013). A Miss is interpreted as lapses of attention (i.e., no response is 

made for non-target numbers; Robertson et al., 1997). Short RT also suggests that 

participants have fallen into rhythmic responding and have stopped attending to the 

stimuli.  
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The SART has been used in several clinical populations including traumatic 

brain injury (Richard et al., 2018; Robertson et al., 1997; Whyte et al., 2006), depression 

(Farrin et al., 2003; Naim-Feil et al., 2016), schizophrenia (Seok et al., 2012), 

Huntington’s disease (Hart et al., 2015) and AD (Gyurkovics et al., 2018; Huntley et 

al., 2017) but not DLB. The simple nature of the SART requires a low cognitive load 

making it accessible by DLB patients, who are characterized with moderate cognitive 

impairment. The high number of go trials should make the task sensitive to drops in 

attention that would be experienced during a CF. These features that should make the 

SART an ideal tool for detecting CF in DLB patients.  However, to date the SART has 

not been previously assessed for its ability to assess CF in any population, or with a 

DLB cohort.  

Given that the SART has not been tested previously for identifying CF, this 

study took an exploratory approach to evaluate whether DLB patients could complete 

the task and then explored its effectiveness at detecting CF in this population. It was 

expected that DLB patients who scored highly on the CF or ODFAS may also have 

more Misses when performing the SART than patients who had low CF scores. We 

also predicted that given the SART represented a snapshot of performance on the day 

of testing, it may have stronger correlations with the ODFAS than the CAF, which 

considers more retrospective patient and informant accounts, with less emphasis on 

attention. Whilst traditionally short RT on the SART have been indicative of low 

attention, we proposed that this may not be the case with our parkinsonian DLB 

patients who are prone to slow response times due to bradyphrenia and 

parkinsonism. Thus, we expected that higher standard deviations in response time 

(RTSD) would more closely mimic fluctuations in attention and would be more likely 

correlated with CAF and ODFAS measures.  

 

2.3. Methods  

2.3.1. Participants 
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Twenty-four patients meeting diagnostic criteria for probable DLB (McKeith et 

al., 2017) were recruited through the Parkinson’s Disease Research Clinic at the Brain 

and Mind Centre, University of Sydney, Australia. This clinic specializes in Lewy 

body diseases, and is not limited to patients with Parkinson disease, or parkinsonian 

features. Patients were also recruited through the community and neurology clinics 

in the wider Sydney region. Informed written consent was provided by each patient 

and the study was approved by the Human Research Ethics Committee at Sydney 

University. Demographics and diagnostic characteristics are presented in Table 1. 

Eighteen patients were taking cholinesterase inhibitors. Four patients were excluded 

from the study due to fatigue or equipment failure. The excluded patients did not 

differ in fluctuation scores or demographic characteristics from the patients who 

completed the task. Parkinsonism was assessed using section three of the Movement 

Disorder Society’s Unified Parkinson’s Disease Rating Scale (MDS-UPDRS; Goetz et 

al., 2008), global cognitive impairment was assessed using Mini Mental State Exam 

(MMSE; Folstein et al., 1975) and Rapid Eye Movement Sleep Behavior Disorder (RBD) 

was confirmed with polysomnography using the SINBAR protocol (Frauscher et al., 

2008; Iranzo et al., 2011).  

 

2.3.2. Apparatus/Procedure 

The SART was run on a 15” laptop using E-Prime 2.10 (Psychology Software 

Tools, 2013). The SART presented a fixation cross for 900 ms followed by a random 

number between 1 – 9 for 750 ms. Note that stimuli were shown at a slower rate than 

in the original SART (250ms; Robertson et al., 1997), as the original version was too 

fast for this clinical population. The participants were instructed to press the 

“spacebar” each time they saw any number (i.e., ‘go’ trial), except for when the 

number ‘3’ was presented (i.e. ‘no-go’ trial; Figure 2.1). The original paradigm used a 

9:1 ratio of go to no-go trials. Due to time restraints during session the length was 

reduced from 225 trials to 180 trials. In order to maintain a high number of ‘no-go’ 
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trials the ration was reduced to 5:1 go to no-go trials. This ratio will still result in a 

high error rate (Wilson et al., 2016). There were 130 ‘go’ trials and 50 ‘no-go’ trials. The 

font size of the number displayed was also varied, ranging between 48 pt to 120 pt. 

This was to ensure that participants were processing the numbers and not using 

unique graphical features of the number three.  A hit was defined as a correct button 

press for a ‘go’ trial; a correct rejection was the absence of a button press for a ‘no-go’ 

trial; while the absence of a response for a ‘go’ trial was labelled as a Miss; and a 

response for the ‘no-go’ trial was labelled as a False Alarm. Once the participant 

indicated that they understood what they were required to do, they would then begin 

a practice session. Following a successful completion of the practice session, the main 

task would begin and last for six minutes. Average and standard deviation of the 

response time, number of Misses (when no response was made for a ‘go’ trial) and 

number of False Alarms (when a response was made for a ‘no-go’ trial) were recorded 

as a measure of task performance. As this was a go/no-go task, response times and 

accuracy were correlated to ensure there was no speed/accuracy trade off in our 

sample.  
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Figure 2.1: Sustained Attention Response 
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Cognitive fluctuations were identified and measured using the CAF and 

ODFAS (Walker et al., 2000a) during a semi-structured clinical interview by a trained 

clinician (E.M.). The CAF includes two items, the first probes for fluctuations in 

alertness and concentration while the second focuses on confusion. Positive responses 

to either of these items then require the clinician to score the frequency and duration 

of the fluctuations which are multiplied together to give a severity score ranging from 

0 – 16 with a score of 16 indicating a constant state of confusion. The ODFAS uses 

seven items to measure fluctuating cognition (occurrence of falls, fluctuation, 

drowsiness, attention, disorganized thoughts, altered level of consciousness and 

communication) during the 24 hours before the assessment. Scores range from 0 – 21, 

with a score of 21 taken to indicate a high degree of confusion associated with 

fluctuations if present. Twelve patients scored higher than 5 in the CAF, indicating 

clinical CF (Walker et al., 2000a).  

The remaining three core features of DLB were measured using the Rapid Eye 

Movement Behaviour Disorder scale for RBD (RBDSQ; Stiasny-Kolster et al., 2007); 

Section III from the MDS-UPDRS for parkinsonism; MDS-UPDRS Section I Item 2 for 

hallucinations and the depression subscale from the Hospital Anxiety and Depression 

Scale (HADS; Zigmond & Snaith, 1983).  

 

2.3.3. Statistical Analysis 

All statistical analyses were performed using SPSS 25 (IBM, 2017), with an 

alpha set to 0.05. Correlations were calculated using Spearman’s Rho due to the data 

not meeting normality. Backward stepwise multiple regressions were used to 

determine how well the SART variables predicted the CF measures.  

 

2.4. Results 

2.4.1. Overall SART performance 
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Overall, performance in the SART was high; cognitive impairment according 

to the MMSE did not appear to impede patient’s ability to complete the SART. 

Patients had a mean accuracy of 87.3% (SD = 8.5%). Regarding errors, there were 11.7 

(SD = 9.14) Misses and 8.35 (SD = 6.49) False Alarms. The average response time for 

correct responses was 584.23 ms (SD = 106.90 ms) and 743.86 ms (SD = 359.40) for 

False Alarms. 

2.4.2. Relationship between clinical measures and SART 

Age, disease duration, years of education, MMSE, daily dopamine equivalent, 

section III (motor examination) of the MDS-UPDRS and RBDSQ scores were not 

significantly correlated with the number of Misses, False Alarms, or the average 

response time of the SART.  The depression subscale from the HADS and the visual 

hallucination item in MDS-UPDRS did correlate with SART measures (Table 2.1) and 

were therefore included in the regression analysis below. An initial analysis on the 

relationship between the SART measures and the CF scales revealed that the number 

of Misses correlated with the ODFAS (rs(18) = 0.55, p < 0.05; figure 2.2), but not the 

CAF (rs(18) = 0.29, p = 0.211).  

2.4.3. Relationship between SART and cognitive fluctuations 

A stepwise multiple regression was used to identify which elements of the 

SART were predictive of fluctuation measures from the CAF and ODFAS. Using a 

backward stepwise method, the number of Misses (β = 0.61) was the only measure that 

significantly predicted ODFAS scores (R = 0.614, R2 = 0.37, Adj. R2 = 0.34, F(1,17) = 

10.11, p < 0.01). As the ODFAS contains different items that measure different aspects 

of CF, each item was also correlated with Misses to identify which features of CF were 

driving the relationship (Table 2.2). To account for family wise error, Sidak correction 

was applied, reducing the alpha to 0.006. With the stricter alpha level, the only 

correlation that maintained significance was with disorganized thinking (rs(18) = .62, 

p < 0.006). The remaining correlations between Misses and the ODFAS sections fell out 
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of significance (severity of fluctuations rs(18) = 0.48, p = 0.03, attention rs(18) = 0.49, p = 

0.03, and language production rs(18) = 0.53, p = 0.016). Additionally, RTSD correlated 

with language production (rs(18) = 0.61, p < 0.006), while a correlation with attention 

did not meet the stringent alpha level (rs(18) = 0.46, p < 0.05). Notably, none of the 

SART measures were significant predictors of the CAF and thus none were retained 

for the model (Adj. R2 = 0.04, F(1,18) = 1.79, p = 0.20).  

  Correlation (Spearman’s Rho)  

 Mean (SD) Misses False 

Alarms 

Average 

RT 

SD RT 

Age (years) 74.2(6.6) .12 -.25 .36 .17 

Disease Duration 

(years) 

1.9(1.4) .04 -.28 .12 -.15 

Years of 

Education 

12(0.4) -.10 .03 -.07 -.28 

MMSE 22.5(5.9) -.42 -.29 -.41 -.40 

MDS-UPDRS-III 35.33(13.71) .12 .08 -.09 -.02 

RBD 6.26(3.93) -.24 -.37 -.34 -.23 

MDS-UPDRS-VH 0.26(0.22) .59* .36 .47 .48* 

HADS-D 7.19(4.83) .69* .08 .29 .33 

 

Table 2.1: Participant demographics: * = p < 0.05; MMSE = Mini Mental State Exam; RT = 

Response Time, MDS-UPDRSIII = Movement Disorder Society – Unified Parkinson’s 

Disease Rating Scale Section III; VH = visual hallucination as measured from the MDS-

UPDRS; HADS-D = Hospital Anxiety and Depression Scale – Depression. 
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Figure 2.2: Correlation between the number of misses made and ODFAS scores Spearman’s 

correlation = 0.55. ODFAS = One Day Fluctuation Assessment Scale. 

 

     

 Total 

Misses 

Total False 

Alarm 

Average RT RT SD 

Mean (S.D.) 11.7 (9.14) 8.35 (6.49) 584.22 (106.94) 254.56 (107.71)  

Range (min, max) 0, 30 0, 26 397.43, 786.48 77.19, 398.29 

Correlations:     

CAF .29 .09 .09 -.06 

ODFAS Total .55* .20 .31 .33 

Fluctuations .53* .29 .27 .37 

Drowsiness .22 -.05 -.02 -.07 
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Attention .49* .41* .35 .46* 

Disorganised 

thoughts 

.62** .22 .50* .34 

Altered 

consciousness 

.20 .08 .10 .06 

Communication     

Comprehension .24 .12 .02 .28 

Production .53* .33 .53* .64** 

 

Table 2.2: SART Performance and Correlations: * = p < .05; ** p < .006. Response times are 

in milliseconds. Correlations are Spearman’s Rho. 

 

2.4.4. Speed-accuracy trade-off 

Overall, response accuracy was high (M = 87.12%; SD = 8.34%). Potential speed-

accuracy trade-off was measured by correlating SART accuracy (percentage of trials 

where responses were correctly made or withheld) with average response time. There 

was a negative correlation of rs(19) = -0.634, p < 0.001 suggesting that the more accurate 

participants were also faster at responding. This does not reflect a speed accuracy 

trade-off but more likely reflected overall disease severity and suggests that the more 

severe DLB patients were less accurate and slower to respond, whereas the less severe 

patients were more accurate and faster to respond.  

 

2.5. Discussion 

The current study aimed to test the viability of using the SART to objectively 

detect CF in a DLB population.  Overall, DLB patients recruited for this study had 



Page 172 of 336 
 

high response accuracy, supporting the feasibility of using the SART in this 

population. Cognitive fluctuations as measured by the ODFAS were best predicted by 

the number of Misses made in the SART. 

While the SART was able to predict ODFAS scores, it was unable to predict 

CAF scores. The relationship between SART measures and the ODFAS but not the 

CAF could be due to the different approaches each scale takes to measuring CF. Whilst 

the CAF probes for periods of impaired alertness or concentration and periods of 

confusion, measuring the severity as frequency and duration of the fluctuation, the 

ODFAS focuses on specific symptoms that are likely to be experienced during the 

impaired cycle of CF testing the change in impairment from the highest point to the 

lowest point of CF. This dimension of severity may therefore represent what the SART 

is sensitive to. It also brings into question the existence of different CF phenotypes and 

potentially heterogeneous underlying pathology that causes CFs to vary in duration, 

frequency and level of impairment across individuals. The lack of relationship 

between SART and CAF scores is not in agreement with previous work by Walker, 

Ayre, Cummings, et al. (Walker et al., 2000a) who found that DLB patients who scored 

high on the CAF also exhibited more variance in their response time for a Choice 

Reaction Task (CRT) and a Digit Vigilance Task (DVT). One potential reason for the 

discrepancy in outcomes could be due to the response nature of the task. The CRT 

requires the participant to make an active choice between two response buttons for 

each trial, while the SART requires participants to make a single response for most of 

the trials. The choice aspect of the CRT may be more sensitive to impairments in CFs 

that are occurring over the preceding month. The DVT has participants withholding 

responses for most trials and responding less frequently to a target stimulus. It could 

be that the periods of response absent trials are more sensitive to CFs rather than when 

responses are required.  Alternatively, there could also have been discrepancies 

between patients studied by Walker, Ayre, Cummings, et al. (Walker et al., 2000a) and 

the present study given the recent revision of the diagnostic criteria for DLB. Overall, 
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these results support two of the study’s hypotheses predicting that patients with high 

CF scores would exhibit more Misses in the SART task and these Misses would be 

more correlated with ODFAS rather than CAF scores. It was also hypothesized that 

RTSD would predict CF scores. However, this was not supported as RTSD failed to be 

a predictor of CF scores. 

Using a linear regression, the number of Misses during the SART was a 

significant predictor of ODFAS scores, verifying its use as an objective CF measure. 

When the items of the ODFAS were separated and correlated with the number of 

Misses made during the SART, there were four sections that had medium to strong 

correlations. These were fluctuation severity, attention, communication production 

and disorganized thoughts. Of interest, the strongest relationship that maintained 

significance after the application of stricter statistical constraints was between Misses 

and disorganized thinking. The relationship between Misses and disorganized 

thinking may relate to pathology in the self-referential network, which has been 

proposed to be disrupted in individuals with disorganized thinking (Lagioia et al., 

2010)34. This network is also part of the default mode network (DMN; Sheline et al., 

2009; Shine et al., 2011), which has been implicated in internal thought processes 

(Danckert & Merrifield, 2018) and the evolution of visual hallucinations in patients 

with Parkinson’s disease (Shine et al., 2015)38. The activation of the DMN has also been 

positively correlated with errors made in a CRT (Bonnelle et al., 2011). However, the 

impact of the DMN using standard fMRI methods is debated (Chabran et al., 2018; 

Franciotti et al., 2013; Galvin et al., 2011; Onofrj et al., 2019; Peraza et al., 2014; 

Schumacher et al., 2018) while a recent article by Schumacher and colleagues 

(Schumacher et al., 2019) further implicated a role for the DMN with potential EEG 

markers of fluctuations. 

The number of Misses was also strongly correlated with depression scores on 

the HADS and visual hallucinations ratings as measured by the MDS-UPDRS. The 

correlation with depression is not surprising as attention is impaired during low mood 
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(Smallwood & O'Connor, 2011). However, depression scores from our DLB cohort 

were in the mild to moderate range, suggesting that patients’ moods were not so low 

as to affect their motivation to complete the task. We found that the SART measures 

had medium strength correlations with the attention item of the ODFAS, although this 

significance was not maintained after a Sidak correction.  While this is perhaps 

counterintuitive given that the SART is an attentional task, the original (Robertson et 

al., 1997) study evaluating the SART in patients with traumatic brain injury indicated 

that whereas response times were the best measure of attention, the observation of 

short response times indicated that responses had become more automatic and that 

attention had drifted. In our present study of patients with DLB, response time had 

the smallest correlation with the ODFAS attention item and Misses had the highest 

correlation.  One reason for this could be due to alterations in the cholinergic system 

in DLB patients. This system is heavily involved in alertness and attention (Harris & 

Thiele, 2011). Indeed, neuronal depletion in the basalis of Meynert had been observed 

in DLB patients (Kasanuki et al., 2018). This region has also been implicated in 

sustained attention in rhesus monkeys (Liu et al., 2018), inferring that impairment will 

reduce sustained attention, resulting in higher misses.  

While Misses made in the SART were able to predict scores on the ODFAS there 

are some limitations that need to be highlighted in these findings in relation to the 

way different items on the scale are scored.  For example, on the ODFAS, fluctuation 

severity and language production items involve a three-point system, whereas the 

attention and disorganized thinking items are both binary responses. Therefore, in 

order to thoroughly test the relationship between the SART and these domains, the 

inclusion of neuropsychological tests designed to measure these domains would be 

required in future studies. It is important to recognize that there is no current gold-

standard associated with measuring fluctuations and that although currently the most 

widely used method is via self and carer-reporting, there are limitations and inherent 

biases associated with this (Matar et al., 2019). Future assessments will be targeted to 
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establish convergent validity with other proposed objective measures such as EEG 

(Bonanni et al., 2015; Bonanni et al., 2008) and fMRI (Peraza et al., 2014). 

Additionally, there may be different phenotypes of CF present in our DLB 

sample. As postulated by Matar and colleagues (Matar et al., 2019), there may be 

multiple types of CFs that DLB patients experience. The first type consists of 

infrequent instances, but they have a long duration of impairment. The second type 

are more frequent and short duration of impairment. Due to the high frequency, the 

latter would be more likely recognized by the ODFAS, while the CAF would detect 

both types. This would suggest that the attention deficits noted in our sample may 

only be characteristic of the DLB patients who experience high frequency, short 

fluctuations. Further, the current study had a relatively small sample size, suggesting 

some caution with interpreting the results.  

Overall, the SART demonstrated utility as an objective testing tool within our 

DLB population. The SART was not a strong predictor of CAF scores, suggesting that 

CF are not solely a problem of sustained attention but encompass other delirium 

symptoms that are recalled more accurately over the preceding month. However, the 

number of Misses made on the SART was able to predict scores on the ODFAS relating 

to the severity of CF. The Misses were driven by the disorganized thinking, fluctuation 

severity, attention, and language production components of the ODFAS. The SART 

also proved to be a relatively simple attention task for our DLB patients with a high 

completion rate.  

Taken together, there is potential for the SART to be a useful objective measure 

of CF. Given its simplicity and feasibility to implement in a clinical setting, it certainly 

warrants further research into the relationship between the SART and other measures 

of CF in DLB.  It may also have further utility in objectively measuring the acute period 

of a fluctuation, which could be potentially incorporated into future clinical trials 

targeting this devastating symptom.  



Page 176 of 336 
 

  



Page 177 of 336 
 

2.6. References 

Bonanni, L., Perfetti, B., Bifolchetti, S., Taylor, J. P., Franciotti, R., Parnetti, L., Thomas, 

A., & Onofrj, M. (2015). Quantitative electroencephalogram utility in predicting 

conversion of mild cognitive impairment to dementia with Lewy bodies. 

Neurobiol Aging, 36(1), 434-445. 

https://doi.org/10.1016/j.neurobiolaging.2014.07.009  

Bonanni, L., Thomas, A., Tiraboschi, P., Perfetti, B., Varanese, S., & Onofrj, M. (2008). 

EEG comparisons in early Alzheimer's disease, dementia with Lewy bodies 

and Parkinson's disease with dementia patients with a 2-year follow-up. Brain, 

131(3), 690. https://doi.org/10.1093/brain/awm322  

Bonnelle, V., Leech, R., Kinnunen, K. M., Ham, T. E., Beckmann, C. F., De Boissezon, 

X., Greenwood, R. J., & Sharp, D. J. (2011). Default mode network connectivity 

predicts sustained attention deficits after traumatic brain injury. J Neurosci, 

31(38), 13442-13451. https://doi.org/10.1523/jneurosci.1163-11.2011  

Carter, L., Russell, P. N., & Helton, W. S. (2013). Target predictability, sustained 

attention, and response inhibition. Brain Cogn, 82(1), 35-42. 

https://doi.org/10.1016/j.bandc.2013.02.002  

Chabran, E., Roquet, D., Gounot, D., Sourty, M., Armspach, J. P., & Blanc, F. (2018). 

Functional Disconnectivity during Inter-Task Resting State in Dementia with 

Lewy Bodies. Dement Geriatr Cogn Disord, 45(1-2), 105-120. 

https://doi.org/10.1159/000486780  

Chertkow, H., Feldman, H. H., Jacova, C., & Massoud, F. (2013). Definitions of 

dementia and predementia states in Alzheimer's disease and vascular cognitive 

impairment: consensus from the Canadian conference on diagnosis of 

dementia. Alzheimers Res Ther, 5(Suppl 1), S2-S2. 

https://doi.org/10.1186/alzrt198  



Page 178 of 336 
 

Danckert, J., & Merrifield, C. (2018). Boredom, sustained attention and the default 

mode network. Exp Brain Res, 236(9), 2507-2518. 

https://doi.org/10.1007/s00221-016-4617-5  

Escandon, A., Al-Hammadi, N., & Galvin, J. E. (2010). Effect of cognitive fluctuation 

on neuropsychological performance in aging and dementia. Neurology, 74(3), 

210-217. https://doi.org/10.1212/WNL.0b013e3181ca017d  

Farrin, L., Hull, L., Unwin, C., Wykes, T., & David, A. (2003). Effects of depressed 

mood on objective and subjective measures of attention. J Neuropsychiatry Clin 

Neurosci, 15(1), 98-104. https://doi.org/10.1176/jnp.15.1.98  

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). "Mini-mental state". A practical 

method for grading the cognitive state of patients for the clinician. J Psychiatr 

Res, 12(3), 189-198.  

Franciotti, R., Falasca, N. W., Bonanni, L., Anzellotti, F., Maruotti, V., Comani, S., 

Thomas, A., Tartaro, A., Taylor, J. P., & Onofrj, M. (2013). Default network is 

not hypoactive in dementia with fluctuating cognition: an Alzheimer 

disease/dementia with Lewy bodies comparison. Neurobiol Aging, 34(4), 1148-

1158. https://doi.org/10.1016/j.neurobiolaging.2012.09.015  

Frauscher, B., Iranzo, A., Hogl, B., Casanova-Molla, J., Salamero, M., Gschliesser, V., 

Tolosa, E., Poewe, W., & Santamaria, J. (2008). Quantification of 

electromyographic activity during REM sleep in multiple muscles in REM sleep 

behavior disorder. Sleep, 31(5), 724-731. https://doi.org/10.1093/sleep/31.5.724  

Galvin, J. E., Price, J. L., Yan, Z., Morris, J. C., & Sheline, Y. I. (2011). Resting bold fMRI 

differentiates dementia with Lewy bodies vs Alzheimer disease. Neurology, 

76(21), 1797-1803. https://doi.org/10.1212/WNL.0b013e31821ccc83  

Goetz, C. G., Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S., Martinez-Martin, 

P., Poewe, W., Sampaio, C., Stern, M. B., Dodel, R., Dubois, B., Holloway, R., 

Jankovic, J., Kulisevsky, J., Lang, A. E., Lees, A., Leurgans, S., LeWitt, P. A., 

Nyenhuis, D., Olanow, C. W., Rascol, O., Schrag, A., Teresi, J. A., van Hilten, J. 

J., & LaPelle, N. (2008). Movement Disorder Society-sponsored revision of the 



Page 179 of 336 
 

Unified Parkinson's Disease Rating Scale (MDS-UPDRS): scale presentation 

and clinimetric testing results. Mov Disord, 23(15), 2129-2170. 

https://doi.org/10.1002/mds.22340  

Gore, R. L., Vardy, E. R., & O'Brien, J. T. (2015). Delirium and dementia with Lewy 

bodies: distinct diagnoses or part of the same spectrum? J Neurol Neurosurg 

Psychiatry, 86(1), 50-59. https://doi.org/10.1136/jnnp-2013-306389  

Gyurkovics, M., Balota, D. A., & Jackson, J. D. (2018). Mind-wandering in healthy 

aging and early stage Alzheimer's disease. Neuropsychology, 32(1), 89-101. 

https://doi.org/10.1037/neu0000385  

Harris, K. D., & Thiele, A. (2011). Cortical state and attention. Nat Rev Neurosci, 12(9), 

509-523. https://doi.org/10.1038/nrn3084  

Hart, E. P., Dumas, E. M., van Zwet, E. W., van der Hiele, K., Jurgens, C. K., 

Middelkoop, H. A., van Dijk, J. G., & Roos, R. A. (2015). Longitudinal pilot-

study of Sustained Attention to Response Task and P300 in manifest and pre-

manifest Huntington's disease. J Neuropsychol, 9(1), 10-20. 

https://doi.org/10.1111/jnp.12031  

Huntley, J. D., Hampshire, A., Bor, D., Owen, A. M., & Howard, R. J. (2017). The 

importance of sustained attention in early Alzheimer's disease. Int J Geriatr 

Psychiatry, 32(8), 860-867. https://doi.org/10.1002/gps.4537  

IBM. (2017). IBM SPSS Statistics. In (Version 25) IBM.  

Iranzo, A., Frauscher, B., Santos, H., Gschliesser, V., Ratti, L., Falkenstetter, T., Sturner, 

C., Salamero, M., Tolosa, E., Poewe, W., Santamaria, J., & Hogl, B. (2011). 

Usefulness of the SINBAR electromyographic montage to detect the motor and 

vocal manifestations occurring in REM sleep behavior disorder. Sleep Med, 

12(3), 284-288. https://doi.org/10.1016/j.sleep.2010.04.021  

Kane, J. P. M., Surendranathan, A., Bentley, A., Barker, S. A. H., Taylor, J.-P., Thomas, 

A. J., Allan, L. M., McNally, R. J., James, P. W., McKeith, I. G., Burn, D. J., & 

O’Brien, J. T. (2018). Clinical prevalence of Lewy body dementia. Alzheimers 

Res Ther, 10(1), 19. https://doi.org/10.1186/s13195-018-0350-6  



Page 180 of 336 
 

Kasanuki, K., Ferman, T. J., Murray, M. E., Heckman, M. G., Pedraza, O., Hanna Al-

Shaikh, F. S., Mishima, T., Diehl, N. N., van Gerpen, J. A., Uitti, R. J., Wszolek, 

Z. K., Graff-Radford, N. R., & Dickson, D. W. (2018). Daytime sleepiness in 

dementia with Lewy bodies is associated with neuronal depletion of the 

nucleus basalis of Meynert. Parkinsonism Relat Disord, 50, 99-103. 

https://doi.org/10.1016/j.parkreldis.2018.02.003  

Lagioia, A., Van De Ville, D., Debbané, M., Lazeyras, F., & Eliez, S. (2010). Adolescent 

resting state networks and their associations with schizotypal trait expression. 

Front Syst Neurosci, 4, 35. https://doi.org/10.3389/fnsys.2010.00035  

Lee, D. R., McKeith, I., Mosimann, U., Ghosh-Nodial, A., Grayson, L., Wilson, B., & 

Thomas, A. J. (2014). The dementia cognitive fluctuation scale, a new 

psychometric test for clinicians to identify cognitive fluctuations in people with 

dementia. Am J Geriatr Psychiatry, 22(9), 926-935. 

https://doi.org/10.1016/j.jagp.2013.01.072  

Liu, R., Crawford, J., Callahan, P. M., Terry, A. V., Constantinidis, C., & Blake, D. T. 

(2018). Intermittent stimulation in the nucleus basalis of meynert improves 

sustained attention in rhesus monkeys. Neuropharmacology, 137, 202-210. 

https://doi.org/10.1016/j.neuropharm.2018.04.026  

Luis, C. A., Barker, W. W., Gajaraj, K., Harwood, D., Petersen, R., Kashuba, A., Waters, 

C., Jimison, P., Pearl, G., Petito, C., Dickson, D., & Duara, R. (1999). Sensitivity 

and specificity of three clinical criteria for dementia with Lewy bodies in an 

autopsy-verified sample. Int J Geriatr Psychiatry, 14(7), 526-533. 

https://doi.org/10.1002/(sici)1099-1166(199907)14:7<526::aid-gps965>3.0.co;2-0  

Matar, E., Shine, J. M., Halliday, G. M., & Lewis, S. J. G. (2019). Cognitive fluctuations 

in lewy body dementia - towards a pathophysiological framework. Brain.  

McKeith, I. G., Boeve, B. F., Dickson, D. W., Halliday, G., Taylor, J. P., Weintraub, D., 

Aarsland, D., Galvin, J., Attems, J., Ballard, C. G., Bayston, A., Beach, T. G., 

Blanc, F., Bohnen, N., Bonanni, L., Bras, J., Brundin, P., Burn, D., Chen-Plotkin, 

A., Duda, J. E., El-Agnaf, O., Feldman, H., Ferman, T. J., Ffytche, D., Fujishiro, 



Page 181 of 336 
 

H., Galasko, D., Goldman, J. G., Gomperts, S. N., Graff-Radford, N. R., Honig, 

L. S., Iranzo, A., Kantarci, K., Kaufer, D., Kukull, W., Lee, V. M. Y., Leverenz, J. 

B., Lewis, S., Lippa, C., Lunde, A., Masellis, M., Masliah, E., McLean, P., 

Mollenhauer, B., Montine, T. J., Moreno, E., Mori, E., Murray, M., O'Brien, J. T., 

Orimo, S., Postuma, R. B., Ramaswamy, S., Ross, O. A., Salmon, D. P., Singleton, 

A., Taylor, A., Thomas, A., Tiraboschi, P., Toledo, J. B., Trojanowski, J. Q., 

Tsuang, D., Walker, Z., Yamada, M., & Kosaka, K. (2017). Diagnosis and 

management of dementia with Lewy bodies: Fourth consensus report of the 

DLB Consortium. Neurology, 89(1), 88-100. 

https://doi.org/10.1212/wnl.0000000000004058  

McKeith, I. G., Galasko, D., Kosaka, K., Perry, E. K., Dickson, D. W., Hansen, L. A., 

Salmon, D. P., Lowe, J., Mirra, S. S., Byrne, E. J., Lennox, G., Quinn, N. P., 

Edwardson, J. A., Ince, P. G., Bergeron, C., Burns, A., Miller, B. L., Lovestone, 

S., Collerton, D., Jansen, E. N., Ballard, C., de Vos, R. A., Wilcock, G. K., 

Jellinger, K. A., & Perry, R. H. (1996). Consensus guidelines for the clinical and 

pathologic diagnosis of dementia with Lewy bodies (DLB): report of the 

consortium on DLB international workshop. Neurology, 47(5), 1113-1124. 

http://ovidsp.tx.ovid.com/ovftpdfs/FPDDNCOBNHDBOM00/fs047/ovft/live/g

v024/00006114/00006114-199611000-00001.pdf  

McKeith, I. G., Taylor, J. P., Thomas, A., Donaghy, P., & Kane, J. (2016). Revisiting DLB 

Diagnosis: A Consideration of Prodromal DLB and of the Diagnostic Overlap 

With Alzheimer Disease. J Geriatr Psychiatry Neurol, 29(5), 249-253. 

https://doi.org/10.1177/0891988716656083  

Mega, M. S., Masterman, D. L., Benson, D. F., Vinters, H. V., Tomiyasu, U., Craig, A. 

H., Foti, D. J., Kaufer, D., Scharre, D. W., Fairbanks, L., & Cummings, J. L. 

(1996). Dementia with Lewy bodies: reliability and validity of clinical and 

pathologic criteria. Neurology, 47(6), 1403-1409. 

https://doi.org/10.1212/wnl.47.6.1403  



Page 182 of 336 
 

Naim-Feil, J., Bradshaw, J. L., Sheppard, D. M., Rosenberg, O., Levkovitz, Y., Dannon, 

P., Fitzgerald, P. B., Isserles, M., & Zangen, A. (2016). Neuromodulation of 

Attentional Control in Major Depression: A Pilot DeepTMS Study. Neural 

Plast, 2016, 5760141. https://doi.org/10.1155/2016/5760141  

Onofrj, M., Espay, A. J., Bonanni, L., Delli Pizzi, S., & Sensi, S. L. (2019). Hallucinations, 

somatic-functional disorders of PD-DLB as expressions of thalamic 

dysfunction. Mov Disord, 34(8), 1100-1111. https://doi.org/10.1002/mds.27781  

Peraza, L. R., Kaiser, M., Firbank, M., Graziadio, S., Bonanni, L., Onofrj, M., Colloby, 

S. J., Blamire, A., O'Brien, J., & Taylor, J.-P. (2014). fMRI resting state networks 

and their association with cognitive fluctuations in dementia with Lewy bodies. 

NeuroImage. Clinical, 4, 558-565. https://doi.org/10.1016/j.nicl.2014.03.013  

Psychology Software Tools, I. (2013). E-Prime 2.0. In Psychology Software Tools, Inc.  

Richard, N. M., O'Connor, C., Dey, A., Robertson, I. H., & Levine, B. (2018). External 

modulation of the sustained attention network in traumatic brain injury. 

Neuropsychology, 32(5), 541-553. https://doi.org/10.1037/neu0000442  

Robertson, I. H., Manly, T., Andrade, J., Baddeley, B. T., & Yiend, J. (1997). 'Oops!': 

performance correlates of everyday attentional failures in traumatic brain 

injured and normal subjects. Neuropsychologia, 35(6), 747-758. 

https://doi.org/10.1016/S0028-3932(97)00015-8  

Schumacher, J., Peraza, L. R., Firbank, M., Thomas, A. J., Kaiser, M., Gallagher, P., 

O'Brien, J. T., Blamire, A. M., & Taylor, J. P. (2018). Functional connectivity in 

dementia with Lewy bodies: A within- and between-network analysis. Hum 

Brain Mapp, 39(3), 1118-1129. https://doi.org/10.1002/hbm.23901  

Schumacher, J., Peraza, L. R., Firbank, M., Thomas, A. J., Kaiser, M., Gallagher, P., 

O'Brien, J. T., Blamire, A. M., & Taylor, J. P. (2019). Dysfunctional brain 

dynamics and their origin in Lewy body dementia. Brain, 142(6), 1767-1782. 

https://doi.org/10.1093/brain/awz069  

Seok, J. H., Park, H. J., Lee, J. D., Kim, H. S., Chun, J. W., Son, S. J., Oh, M. K., Ku, J., 

Lee, H., & Kim, J. J. (2012). Regional cerebral blood flow changes and 



Page 183 of 336 
 

performance deficit during a sustained attention task in schizophrenia: (15) O-

water positron emission tomography. Psychiatry Clin Neurosci, 66(7), 564-572. 

https://doi.org/10.1111/j.1440-1819.2012.02407.x  

Sheline, Y. I., Barch, D. M., Price, J. L., Rundle, M. M., Vaishnavi, S. N., Snyder, A. Z., 

Mintun, M. A., Wang, S., Coalson, R. S., & Raichle, M. E. (2009). The default 

mode network and self-referential processes in depression. Proceedings of the 

National Academy of Sciences of the United States of America, 106(6), 1942-

1947. https://doi.org/10.1073/pnas.0812686106  

Shine, J. M., Halliday, G. M., Naismith, S. L., & Lewis, S. J. (2011). Visual 

misperceptions and hallucinations in Parkinson's disease: dysfunction of 

attentional control networks? Mov Disord, 26(12), 2154-2159. 

https://doi.org/10.1002/mds.23896  

Shine, J. M., Muller, A. J., O'Callaghan, C., Hornberger, M., Halliday, G. M., & Lewis, 

S. J. (2015). Abnormal connectivity between the default mode and the visual 

system underlies the manifestation of visual hallucinations in Parkinson's 

disease: a task-based fMRI study. NPJ Parkinsons Dis, 1, 15003. 

https://doi.org/10.1038/npjparkd.2015.3  

Smallwood, J., & O'Connor, R. C. (2011). Imprisoned by the past: unhappy moods lead 

to a retrospective bias to mind wandering. Cogn Emot, 25(8), 1481-1490. 

https://doi.org/10.1080/02699931.2010.545263  

Smilek, D., Carriere, J. S., & Cheyne, J. A. (2010). Failures of sustained attention in life, 

lab, and brain: ecological validity of the SART. Neuropsychologia, 48(9), 2564-

2570. https://doi.org/10.1016/j.neuropsychologia.2010.05.002  

Stiasny-Kolster, K., Mayer, G., Schafer, S., Moller, J. C., Heinzel-Gutenbrunner, M., & 

Oertel, W. H. (2007). The REM sleep behavior disorder screening questionnaire-

-a new diagnostic instrument. Mov Disord, 22(16), 2386-2393. 

https://doi.org/10.1002/mds.21740  

Van Dyk, K., Towns, S., Tatarina, O., Yeung, P., Dorrejo, J., Zahodne, L. B., & Stern, Y. 

(2016). Assessing Fluctuating Cognition in Dementia Diagnosis:Interrater 



Page 184 of 336 
 

Reliability of the Clinician Assessment of Fluctuation. American Journal of 

Alzheimer's Disease & Other Dementias, 31(2), 137-143. 

https://doi.org/10.1177/1533317515603359  

Walker, M. P., Ayre, G. A., Cummings, J. L., Wesnes, K., McKeith, I. G., O'Brien, J. T., 

& Ballard, C. G. (2000a). The Clinician Assessment of Fluctuation and the One 

Day Fluctuation Assessment Scale: Two methods to assess fluctuating 

confusion in dementia. British Journal of Psychiatry, 177(3), 252-256. 

https://doi.org/10.1192/bjp.177.3.252  

Walker, M. P., Ayre, G. A., Perry, E. K., Wesnes, K., McKeith, I. G., Tovee, M., 

Edwardson, J. A., & Ballard, C. G. (2000b). Quantification and characterization 

of fluctuating cognition in dementia with Lewy bodies and Alzheimer's 

disease. Dement Geriatr Cogn Disord, 11(6), 327-335. https://doi.org/17262  

Whyte, J., Grieb-Neff, P., Gantz, C., & Polansky, M. (2006). Measuring sustained 

attention after traumatic brain injury: differences in key findings from the 

sustained attention to response task (SART). Neuropsychologia, 44(10), 2007-

2014. https://doi.org/10.1016/j.neuropsychologia.2006.02.012  

Wilson, K. M., Finkbeiner, K. M., de Joux, N. R., Russell, P. N., & Helton, W. S. (2016). 

Go-stimuli proportion influences response strategy in a sustained attention to 

response task. Exp Brain Res, 234(10), 2989-2998. 

https://doi.org/10.1007/s00221-016-4701-x  

Zigmond, A. S., & Snaith, R. P. (1983). The hospital anxiety and depression scale. Acta 

Psychiatr Scand, 67(6), 361-370. https://doi.org/10.1111/j.1600-

0447.1983.tb09716.x  



Page 185 of 336 
 

 

 

Chapter Three 
 

 

3. An adaptive measure of visuospatial impairment in Dementia with 

Lewy Bodies 
 

 

 

This study is under review in Movement Disorders Clinical Practice: 

Phillips, J. R., Matar, E., Ehgoetz Martens, K. A., Moustafa, A. A., Halliday, G. M., & Lewis, S. J. G. (In Review). An 

adaptive measure of visuospatial impairment in Dementia with Lewy Bodies. Movement Disorders Clinical Practice.   



Page 186 of 336 
 

3.1. Abstract 

Background: Dementia with Lewy bodies (DLB) is a common cause 

of dementia with poor prognosis and high hospitalisation rates.  DLB 

is frequently misdiagnosed, with clinical features that overlap 

significantly with other diseases including Parkinson’s disease (PD).  

Clinical instruments that discriminate and track the progression of 

cognitive impairment in DLB are needed.   

Objectives: The current study was designed to assess the utility of a 

mental rotation (MR) task for assessing visuospatial impairments in 

early DLB.  Methods: Accuracy of 22 DLB patients, 22 PD patients and 

22 age-matched healthy controls in the MR task were compared at 

comparing shapes with 0°, 45° and 90° rotations.   

Results: Healthy controls and PD patients performed at similar levels 

while the DLB group were significantly impaired.  Further, 

impairment in the visuospatial and executive function measures 

correlated with MR poor outcomes.   

Conclusion: These findings support the MR task as an objective 

measure of visuospatial impairment with the ability to adjust 

difficulty to suit impairments in a DLB population.  This would be a 

useful tool within clinical trials. 
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3.2. Introduction  

Dementia with Lewy Bodies (DLB) is the second most common cause of 

neurodegenerative dementia in the elderly, accounting for up to 5-20% of dementia 

cases (Aarsland et al., 2008; Jellinger & Attems, 2011; Kane et al., 2018; Vann Jones & 

O'Brien, 2014).  This neurodegenerative disease is characterised by an aggressive 

decline that significantly impacts on everyday activities (Chertkow et al., 2013) with a 

poor prognosis that frequently requires hospitalisation or full-time care (Mueller et 

al., 2017).  Whilst diagnostic criteria have been established to facilitate an earlier and 

more accurate diagnosis by recognising four core features (parkinsonism, cognitive 

fluctuations, visual hallucinations, and dream enactment; McKeith et al., 2017), many 

patients remain undiagnosed or misdiagnosed (Kane et al., 2018; Vann Jones & 

O'Brien, 2014).  The frequent presence of parkinsonism will usually help the clinician 

in differentiating DLB from Alzheimer’s Disease (AD) but given that even at the time 

of first diagnosis, around a third of Parkinson’s Disease (PD) patients are known to 

have Mild Cognitive Impairment (MCI; Foltynie et al., 2004).  Indeed, differentiating 

these two synucleinopathies from each other can prove challenging.  Thus, there is an 

immediate need to find convenient approaches to assist in the recognition of such 

cases. 

Whilst the cognitive decline observed in DLB may encompass a broad range of 

domains, the most significant impairments occur across executive (McKeith et al., 

2007) and visuospatial function (Kemp et al., 2017; Smirnov et al., 2020).  Indeed, it has 

been reported that even during the prodromal (classified as MCI with two of the core 

diagnostic features) and early stages of the disease, DLB patients have more 

visuospatial impairments than PD patients with a similar disease duration (Génier 

Marchand et al., 2018), as well as prodromal and early AD patients (van de Beek et al., 

2020).  Therefore, this differential impairment of visuoperceptive abilities may 

represent a suitable neuropsychometric target that could be utilised to differentiate 
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early DLB cases from other conditions with similar initial clinical profiles, such as PD 

and AD.   

A range of tests investigating visuospatial ability have been employed in patients 

with DLB, but these results have lacked consistency.  This may be due to the 

heterogeneity of the disease or the nature of other disease features such as cognitive 

fluctuations, which are common in DLB and would clearly impact upon the 

performance of many tasks.  The Visual Object and Space Perception battery (VOSP) 

was originally designed to help differentiate DLB patients with a disease duration of 

at least 12 months from AD patients (Calderon et al., 2001).  The task requires subjects 

to complete a series of trials designed to measure an individual’s spatial and object 

perception (Quental et al., 2013).  The VOSP consists of nine simple tasks that involve 

the identification of obscure shapes and silhouettes by matching numbers to locations 

(Warrington, 1991).  However, applying the VOSP to prodromal DLB patients has 

produced mixed results.  Van de Beek and colleagues (van de Beek et al., 2020) found 

more impairment in prodromal DLB patients compared to prodromal AD patients, 

however Kemp and colleagues (2017) were unable to separate prodromal DLB 

patients from either AD or healthy controls using the VOSP.  This suggest that the 

VOSP may not be sensitive enough to discriminate between neurodegenerative 

conditions.   

The Benton Line Orientation Judgement task is a 30-item task that also measures 

visuospatial ability by having patients compare and match line orientations.  

Compared to AD, patients with DLB have shown greater deficits on this task (Simard 

et al., 2003) but a more recent study has found that most DLB patients are unable to 

complete this task and thus it may prove unsuitable for general use (Martini et al., 

2020).  The Rey-Osterrieth Complex Figure copy (ROCF) is another popular test to 

measure visuospatial abilities in healthy and clinical populations (Meyers & Meyers, 

1995).  In persons with dementia, it has been shown to differentiate AD from PD 

patients with mixed results (Freeman, 1999; Freeman et al., 2000; Grossi et al., 2011), 

perhaps due to absence of control for the duration and severity of disease.  The ROCF 
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has also been used to differentiate DLB from PDD patients (Martini et al., 2020) but 

such findings have not been universal (Mondon et al., 2007).   

Previously, the Mental Rotation task has been utilised in AD (Adduri & Marotta, 

2009; Bird et al., 2010; Flicker et al., 1988), PD (Lee et al., 1998), Huntington’s disease 

(Lineweaver et al., 2005), and traumatic brain injury (Oostra et al., 2012) to evaluate 

an individual’s ability to internally visualise and manipulate three dimensional (3D) 

objects (Shepard & Metzler, 1971).  Participants are presented pairs of shapes and are 

required to determine if the shapes are identical or mirror images of each other 

(Shepard & Metzler, 1971).  One shape is rotated on its y-axis, which then requires the 

participant to visualise and rotate the shape to determine if it is the same or a mirror 

image of its pair.  The amount of rotation has been shown to be correlated with greater 

cognitive load and subsequently higher difficulty as the rotation approaches 180° 

(Bourrelier et al., 2015).  This feature of the Mental Rotation task allows the difficulty 

to be adjusted to be more accessible to patients with differing degrees of visuospatial 

impairment.   

Variations of the Mental Rotation task have already been tested with non-

demented PD patients.  Duncombe and colleagues (1994) tested PD patients rotating 

2D stick figures on the z-axis and found that they performed as well as healthy 

controls.  Employing a similar paradigm but replacing the figures with faces, Adduri 

and Marotta (2009) found impairments in AD patients that worsened as the degree of 

rotation increased.  However, the extent of dementia was not controlled for, and the 

impaired domains were not specified.  To date, Mental Rotation tasks have not been 

utilised in DLB but would appear to hold some utility in assessing visuospatial 

performance. 

The aim of the current study was to assess a novel version of the Mental Rotation 

task, which incorporated 3D shapes with varying degrees of rotation on the y-axis, to 

detect differences across DLB and PD patients with matched disease durations, as well 

as age matched healthy controls.  We predicted that performance by the two patient 

groups would be more impaired than in the healthy controls, and that the DLB group 
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would have significantly poorer accuracy than the PD group.  Furthermore, it was 

anticipated that performance across attentional and visuospatial domains would be 

correlated with performance on the Mental Rotation task, as opposed to memory 

deficits.   

3.3. Methods 

3.3.1. Participants 

Groups were matched on age, years of education and within the patient groups, 

disease duration.  This resulted in a sample of 22 healthy controls, 22 DLB patients 

and 22 PD patients.  Participants were recruited through the ForeFront Parkinson’s 

Disease Research Clinic (University of Sydney).  Informed consent was provided by 

each patient and the study was approved by the Human Research Ethics Committee 

at Sydney University.  All patients underwent neurological assessment including the 

Movement Disorder Society Unified Parkinson’s Disease Rating Scale for motor 

features (MDS-UPDRS section III) and a comprehensive neuropsychological battery 

for cognitive impairments.  PD patients were diagnosed using the Movement Disorder 

Society diagnostic criteria (Postuma et al., 2015), DLB patients were diagnosed using 

according to the fourth diagnostic consensus criteria (McKeith et al., 2017). Healthy 

controls were recruited generally as spouses, caregivers, or close relatives and 

screened for underlying conditions via a clinical interview.  Participants were 

excluded if they less than 6/12 corrected vision or were unable to perform the task, 

this resulted in the exclusion of no participants.  Patients were tested whilst taking 

their normal medications, with 17 DLB patients taking cholinesterase inhibitors 

(AChEI) and six DLB patients taking dopaminergic medications.   

Procedure 3.3.2 

3.3.1.1. Mental Rotation Task 

The Mental Rotation (MR) task was adapted from Shepard and Metzler (1971) 

using E-Prime 2.10(Psychology Software Tools, 2013), which was presented on a 15” 

laptop.  Pairs of shapes that were constructed from 10 cubes and contained two 90° 
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bends (figure 1) were presented in front of the patient at a comfortable distance.  Each 

shape was either an exact copy of its paired shape (figure 3.1a), or a mirror image 

(figure 3.1b).  Participants were required to indicate if shapes within each pair were 

the same by pressing a key labelled “Same” or if they were a mirror image by pressing 

key labelled “Mirror”.  Each pair was presented until a response was made or after 30 

seconds the trial would timeout, which was scored as incorrect.  The researcher would 

also prompt for an answer during trials to make sure the participant was still 

performing the task to avoid the potential confound of cognitive fluctuations.  The 

initial Shepard and Metzler (Shepard & Metzler, 1971) study presented the pairs with 

different ranges of rotation on the y-axis from 0 – 180°.  However, the current study 

only used three rotations 0°, 45° and 90°.  These rotations proved simple enough for 

the cognitively impaired sample, whilst still providing enough variance for analysis.  

Before the test trials, participants were briefed on how to differentiate same pairs from 

mirror pairs and given practice examples to complete to ensure they knew how to 

correctly complete the task.  Each rotation condition was presented 18 times in random 

order.  The total number of trials was 54, with a break after 28 trials to minimise 

fatigue.  The average run time was 20 minutes.  The main measure of the MR task for 

the current study was mean accuracy and correct response time (RT) for each rotation 

condition.  Changes in accuracy between difficulties 0° - 45° and 0° - 90° were also 

calculated to measure potential cost of increasing the rotation between the pairs by 

45° or 90°.  The minimum score was 50% as this would represent random chance.   
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3.3.1.2. Clinical Measures 

General level of cognitive impairment was measured using the Mini Mental State 

Examination (MMSE; Folstein et al., 1975).  Visual hallucinations were measured using 

the item 1.2 from MDS-UPDRS, which rates the severity of hallucinations as part of a 

clinical interview.  Severity is scored on a 5-point Likert scale ranging from 0 (“no 

hallucinations or psychotic behaviour”) to 4 (“Patient has delusions and paranoid behaviour”).  

Hallucinations were also measured using the Psychosis and Hallucinations 

Questionnaire (PsycH-Q).  The PsycH-Q consists of two main subscales, Hallucinations 

and Psychosis and Hallucination Phenotypes.  The first subscale probes the severity of 

hallucinations (e.g.  “over the last month how often did you…” “feel like there is something 

lurking in the corner of your vision” or “see people or things that aren’t there”).  Other 

modalities of hallucinations are also identified (i.e.  auditory, tactile, olfactory, and 

gustatory), along with features of psychosis (i.e.  disordered thoughts or presence of 

delusion).  The second subscale measures symptoms that commonly co-occur with 

B 

A 

Figure 3.1: A) a pair of mirror image shapes with 0° rotation.  B) a pair of identical 
shape with 45° rotation 
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hallucinations (i.e.  attention difficulties, vivid dreams, and enactment of dreams).  

Frequency of hallucinatory behaviours and features are measure on a 5-point Likert 

scale ranging from 0 (“never”) to 4 (“daily”).  The PsycH-Q has been validated in a non-

demented PD population (Shine et al., 2015a; Shine et al., 2015b).  Cognitive 

fluctuations were also measured using the One Day Fluctuation scale (Walker et al., 

2000).  This scale measures the prevalence of symptoms associated with fluctuations 

as observed by a caregiver.  Symptoms included impaired attention, communication, 

drowsiness, disorganised thinking, consciousness, falls and fluctuations of 

impairment (Walker et al., 2000).  Scores range from 0 (no fluctuations) to 21 (severe 

fluctuations). 

3.3.1.3. Neuropsychological Battery 

Neuropsychological tests included the copy component of the Rey Complex 

Figure task (RCF; Meyers & Meyers, 1995), Trail-making task parts A and B (Reitan, 

1958), digit span (Wechsler, 2008), Stroop test (Strauss, 2006), Controlled Oral Word 

Association Test (Benton, 1969) and the clock drawing component of the MoCA.  

Additionally, memory impairment was measured using the Digit span forward and 

Logical Memory task (Wechsler, 2009) 

3.3.2. Statistics 

Demographics were compared across the groups using Kruskal-Wallis and Mann-

Whitney U tests.  Performance of the MR task was analysed using a 3 (HC, PD, DLB) 

x 3 (0°, 45°, 90°) factorial, mixed repeated measures ANOVA.  Due to deviations from 

normal distribution, potential correlations between MR performance and selected 

neuropsychological tests were analysed using Spearman correlations.  A receiver 

operator characteristic (ROC) curve was also calculated to determine the accuracy the 

MR task as at identifying DLB patients from PD and HC patients.   

 

3.4. Results 

3.4.1. Demographics 
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Demographic differences are listed in Table 3.1.  All groups were matched on age, 

years of education and the two patient groups were matched on their disease duration.  

There were many more females in the HC group compared to the patient groups due 

to the higher incidence of DLB and PD in males and the use of spousal controls.  

Parkinson’s disease patients were on a higher Dopamine Dose Equivalent (DDE; M = 

730, SD 210) than the DLB group (M = 152, SD 246).  As anticipated, the groups differed 

on the MMSE score with DLB (M = 22.2, SD = 6.2), having the poorer performance than 

HC (M = 29.3, SD = 0.91) and PD (M = 28.7, SD = 1.36) groups.  While no difference 

between MMSE scores for the HC and PD group. 

 

 HC PD DLB 

N 22 22 22 

Age  73.6(5.9) 71.2(3.6) 74.3(6.0) 

Gender (males) 9 16 20 

Years of education 14.0(3.4) 13.6(3.3) 12.4(3.5) 

Disease Duration n/a 1.18(0.85) 0.45(1.10) 

MMSE 29.3(0.91) 28.7(1.36) 22.2(6.2)a,b 

DDE n/a 273(210) 152(244)a 

Hallucinators n/a 3 15 

RBD n/a 12 21 

MDS-UPDRS III n/a 21.2(8.10) 32.8(14.4) 

Table 3.1: Clinical and demographic characteristics of patient populations means (SD).  HC = Healthy 

controls; PD = Parkinson's disease; DLB = Dementia with Lewy bodies; MMSE = Mini Mental State 

Examination; DDE - Daily Dopamine Equivalent; a = DLB ≠ PD, p < 0.01; b = DLB ≠ HC, p < 0.01 
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3.4.2. Performance on Mental Rotation 

Differences in accuracy between groups and across difficulty levels in the Mental 

Rotation task was analysed using a mixed repeated measures ANOVA (Table 3.2).  

The assumption of sphericity was not met, and a Huynh-Feldt correction was used.  

Additionally, homogeneity of variance was not met, so a Games-Howell correction 

was used for pairwise comparisons.  The interaction of task difficulty and diagnosis 

was not significant F(3.47, 109.29) = 0.77, p = 0.53, η2 = 0.02.  However, there was a 

significant effect of rotation F(1.74,109.29) = 52.82, p < 0.001, η2 = 0.46.  Pairwise 

comparisons using Sidak correction showed that participants had the most difficulty 

on the 90° (p < 0.001), followed by the 45° (p < 0.001) rotation difficulty.  There was 

also an effect of diagnosis, F(2, 63) = 10.13, p < 0.001, η2 = 0.24.  Adjusting the alpha to 

0.017 for pairwise comparisons, it was found that this effect was driven by the DLB 

group having a lower accuracy than the HC and PD groups (p < 0.001, p = 0.007, 

respectively).  There was no significant difference between the HC and PD groups.  

No difference was found between DLB patients who were taking AChEI and DLB 

patients not on AChEIs for any of the MR difficulty levels.  Changes in accuracy 

between 0° and 45° were not different between groups, F(2, 63) = 0.44, p = 0.65 η2 = 

0.01, nor were they between the 0° and 90° conditions F(2,63) = 0.25, p = 0.8, η2 = 0.01.  

Receiver operator analysis revealed that total accuracy scores on the MR were 80% 

accurate at distinguishing DLB patients from HC and PD groups.  Setting an accuracy 

threshold of 80% provides a sensitivity and specificity score of 86% and 47% 

respectively.  Response time was also compared using a mixed measures ANOVA.  

There was a significant interaction between diagnosis and difficulty F(4,114) = 5.61, p 

< 0.001, η = 0.16.  To analyse this interaction further, simple effects were measured 

using a repeated measures ANOVA for each individual patient group.  The effect of 

difficulty was only significant in the HC group (F(2,42) = 3.74, p < 0.001, η2 = 0.4) as PD 

and DLB groups were not significant after correcting for multiple comparisons (p = 

0.07 & p = 0.03, respectively).  Using pairwise comparison with Sidak correction, the 
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HC group were significantly quicker at responding for the 0° condition compared 

with the 45° condition.   

3.4.3. Neuropsychological measures 

3.4.3.1. Clinical measures: 

Spearman correlations were performed within the DLB group across the three 

difficulty levels of the MR task (Table 3.3).  No correlation was found between MMSE 

scores and MR performance across any of these difficulties.  Negative correlations 

were found between the 90° and the PsycH-Q (rs(19) = -0.43, p = 0.05) and the 45° trials 

were trending towards significance (p = 0.06).  Within the PsycH-Q, the 45° difficulty 

was negatively correlated with the Hallucination and Psychosis subscale while the 90° 

difficulty was trending towards significance (rs(19) = -0.43, p = 0.05, rs(19) = -0.39, p = 

0.07, respectively).  Accuracy for each difficulty correlated with the Hallucination 

Phenotype scale (rs(19) = -0.50, p = 0.02; rs(19) = -0.45, p = 0.04; rs(19) = -0.45, p = 0.04, 

respectively).  Furthermore, each difficulty also had strong negative correlations with 

the visual hallucinations (VH) item of the MDS-UPDRS scale (rs(20) = -0.50, p = 0.02; 

rs(19) = -0.69, p < 0.001; rs(20) = -0.52, p = 0.01, respectively).  Cognitive fluctuations as 

measured by the ODF were also negatively correlated with accuracy for the 0° and 45° 

difficulties (rs(16) = -0.53, p = 0.02; rs(16) = -0.51, p = 0.03, respectively) while the overall 

accuracy of the MR correlated with the ODF (rs(16) = -0.56, p = 0.02).   
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 0° 45° 90° 0 –  45°  0 – 90° 

Accuracy(%)      

HC  89.6(12.4) 79.6(16.5) 72.2(14.0) -10.1(9.5) -17.5(14.8) 

PD 84.6(15.2) 71.0(18.1) 70.4(17.0) -13.8(10.7) -14.3(12.4) 

DLB 70.6(22.2)a 59.4(15.8)a 55.1(10.8)a -11.3(17.1) -15.6(19.6) 

RT (ms)      

HC 4896.99 

(2256.98) 

6250.27 

(2722.86) 

7176.14c 

(3186.59) 

1353.28 

(2167.24) 

2279.15 

(2150.84) 

PD 4810.72 

(1801.68) 

5660.21 

(2616.62) 

5162.92 

(2617.06) 

848.76 

(1530.98) 

275.04 

(1683.06)b 

DLB 6202.17 

(2904.05) 

7130.58 

(3985.40) 

6040.89 

(3178.23) 

928.41 

(2014.17) 

-161.28 

(1450.59)b 

Table 3.2: Mean (SD) Accuracy (%) and RT (ms) for Mental Rotation Task and change of accuracy and RT between difficulties. RT = Response time; HC = 

Healthy controls; PD = Parkinson's disease; DLB = Dementia with Lewy bodies; a = DLB < PD & HC, p < 0.001; b = < HC, p < 0.001.  
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3.4.3.2. Cognitive measures 

Cognitive performance across the groups was compared (Table 3.3).  As expected, 

the DLB group performed poorly with most measures.  Dementia with Lewy body 

patients’ performance on the MR task was correlated against measures of visuospatial, 

executive function and memory impairments (Table 3.4).  Significant correlations 

indicated that the MR task was reliant on visuospatial and executive domains and 

conversely, there were no correlations between memory and MR performance.   

 HC PD DLB 

Visuospatial    

Clock Drawing 10.00(0.00) 9.68(0.57)a 6.85(3.15)a,b 

RCF – Copy (z-score) 0.40(0.10) 0.34(0.78) -1.00(2.08)a 

RCF -  Immediate (z-score) 0.65(0.65) 0.17(0.95) -1.10(0.89)a,b 

RCF -  20 min delay (z-score) 0.74(0.61) 0.09(0.79) -1.07(1.03)a,b 

Trails-A (z-score) 0.73(0.72) -0.07(0.89)a -3.17(4.09)a,b 

Executive Functionc    

Backward Digit Span 7.35(1.83) 7.18(1.53) 4.77(2.79)a,b 

Verbal Fluency (animals; z-score) 0.79(1.00) 0.61(1.20) -1.04(1.10)a,b 

Verbal Fluency (letter F; z-score) 0.60(0.92) 0.56(1.09) -0.64(1.03)a,b 

Memory    

Digit span forward 10.35(1.53) 11.36(1.92) 9.10(2.39) b 

LM - Immediate Recall 12.10(3.24) 9.59(2.97)a 5.19(3.28)a,b 

LM - Delayed Recall 12.52(2.20) 10.23(2.88)a 6.40(3.28)a,b 

Table 3.3: Group differences in cognitive measures.  RCF = Rey Complex Figure; LM = Logical 

Memory; a = < HC; b = < DLB; c = Stroop and Trials B were excluded due to low completion 

numbers. p = 0.017 
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  Degrees of rotation (rs) 

 N 0° 45° 90° 

Clinical     

MMSE  21 0.34 0.19 0.15 

PsycH-Q - Total 22 -0.39 -0.42 -0.43 

Hallucinations and 

Psychosis 

22 -0.26 -0.43a -0.35 

Hallucination 

Phenotype 

22 -0.50a -0.45a -0.45a 

VH – UPDRS 22 -0.50b -0.69c -0.52b 

One Day Fluctuations 

Scale 

18 -0.53a -0.51a -0.29 

MDSUPDRS Section III 22 0.16 -0.04 -0.12 

Visuospatial     

Clock Drawing 21 0.46a 0.50a 0.55a 

RCF - Copy 15 0.74b 0.79b 0.48 

RCF -  Immediate 15 0.38 0.44 0.51 

RCF -  20 min delay 14 0.37 0.50 0.56a 

Trails-A 18 0.24 0.50a 0.54a 

Executive Functiond     

Backward Digit Span 22 0.47a 0.39 0.43a 

Verbal Fluency (animals) 21 0.22 0.18 0.15 

Verbal Fluency (letter F) 21 0.16 0.07 -0.15 

Memory     

Digit span forward 21 0.27 0.33 0.20 

LM - Immediate Recall 21 0.29 0.10 0.04 

LM - Delayed Recall 20 0.34 0.03 0.05 



Page 200 of 313 
 

Table 3.4: Clinical and cognitive Spearman correlations with Mental Rotation accuracy. MMSE = 

Mini Mental State Examination; PsycH-Q = Psychosis and Hallucinations Questionnaire; 

MDSUPDRS = Movement Disorder Society Unified Parkinson's Disease Rating Scale; VH = Visual 

Hallucinations; RCF = Rey Complex Figure; LM = Logical Memory; a = p < 0.05; b = p < 0.01; c = p < 

0.001; d = Stroop and Trials B were excluded due to low completion numbers 

 
3.5. Discussion 

The current study aimed to test the MR task as a potential tool to assist the 

differentiation of early DLB from patients with PD.  In addition, it was hypothesized 

that the MR task may provide a sensitive measure of visuospatial impairment that 

could be used in symptomatic trials for such patients. 

Despite being matched for age, education, and disease duration, DLB patients had 

significantly worse performance than PD patients on the MR task with poorer 

accuracy when the level of difficulty (degree of rotation) was increased.  Similar 

patterns were seen between DLB patients and Controls.   

Importantly, DLB patients were able understand and engage with the task across 

all levels of cognitive impairment.  Performance accuracy was near chance for the 90° 

difficulty level, indicating that the limits of performance for DLB patients on the MR 

task lie between 0 to 90°, although future studies would be required to determine the 

most sensitive range.  With the current rotational degrees, the MR had an 80% 

accuracy of separating DLB from the other two groups.  Additionally, with an 

accuracy threshold set to 80% the MR had high sensitivity, but low specificity.  With 

the potential limit of the DLB ability at 90° of rotation, decreasing this rotation may 

increase the specificity without significantly decreasing the sensitivity.   

As predicted MR performance in DLB was correlated with measures of 

visuospatial ability and executive function.  For example, clock drawing was related 

to performance on the 45 and 90° conditions of the MR, which probably reflects the 

fact that patients would rely on internally visualising the stimulus before successfully 

drawing a clock or comparing the shapes presented in the MR task (Pezzoli et al., 
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2021).  Working memory, as measured with backward digit span, also correlated with 

accuracy on the MR task.  This is in line with previous research supporting the role of 

executive function in the manipulation of internally visualised stimuli (Mazhari & 

Moghadas Tabrizi, 2014).  However, there was no difference in the cost of increasing 

the rotation between the groups.  This was also supported with non-significant 

interaction between groups and task difficulty.  This could suggest that working 

memory is not a strong driver of the results.  Alternatively, the lack of effect here could 

be due to the DLB group performing poorly at 45° and near chance for 90°, or low 

power due to a small sample size.  Interestingly, deficits in memory as measured by 

recall and delayed recall were also not correlated with MR accuracy, suggesting a 

memory component may be involved in the visualisation and rotation of the object.  

Perhaps because of a lower reliance on this domain. 

Within the DLB cohort, MR performance also appeared to be linked to 

visuoperceptive symptoms as patients who experienced more frequent and/or severe 

visual hallucinations were less accurate with the MR task.  This is consistent with 

previous work that has linked poor performance on other visuospatial tests with 

presence of VH in DLB patients (Rosenblum et al., 2021).  In addition, a high 

occurrence of cognitive fluctuations was also associated with poor MR performance.  

The basis of this observation is less clear, as patients with severe fluctuations have also 

been shown to perform poorly on attentional tasks (Phillips et al., 2019).  Thus, it may 

be that patients with poor attention or concentration might struggle to perform MR.   

The findings of this study suggest that DLB patients can complete the MR task 

when the degrees of rotation are not too great, given that their ability to visualise and 

manipulate objects is impaired but they were able to simply match stimuli at 0°.  Thus, 

one advantage of the MR paradigm in future studies would be that the difficulty of 

the task may be manipulated and individualised to a patient’s own performance.  

Thus, future symptomatic or disease modifying trials could optimise the sensitivity of 

the MR task to an individual patient’s performance at baseline and then measure their 

response to an intervention ensuring that they were sensitive enough to measure and 
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track effects.  In addition, the MR task could be made increasingly difficult to probe 

subtle visuospatial impairment that might be present in proposed prodromal DLB 

cohorts (McKeith et al., 2020).  Indeed, in patients with isolated REM Sleep behaviour 

disorder (a prodromal stage of Lewy body diseases), the MR task may be a useful tool 

to distinguish those patients who may phenoconvert to DLB instead of PD (Postuma 

et al., 2019).   

Previous studies have demonstrated that non-cognitively impaired individuals 

may employ strategies to assist them with mental rotation tasks.  These strategies 

appear to improve accuracy and response time, (Berneiser et al., 2018; Nagashima et 

al., 2019) as well allowing participants to better adapt to changes in stimuli(Zhao & 

Sala, 2018). While the current study did not focus on potential strategies that patients 

may have used during the MR task, it would be interesting to see if a cognitively 

impaired group would be able to employ such strategies and if these strategies would 

benefit their performance.   

When interpreting the findings of this study there are several limitations that 

should be acknowledged.  The first is that there was no comparison with an AD group, 

which would have been more ideal given that the cognitive profiles of DLB and AD 

may be similar with many professionals misdiagnosing DLB patients with AD and 

vice versa.  Interestingly, our findings did not identify any correlation between MR 

performance and memory impairment, which is the most prominently affected 

domain in patients with AD (especially early in the disease course) and so we would 

hypothesize that MR may be more sensitive in patients with DLB than AD.  

Additionally, few studies have looked at the sensitivity of visuospatial tests for 

differentiating between these two cohorts.  Using the revised Addenbrooke’s 

Cognitive Examination, which consist of memory measures as well as measures of 

executive function, attention and visuospatial ability, accuracy of differentiating 

between DLB and AD was vastly improved when emphasis was placed on the non-

amnestic scores (Prats-Sedano et al., 2021).  This highlights the utility of using non-

amnestic measures to differentiate between the two diseases.  Indeed, Ota and 
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colleagues (2015) found that using a battery of visuospatial tests had a high sensitivity, 

but low specificity at separating DLB from AD.  This suggests that while visuospatial 

tests are very useful in differential diagnosis, more tasks may be needed to improve 

the overall specificity.  Further research is needed to investigate differences in 

performance between DLB and AD patients, and if the diagnostic accuracy can be 

improved through adjustments to the degrees of rotation.  The second potential 

limitation of this study was that the majority (17/22) of the DLB patients were treated 

with a cholinesterase inhibitor to improve cognition (Wesnes et al., 2002).  However, 

there was no difference in MR performance between those patients with and without 

AChEI treatment and one might anticipate that if anything, being on this therapy 

might have reduced our ability to detect an effect, which was not the case.  The third 

limitation of the current study was its small sample size of DLB patients.  However, 

this is a well-phenotyped cohort of DLB patients diagnosed using the most recent 

criteria (McKeith et al., 2017) and the numbers tested were comparable with similar 

previous behavioural studies (Bliwise et al., 2014; Johns et al., 2009; Park et al., 2011).  

Finally, it should be highlighted that many of the DLB patients tested were performing 

at chance for the 90° condition.  This would have created a ceiling effect, thus reducing 

the amount of variance potentially leading to type II errors for these correlations.  

Future research would benefit from decreasing the maximum degrees of rotation, 

whilst also having more increments to identify the rotation where DLB patients begin 

to fail.   

In summary, we identified that the MR task may be a sensitive tool for 

distinguishing DLB from early PD patients, with performance appearing to be 

correlated selectively with visuospatial, attention and working memory deficits but 

not long-term memory.  The ability of even quite severely impaired DLB patients to 

engage with this task suggests that its use should be explored in future clinical trials 

evaluating visuospatial impairment, where task difficulty could be matched to 

individual baseline performance.   
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4.1. Abstract 

The aim of this study was to evaluate the utility of the Bistable Percept 

Paradigm (BPP), a computerised behavioural task that has previously 

been utilised for the assessment of visual hallucinations in Parkinson’s 

Disease, in a Dementia with Lewy bodies (DLB) cohort. DLB patients 

demonstrated poorer performance than healthy controls (HC) on the BPP 

with significantly more misperceptions and a greater failure to detect 

bistable percepts correctly compared to HC. Further, the number of 

misperceptions was also correlated with the severity of hallucinations. 

The findings from this study demonstrate that the BPP is a viable tool to 

measure misperceptions in DLB patients. 

Key words:  Dementia with Lewy Bodies; visual hallucinations; misperceptions. 
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4.2. Introduction 

Dementia with Lewy Bodies (DLB) is a neurodegenerative disease with a similar 

dementia profile to Parkinson’s disease with dementia (PDD) and some overlap with 

the clinical features of Parkinson’s disease (PD; Jellinger, 2018).  Indeed both DLB and 

PDD are characterised by the abnormal deposition of α-synuclein in the brain, 

typically accompanied by less severe Alzheimer-type pathology (Maetzler et al., 2010).  

Although often under- and misdiagnosed, DLB is the second most common 

pathologically confirmed cause of dementia (Hogan et al., 2016; Kane et al. 2018) after 

Alzheimer’s Dementia (AD). Importantly, DLB patients are reported to experience a 

more rapid cognitive decline than that found in AD (Mueller et al., 2017), as well as 

having fewer treatment options (Arnaoutoglou et al., 2019), which results in a lower 

quality of life (Mueller et al., 2017) and higher mortality rate (Price et al., 2017). 

Additionally, the high burden of neuropsychiatric symptoms, including visual 

hallucinations (VH), results in higher levels of caregiver stress (Svendsboe et al., 2016) 

and earlier admission into full-time care facilities (Rongve et al., 2014).   

 

The diagnosis of probable DLB requires that the patient presents with dementia 

that is associated with at least two of the following core symptoms: REM sleep 

behavior disorder (RBD), cognitive fluctuations, spontaneous parkinsonism or VH 

(McKeith et al. 2017).  Previous studies have suggested that 60-80% of DLB patients 

have VH (Chiu et al., 2018; Eversfield & Orton, 2018; McKeith et al., 2017; Onofrj et al., 

2013), although work utilizing the most recent diagnostic criteria in newly diagnosed 

patients identified that only 44% experienced well-formed VH with 15% reporting 

visual misperceptions.  It has been proposed that VH in Lewy Body diseases (DLB, 

PD and PDD) tend to follow a path of increasing severity (Ffytche et al., 2017), where 

initially patients experience misperceptions or feelings of presence before seeing 

poorly formed shapes, which often progress into well-formed images of objects, 
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animals or people with advancing disease. With this progression there is commonly 

an increasing lack of insight, which can make management even more challenging.   

 

Current methods for detecting VH in DLB involve self-report scales and semi-

structured clinical interviews, which may prove over reliant on a patient’s insight or 

the observations made by their caregivers. Additionally, patients may resist reporting 

VH due to the stigma attached to them (Mosimann et al., 2008). Many scales and 

interviews reduce the complexities of VH to one or two items and there are limitations 

to using continuous and categorical scales given that patients may experience variable 

levels of phenomena. Therefore, utilising a behavioral task that is sensitive to the 

presence of VH would help to minimize some of these issues and provide an objective 

measurement.  However, inducing VH in a clinical setting is difficult and traditional 

methods, such as flickering stimuli, have been found to be ineffective in PD 

populations (Zarkali et al., 2019).  

  

There are two tasks that have been recently used to measure misperceptions in 

patients with Lewy body diseases (DLB and PD): the Pareidolia test and the Bistable 

Percept Paradigm (BPP). The Pareidolia test is designed to measure an individual’s 

susceptibility to pareidolias - a variation of misperceptions where people see faces in 

non-facial stimuli (Uchiyama et al., 2012). In a RBD population, patients who made 

more errors in the pareidolia test were also more likely to transition to DLB  

(Honeycutt et al., 2020).  Dementia with Lewy body patients also make more 

pareidolia errors than AD patients (Inagawa et al., 2020; Mamiya et al., 2016); which 

was also associated with VH measures from the neuropsychiatric inventory 

questionnaire (NPI; Mamiya et al. 2016). Whilst these studies demonstrate the utility 

of a behavioral task for detecting VH in DLB, the Pareidolia test does not capture other 

visual misperceptions or when a patient fails to correctly identify all of the elements 

in a scene.   
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The other testing paradigm sensitive to misperceptions in Lewy body diseases is 

the BPP (Shine et al., 2012). This computerized task presents participants with a series 

of monostable (Figure 1a) and bistable percepts (Figure 1b) to which they have to 

respond via a button press, allowing for the generation of an error score (Shine et al., 

2012; Shine et al., 2014a).  The BPP has been used with PD populations to compare 

patients with and without VH with performance being correlated with the severity of 

the hallucinatory phenomenon (Shine et al., 2012).  Furthermore, the BPP has been 

used in combination with functional MRI (Shine et al. 2014, Shine et al. 2015) to 

highlight the role played by the attentional networks in the pathophysiology 

underlying VH (Shine et al., 2011; Shine et al., 2014b). 

 

The current study was designed to investigate the feasibility of using the BPP in 

patients with DLB. We hypothesised that patients with DLB would demonstrate more 

misperceptions and have greater impairments in the recognition of bistable percepts 

compared to healthy controls in keeping with PD patients with VH.  We also 

anticipated that these objective measures would be correlated with rating scales 

measuring hallucinatory phenomena. The identification of a robust objective measure 

for VH in DLB would be invaluable for future research and clinical trials. 

 

 

4.3. Methods 

4.3.1. Participants 

The study included 23 patients diagnosed with probable DLB according to 

consensus criteria outlined by the fourth report of the DLB Consortium (McKeith et 

al., 2017) and 20 healthy age-matched controls. Participants with less than 6/12 

corrected vision were excluded from the study.  DLB patients were taking their normal 

medications during testing; 18 were on cholinesterase inhibitors (CHEI), 10 were on 

dopamine agonists, six were on serotonin reuptake inhibitors (SSRI), two were on 
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benzodiazepines, one was taking atypical antipsychotics and another patient was 

taking monoamine oxidase type B inhibitor. Two DLB patients had glaucoma during 

the testing. All patients were assessed on their regular medication and recruited 

through the PD Research Clinic at the Brain and Mind Centre, University of Sydney, 

Australia. The study was approved by the Sydney University Human Research Ethics 

Committee. All patients provided written consent before undertaking any testing.  

 

 

4.3.2. Apparatus/Procedure 

The BPP was administered on a 15” laptop using E-Prime (Psychology Software 

Tools, 2013) and the details of the task have been previously reported elsewhere (Shine 

et al., 2012). In brief, participants were instructed to verbally indicate whether each 

image was a single image (stable; see image 4.1a) or a hidden image (bi-stable; see image 

4.1b) and respond with the appropriate button response. They were also required to 

give a brief description of the image to ensure that they correctly perceived the image 

and so that any incorrect button responses could be addressed. Responses to a single 

image were scored as correct if the participant correctly classified and identified the 

image. Hidden images were scored as correct if the participant classified the image as 

a hidden image and correctly identified the two components to the image. 

Misperceptions were scored if the participant described a feature that did not exist for 

either single or bistable images (e.g. describing a face in the grass of Figure 4.1a); even 

if they correctly classified the image. Misses were scored when the participant failed 

to identify the presence of a bistable percept.  The BPP produces three main measures: 

the number of misses, the number of misperceptions and an error score which is 

calculated by averaging the percentage of misses with the percentage of 

misperceptions. An error score above 11% suggest impairment in the BPP task (Shine 

et al., 2012). 
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Visual hallucinations were measured using item 1.2 from the Movement Disorder 

Society Unified PD Rating Scale (MDS-UPDRS; Goetz et al. 2008) and the Psychosis 

and Hallucinations Questionnaire (PsycH-Q; Shine et al. 2015). The MDS-UPDRS is a 

semi-structured clinical interview performed by a clinician. Item 1.2 on the MDS-

UPDRS rates the severity of VH on a five-point Likert scale ranging from 0 (“no 

hallucinations or psychotic behaviour”) to 4 (“Patient has delusions and paranoia”). The 

PsycH-Q is a self-report questionnaire that consists of subscales. The first of these 

subscales (Hallucinations and Psychosis), probes the severity of visual hallucinations 

(e.g. “over the last month how often did you”… “feel like there is something lurking 

in the corner of your vision” or  “see people or things that aren’t there”), as well as 

seeking to identify other hallucinatory phenomena (i.e. auditory, tactile, olfactory and 

gustatory) and any features of psychosis (e.g. occurrence of disordered thoughts or 

presence of delusion). The second subscale (Hallucination Phenotypes) measures the 

occurrence of symptoms that often co-occur in patients with hallucinations (e.g. 

difficulties with attention or symptoms of dream enactment - RBD). Occurrences are 

measured using a Likert scale ranging from 0 (never) to 4 (daily). It has been validated 

Figure 4.2: Stable (a) and bistable (b) images used in the BPP 

A 
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in a non-demented PD population (Shine et al. 2015). General cognitive impairment 

was measured using the Mini-Mental State Examination (MMSE; Folstein, Folstein & 

McHugh, 1975). Cognitive fluctuations were measured using the Clinical Assessment 

of Fluctuations (CAF) scale (Walker et al., 2000). Attention impairment was measured 

with the Trails Making Test (TMT) A and B (Reitan, 1958) while set shifting was 

measured as the difference between the TMTA and TMTB (TMTB-A; Naismith et al. 

2010). Times were standardized and scores below -1.5 were considered as impaired 

(Lezak et al., 2012). Visuospatial ability was measured using the copy component of 

the Rey Complex Figure (Meyers & Meyers, 1995) as well as the clock drawing 

component of the MMSE (Folstein et al., 1975). The Rey Complex Figure was scored 

using the (Meyers & Meyers, 1995) method. Scores were standardised with scores 

below -1.5 considered as impaired (Martini et al., 2020). Clock drawing performance 

was scored as outlined in Kitabayashi et al. (2001). 

   

4.3.3. Statistical Analysis 

Analysis was performed using SSPS 26 (IBM, 2019). The data was not normally 

distributed, requiring non-parametric tests to compare groups. Demographic 

information and BPP error scores were compared across the two groups (DLB vs HC) 

using Mann-Whitney U. The relationship between PsycH-Q, the MDS-UPDRS VH 

item and BPP scores were evaluated using Spearman’s correlations. 

 

4.4. Results 

4.4.1. Demographics 

Demographic data are presented in Table 4.1. The two groups did not differ in age 

(χ²(43) = -1.40, p = 0.16, r2 = 0.05) or years of education (χ²(43) = -1.39, p = 0.17, r2 = 0.05).  

The DLB group had a median MMSE score within the mild impairment range (mean 

= 21.70, min = 8, max = 29) and as expected were significantly worse than the HC group 

(mean = 29.26, min = 27, max = 30; χ²(43) = -4.84, p < 0.001, r2 = 0.57). The DLB group 
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contained more males than the HC group (χ²(43) = -3.26, p < 0.01, r2 = 0.28), reflecting 

the typical gender prevalence of the condition. 

Measure HC  DLB 

N 20 23 

Age yr  69.95(73) 73.91(75) 

Hoehn and Yahr, stage  1.62(2) 

Years of Education, yr 12.95(15) 11.36(12) 

MMSE 29.22(30)* 21.69(22)* 

Rey Complex Figure Copy (z-

score) 

0.39(0.43) -1.57(-0.39)** 

Clock 9.9(10) 7.09(8)*** 

TMTA (s) 29.90(27.81) 104.41(72.11)*** 

MDSUPDRS 1.2 0 1.8(2)*** 

PsycH-Q total 3(4) 16.95** 

Hallucinations and Psychosis 0.29(0) 7.59(6)** 

Hallucination Phenotype 2.71(2) 11.09(12)** 

Table 4.1: Demographics. Note All values are means (median); Comparisons made using 

Mann Whitney U; * = p < 0.05, ** = P < 0.01, *** p < 0.001; HC = Healthy controls; DLB = 

Dementia with Lewy bodies; MMSE = Mini Mental State Exam; TMTA = Trails Making 

Test A; MDSUPDRS = Movement Disorder Society Unified Parkinson Disease Rating 

Scale; PsycH-Q = Psychosis and Hallucinations Questionnaire  

4.4.2. Dementia with Lewy Body Clinical Profile 

 Cognitive fluctuations were present in 13 patients as indicated by CAF scores 

of five or greater. Eight patients were unable to complete the copy portion of the Rey 

Complex Figure due to fatigue or low tolerance for the exercise. Of the remaining 14 

patients seven patients scored below -1.5 SD, indicating impairment. Twenty two 

patients were able to complete the clock drawing component of the MMSE. Eight 

patients displayed impairment (score < 8), five of these had severe impairment (score 
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< 3). Five patients were unable to complete the TMTA task. From the remaining 18 

patients, 12 had a score below 1.5 SD, indicating impairment.  Seven patients were 

able to complete the TMTB, five refused to attempt the task while 11 patients took 

longer than the 300s time limit and were therefore given a score of 300 s (Table 4.2).    

 Using the MDSUPRS and the Hallucinations and Psychosis subscale of the 

PsycH-Q as measure of VH; 20 patients indicated that they experienced visual 

misperceptions or hallucinations on either scale, while three patients scored 0 in both 

measures.    

 

Domain (test) No. impaired  No. non-

impaired 

Unable to 

complete 

Cognitive Fluctuations (CAF) 13 10 0 

Visuospatial impairment 

(RCF, copy & Clock drawing) 

12 11 0 

Visual hallucinations 

(MDSUPDRS & PsycH-Q) 

20 3 0 

Attention (TMTA) 12 6 5 

Table 4.2: Clinical characteristics of the DLB patients. Note: CAF = Clinical Assessment of 

Fluctuations; RCF = Rey Complex Figure; MDSUPDRS = Movement Disorder Society’s 

Unified Parkinson’s Disease Rating Scale; PsycH-Q = Psychosis and Hallucinations 

Questionnaire; TMTA = Trails Making Test A. 

 

4.4.3. BPP Performance 

Performance is presented in Table 4.3. The DLB group had a higher BPP error rate 

than the HC group (m = 9.25%, SD = 4.45%; χ²(43) = -4.02, p < 0.001). The DLB group 

also had more misperceptions (χ²(43) = -3.09, p = 0.011, r2 = 0.22) and misses (χ²(43) = -

2.53, p = 0.002, r2 = 0.15) than the HC group (Figure 4.2). The number of misperceptions 

or misses was not correlated with MMSE scores (rs(20) = -0.026, p = 0.91; rs(20) = -0.22, 
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p = 0.33 respectively).  The effect of medications on BPP performance were also 

analysed. Patients on SSRIs had more misses than patients not on SSRIs (χ²(23)  = -

2.27, p = 0.02, r2 = -0.47) but they did not experience greater misperceptions. No 

significant effects on BPP measures in those patients taking CHEIs or on dopamine 

agonists were found, nor any correlations between CHEI dose and BPP measures.  No 

correlations were found between cognitive fluctuations, MMSE, visuospatial or 

attention impairment (Table 4.4) Analysis was also repeated with the exclusion of two 

DLB patients with glaucoma. Excluding these patients did not change the findings of 

the study. 

 

 HC  DLB DLBVH DLBnonVH 

N 20 23 20 3 

BPP error rate 9.25%(8.75%) 17.66%(16.25%) 17.69%(15.63%) 17.50%(17.50%) 

Misperceptions 1.95(1.73) 5.83(4.73)  6.10(5) 1.33(2) 

Misses 5.45(2.84) 8.52(4.47)  8.05(9)  12.67(14) 

Table 4.3: Mean (median) BPP scores across the two groups. Note: Due to imbalance group 

size, comparative statistics was not performed.  
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Figure 4.2: Box plots illustrating the differences between healthy controls (HC) and dementia 

with Lewy bodies (DLB) for misses (a) and misperceptions (b) in the BPP.  

 

 

 

 

 

 N Misperceptions 

(rs) 

Misses 

(rs) 

Error 

Rate (rs) 

MDSUPDRS 22 0.20 0.13 0.18 

a 

b 
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PsycH-Q: Total 22 -0.03 -0.26 -0.25 

Hallucinations and Psychosis 22 0.32 -0.06 0.16 

Visual Misperception 22 0.44* -0.20 0.25 

Sensory Misperceptions 22 0.05 0.01 0.08 

Disordered Thought 22 -0.10 0.20 -0.09 

Hallucinations Phenotype 22 -0.01 -0.13 -0.20 

Attention Dysfunction 22 0.10 -0.03 -0.4 

Sleep Impairment 22 0.17 0.09 0.03 

MMSE 23 -0.11 -0.31 -0.09 

Clinical Assessment of 

Fluctuations 23 0.20 0.18 

0.24 

Rey Complex Figure – Copy 16 -0.44 -0.17 -0.27 

Clock Drawing 22 -0.13 -0.18 -0.06 

TMTA 18 0.29 -0.10 0.15 

TMTB 18 0.32 -0.14 -0.06 

TMTB-A 18 0.08 -0.27 -0.18 

Table 4.4: Spearman correlations between between cogntive and visual hallucination 

measures and BPP for DLB patients. Note: MDSUPDRS = Movement Disorder Society’s 

Unified Parkinson’s Disease Rating Scale, MMSE = Mini Mental State Exam, TMT = Trails 

Making Test * = p < 0.05 

 

4.4.4. BPP and Visual Hallucinations 

Separating DLB patients into those who experience VH vs. patients who do not 

(nonVH) produced two uneven groups (20 VH vs 3 nonVH).  This disparity between 

group size makes comparative analysis unreliable and were therefore not performed. 

However, upon inspection of the means for each group patients who experienced VH 

also appeared to have more misperceptions in the BPP than the nonVH patients (m = 

6.10 vs 1.33, respectively).  Further, nonVH patients appeared to perform in a similar 
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manner to the HC (m = 1.33 vs 1.95, respectively). Conversely, patients who did VH 

patients appear to have performed less misses than the VH sample (mean 8.05 vs. 

12.67, respectively).  Due to skewed group sizes Spearman correlations were used to 

further investigate the relationship between VH and BPP performance.  A significant 

correlation was found between the Visual Misperception sub-scale from the PsycH-Q 

and the number of misperceptions recorded by the BPP (rs(20) = 0.45, p = 0.042). 

However, no relationships were found between the number of misses or 

misperceptions and the Attention subscale, the Hallucination and Psychosis scales or 

the total PsycH-Q scores (Table 4.4). No significant relationship was found between 

the VH item of the MDS-UPDRS and the number of misperceptions (rs(20) = 0.20, p = 

0.36) or misses (rs(20) = 0.13, p = 0.56), potentially reflecting the low variance possible 

with this five point rating scale. The DLB group was then split between patients on 

SSRIs and those that are not. This resulted in a similar outcome, allowing for the 

smaller sample size.   

 

4.5. Discussion 

The current study aimed to investigate the feasibility of using the BPP in a DLB 

population to measure VH. One of the concerns relating to any behavioural task in 

patients with DLB relates to the ability of such patients to understand, engage with 

and tolerate the testing session.  Whilst the DLB group was slower in completing the 

BPP, no patient took longer than 35 minutes.  Furthermore, the ability to identify over 

80% of the stimuli correctly would suggest that DLB patients understood and were 

fully engaged with the testing, despite having impaired performance.  However, DLB 

patients still demonstrated significantly more misperceptions and misses than the HC 

group.  Further, the absence of a correlation between MMSE and BPP performance 

supports the potential of the BBP in a cognitively impaired population as an objective 

measure of VH. Furthermore, there was a positive correlation between the number of 

misperceptions made in the BPP task and the misperception sub-scale of the PsycH-
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Q. Whilst the current study did not find a correlation between BPP scores and the 

MDS-UPDRS item rating VH, this likely reflects the limited sensitivity of the MDS-

UPDRS (Aynsworth et al., 2017).   

Previous work by Shine et al. (2012) reported a relationship between TMTB-A scores 

and BPP error in both PD patients and healthy controls. The current study did not find 

this relationship within our DLB cohort. This is likely due to poor performance by the 

DLB group in the TMTB task, which exhibited a ceiling effect. This further iterates the 

need for cognitive tasks that are accessible by patients burdened with dementia.  

The higher completion rate for the BPP compared to the TMTB combined with the 

relationship between BPP scores and TMTB-A performance as found in previous 

research [40] further supports the utility of the BPP as a clinical tool in the DLB 

population. 

Our results also demonstrated that misses were not correlated with 

misperceptions, suggesting that they may represent related but distinct disturbances.  

It is known that DLB patients demonstrate reduced activity in the frontal eye fields 

(Nagahama et al., 2008), which may result in fewer saccades resulting in poor scene 

construction and could have contributed to missing hidden components, such as the 

bistable percept. Additionally, misses may be being driven by poor attentional 

switching, which is also observed in DLB patients (Marchand et al., 2016; Petrova et 

al., 2016).  This is further supported with the low number of DLB patients able to 

complete the TMTB Whilst not universal, the findings from a wide range of diverse 

neuroimaging approaches including volumetry (e.g. Heitz et al. 2015, Nagahama et 

al. 2020), diffusion tensor imaging (e.g. Hall et al. 2019, delli Pizzi et al. 2014, Kantarci 

et al. 2010), and metabolic FDG-PET (Iaccarino et al., 2018; Imamura et al., 1999; Taylor 

et al., 2012), have emphasised a key role for disturbances across higher order visual 

processing and integration in the pathophysiology of VH in DLB.  Further work using 

more objective measures of VH in association with neuroimaging and controlling for 

comorbidities, such as the degree of cognitive impairment across attentional and 

visuospatial domains, would clarify the neural dysfunction underlying VH in DLB.  
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The current study had some limitations that need to be considered when 

interpreting the results. The small sample size is clearly a factor that might have 

impacted our findings, although it should be highlighted that the DLB patients were 

diagnosed using the most recent criteria (McKeith et al., 2017) and that participant 

numbers are comparable with other previously published behavioural studies 

(Bliwise et al., 2014; Johns et al., 2009; Park et al., 2011). Patients were tested on their 

regular medication including SSRIs, CHEIs and dopamine agonists.  The more 

significant performance deficits of those patients taking SSRIs may reflect either a 

drug effect or the fact that such patients might have increased mood and sleep 

disturbances, which themselves may be associated with impaired attention.  Whilst 

no significant effects on BPP measures in those patients taking CHEIs or on dopamine 

agonists were found, the low number of medicated patients mean that this finding 

should be regarded with caution.  Future studies could consider excluding patients 

on such medications or attempting to control for their effects.  Additionally, a small 

number of patients were also prescribed other medications such as atypical 

antipsychotics, monoamine oxidase B inhibitors and benzodiazepines. However, 

removing these cases did not seem to impact the main findings.  The current study 

focused on VH in DLB patients. Whilst this did provide a performance profile for the 

BPP in DLB, future work in other neurodegenerative diseases, such as Alzheimer’s are 

now of vital importance especially if the paradigm could help differentiate DLB from 

AD.  Due to the BPP being a novel task for VH in DLB further investigation into the 

test-retest reliability of the BPP is also needed, preferably in a larger cohort.  Finally, 

our sample consisted of patients who may not represent the full spectrum of DLB 

severity. Ideally, the BPP should now be assessed in patients with more advanced 

disease and even potentially those meeting the recently published research criteria for 

prodromal DLB (McKeith et al., 2020).  If the BPP could identify early deficits, then it 

may be useful as a biomarker for the transition from prodromal DLB to those reaching 

a formal diagnosis.   
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The current work demonstrates that the BPP can be employed in DLB patients to 

objectively measure misperceptions and hallucinatory phenomena. Utilising the BPP 

could provide researchers and clinicians with a useful tool to elucidate the 

pathophysiology underpinning VH in DLB through functional neuroimaging and 

electrophysiological studies, as well as providing an outcome measure for future 

clinical trials of this undertreated symptom. 
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5.1. Abstract 

Dementia with Lewy bodies (DLB) is an insidious neurodegenerative 

disease that has a prodromal period where symptoms begin to be 

recognised but do not yet meet clinical requirements for DLB.  Recently, 

criteria for prodromal DLB have been put forward to aid the 

classification and research of this ambiguous cohort of patients.  

However, these criteria allow for isolated REM sleep behaviour disorder 

(iRBD) patients with REM sleep without atonia (RSWA) as confirmed 

with vPSG and MCI to be classified as probable prodromal DLB.  This 

double counting of iRBD characteristics may reduce the specificity of 

these criteria.  To address the double counting, the current study 

classified a cohort of iRBD patients as probable prodromal DLB only in the 

presence of an additional core feature or biomarker.  Thirty-four iRBD 

patient were classified as cognitively normal (iRBD-CN) and 13 iRBD 

patients were classified as MCI.  From the MCI patients, one presented 

with parkinsonism and was classified as probable MCI-LB while the 

remaining 12 were possible MCI-LB.  All patients performed three tasks 

(Sustained Attention Response Task; SART, Mental Rotation; MR and 

Bistable Percept Paradigm; BPP) that have been found to be sensitive to 

core DLB symptoms.  Findings indicate that on the MR task there was a 

trend for higher overall accuracy amongst iRBD patients than MCI-LB 

patients (p = 0.06).  MCI-LB patients also performed more misses in the 

BPP while both groups performed at the same level for the SART.  

However, due to a low number of patients, these findings should be 

interpreted with caution.  Additionally, the probable MCI-LB patient had 

poorer performance with the MR and BPP tasks compared to the iRBD-

CN and possible MCI-LB patients.  This supports the need for more 

stringent criteria of prodromal DLB that does not allow the double 
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counting of RBD as a biomarker and a clinical feature.  This will allow for 

a more accurate assessment of the risk factors for DLB. 

 

5.2. Introduction 

Neurodegenerative synucleinopathies follow a relentless trajectory associated 

with increases in pathology, neuronal loss, and symptom severity.  However, the 

initial stages of these conditions are not typically perceived by patients until the 

pathology results in more obvious clinical symptoms that trigger them to seek medical 

advice.  Over the past couple of decades, more information has emerged about this 

prodromal phase in Dementia with Lewy Bodies (DLB) and the clinical characteristics 

that might allow earlier, and potentially even pre-clinical diagnosis.  

Genetic testing represents one mechanism for identifying those people who are at 

risk for developing DLB, but as stated in Chapter One, the majority of DLB cases 

cannot be traced to a single causative gene and whilst the presence of a GBA1 mutation 

has been identified as a clear risk factor (Leonard et al., 2020; section 1.4.1), most DLB 

cases do not carry this mutation (Guerreiro et al., 2018).  However, increasing evidence 

has demonstrated that the emergence of isolated REM Sleep Behaviour Disorder 

(iRBD) represents the strongest predictor for synucleinopathy.  These studies have 

highlighted that over 80% of iRBD patients go on to develop PD or DLB in roughly 

equal proportions (with a much smaller number developing Multiple System 

Atrophy) when followed for over a decade (Iranzo et al., 2013; Schenck et al., 2013).   

A recent international, multi-centre study evaluating over 1,300 iRBD patients 

reported a conversion rate to synucleinopathy of 6.3% per year, with 73.5% of cases 

having converted at 12 years following an initial diagnosis (Postuma et al., 2019).  This 

study also confirmed a number of clinical features that predicted earlier conversion 

including abnormal motor testing (especially on objective measures), Mild Cognitive 

Impairment (MCI), anosmia, impairment on colour vision discrimination, erectile 

dysfunction, constipation, abnormal dopamine imaging (e.g., DATscan), and the 
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neurophysiological correlate of RBD, namely REM Sleep without Atonia (RSWA; 

Postuma et al., 2019).  However, it should also be noted that 27% of patients who had 

negative results on these assessments, still transitioned to either DLB or PD after 8 

years.  This study also found that cognitive impairment was the only feature that 

differentiated those iRBD patients who were more likely to transition to DLB rather 

than PD (Postuma et al., 2019).   

Given these insights, diagnostic criteria for prodromal DLB have been proposed 

for use in research settings (McKeith et al., 2020).  These prodromal DLB guidelines 

formally identify three specific at-risk patient groups - namely those with an MCI-

onset, Delirium-onset or Psychiatric-onset presentation.  Due to the absence of any 

detailed, prospective phenotype data these guidelines offer only limited advice 

regarding the Delirium/Psychiatric-onset prodromes.  However, a characterisation of 

the MCI-onset sub-group is more aligned with the established clinical criteria for DLB.  

In line with the requirement for dementia in DLB, the MCI-onset prodromal DLB 

(MCI-LB) requires the presence of MCI, defined as exhibiting cognitive impairment, 

across at least one cognitive domain that does not interfere with the patient’s ability 

to complete everyday activities (American Psychiatry Association, 2013).  This 

effectively identifies those patients that fall between having normal cognition and 

clinical dementia (Petersen, 2004).  Furthermore, the MCI-LB research criteria also 

include cognitive fluctuations (CF), spontaneous visual hallucinations (VH), RBD and 

parkinsonian motor impairments, which must not fulfill existing diagnostic criteria to 

achieve a diagnosis of PD (Postuma et al., 2015).  The criteria also include three 

objective biomarkers: abnormal DATscan, RSWA as confirmed by video 

polysomnography (vPSG) and an abnormal iodine-123 meta-iodobenzylguanidine 

(MIBG) scan (McKeith et al., 2020).  Additionally, prodromal DLB can fall into two 

categories: probable and possible MCI-LB.  Probable MCI-LB requires either the 

presence of two or more core clinical features or one core feature and one or more 
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objective biomarkers.  A research diagnosis of possible MCI-LB requires only one core 

feature or the presence of only one or more biomarker (McKeith et al., 2020).  

Whilst the proposed research criteria provide a means to classify this difficult 

population, the definition of probable MCI-LB may present some problems with 

specificity.  Firstly, to be confident about the diagnosis of RBD requires confirmation 

on (ideally video) polysomnography (vPSG; Dauvilliers et al., 2018), which usually 

manifests with the neurophysiological appearance of RSWA (Sateia, 2014).  This 

implies that the presence of RBD confirmed on vPSG equates to probable MCI-LB 

rather than specifying that the supporting objective biomarker should be orthogonal 

to the clinical core feature.  For example, having an abnormal MIBG scan in an MCI 

case with RBD may carry more significance than an MCI case with clinical RBD and 

PSG confirmed RSWA.  It should also be recognised that MCI has a high prevalence 

within the iRBD population (35%; Szeto et al., 2017).  Moreover, 89% of these iRBD 

patients with MCI have a cognitive profile that would also be consistent with the 

proposed criteria for prodromal PD (Berg et al., 2015).   

Clearly, further studies are needed to confirm the utility of the proposed MCI-LB 

criteria and one approach would be to determine if behavioural paradigms that have 

been validated in DLB patients would show any predictive capability in prodromal 

cases.  As outlined in Chapters Two, Three and Four, recent work has shown that the 

Sustained Attention Response Task (SART; Phillips et al., 2019), the Mental Rotation 

(MR) test and the Bistable Percept Paradigm (BPP; Phillips et al., 2021) do show 

impairments in patients with DLB.  Therefore, the current study sought to evaluate 

these novel behavioural assessments in a cohort of iRBD patients undergoing detailed 

longitudinal assessment at the ForeFront Parkinson’s Disease Research Clinic at the 

Brain and Mind Centre, University of Sydney.  These patients were also enrolled in a 

study of gait kinematics to assess parkinsonian features (Ehgoetz Martens et al., 2019), 

as well as a neuroimaging study utilising a validated Virtual Reality gait paradigm in 
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combination with fMRI to identify any neural correlates of motor disturbance in this 

at-risk population (Ehgoetz Martens et al., 2020).   

It was predicted that the iRBD patients enrolled in this study would include both 

those with MCI, as well as those who were cognitively intact.  All iRBD patients had 

their diagnosis confirmed on vPSG, which demonstrated neurophysiological RSWA.  

Thus, using the research criteria for MCI-LB, those iRBD patients with MCI satisfied 

a diagnosis of at least possible prodromal DLB, noting that their supportive biomarker 

was not orthogonal to the core feature of RBD.  Therefore, this study sought to explore 

two related questions.  Firstly, whether those patients with prodromal DLB (iRBD 

with MCI) were impaired on the SART, MR or BPP compared to iRBD patients with 

no cognitive impairment.  Secondly, whether any individual MCI-LB patient that 

transitioned to DLB during their period of follow up had baseline results on SART, 

MR or BPP testing that might indicate any potential for the use of such testing as a 

predictive biomarker for transition.   

 

5.3. Methods 

5.3.1. Participants 

A total of 47 iRBD participants were recruited from the ForeFront Parkinson’s 

Disease Research Clinic at the Brain and Mind Centre, University of Sydney where 

they form part of an ongoing, prospective longitudinal study that aims to review 

patients every 12 months.  Unfortunately, the COVID-19 pandemic impacted upon 

this longitudinal review, but efforts to confirm whether subjects had remained 

clinically stable or had transitioned to a synucleinopathy were pursued via several 

avenues including in person outpatient clinical review and via telehealth.  The study 

was approved by the Human Research Ethics Committee at the University of Sydney, 

and all participants provided written informed consent.  A diagnosis of iRBD was 

confirmed prior to recruitment according to the International Classification of Sleep 
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Disorders, 3rd Edition (Sateia, 2014), where the electromyographic recordings 

demonstrating REM Sleep Without Atonia (RSWA) on vPSG were recorded utilising 

the SINBAR protocol (Frauscher et al., 2008; Iranzo et al., 2011).  Whilst full (research 

focused) follow-up assessments would typically occur every 12 months (or sooner 

depending on the emergence of symptoms), the impact of the COVID-19 pandemic 

meant that many patients were seen for clinical purposes in person or via telehealth.  

The restricted access and health concerns resulting from the pandemic, resulted in a 

range of follow-up intervals stretching out to 41 months.  At their follow-up 

assessment, patients were classified as transitioned if they satisfied the MDS criteria 

for PD (Postuma et al., 2015), or the International DLB Consortium criteria for DLB 

(McKeith et al., 2017). 

 

5.3.2. Clinical assessments 

All clinical assessments were undertaken by a qualified clinician.  All participants 

were assessed for the presence of other neurodegenerative, neurological, psychiatric, 

or general medical conditions that would impact on their diagnosis/assessment and 

in addition underwent a semi-structured interview, which screened for salient 

prodromal core features of cognitive fluctuations (CF) and visual hallucinations (VH).  

Visual hallucinations were also objectively assessed using item 1.2 from the MDS-

UPDRS, which uses a five-point Likert scale ranging from 0 (‘‘no hallucinations or 

psychotic behaviour”) to 4 (‘‘Patient has delusions and paranoia”; Goetz et al., 2008), 

as well as the PsycH-Q, a self-report questionnaire that measures the characteristics of 

hallucinations in addition to the severity of these symptoms (Shine et al., 2015).  The 

core feature of parkinsonism was objectively measured using the MDS-UPDRS III 

(Goetz et al., 2008) and a trained Movement Disorders Neurologist evaluated whether 

they met clinical criteria for a diagnosis of PD evaluating features such as bradykinesia 

with decrement, rigidity with cogwheeling and the nature of any tremor.  The RBD 

screening questionnaire (RBDQ) was used to help quantify the degree of dream 
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enactment experienced (Stiasny-Kolster et al., 2007).  Given their highlighted role in 

predicting synucleinopathy, colour discrimination and contrast sensitivity were 

assessed using the Farnsworth-Munsell Color Test (Farnsworth, 1957) and Pelli-

Robson chart (Pelli & Bex, 2013), respectively, whilst olfaction was measured using 

Sniffin Sticks testing (Hummel et al., 1997).  

Participants were tested on a cognitive battery including: the Montreal Cognitive 

Assessment (MoCA; Nasreddine et al., 2005) as a measure of global cognition; 

Memory was assessed using the Logical Memory 1 and 2 tasks from the Wechsler 

Memory Scale-Revised (Wechsler, 2009) and Rey Adult Verbal Learning task (Bean, 

2011);  Executive function was assessed using the forward and backward Digit Span 

(Lezak et al., 2012) task to measure working memory (Stroop, 1935); visuospatial 

ability was assessed with the TMT-A (Stroop, 1935), copying a wire cube and the clock 

drawing task (Sunderland et al., 1989); attention was assessed with the TMT-B (Stroop, 

1935) and parts 3 and 4 of the Stroop (Stroop, 1935); language was assessed the with 

the COWAT word fluency for the letters (F, A, S) and categorical fluency for naming 

animals (Lezak et al., 2012).  More specifically, a diagnosis of mild cognitive 

impairment was defined according to the International Working Group on MCI 

criteria (Petersen, 2004; Winblad et al., 2004), which specifies a complaint of cognitive 

impairment from the patient or informant, which is supported by impairment in two 

cognitive domains (Litvan et al., 2012).  Impairment within a cognitive domain was 

determined by isolating components of the MoCA for each cognitive domain and 

applying impairment thresholds as outlined in Szeto et al. (2020): Memory was 

assessed with the word recall component, where less than three recalled words 

indicated impaired memory.  Executive function was assessed with digit span 

backwards where a score of zero was rated as impaired.  Visuospatial impairment was 

assessed with the cube copy item, where a score of zero indicated impairment.  

Impairment within the attention domain was assessed using “serial 7s” with a score 

less than three correct subtractions representing impairment.  Language was assessed 

with the verbal fluency task, where less than 12 words generated in 60 s was scored 
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as impaired.    Based on these assessments the iRBD patients were then grouped into 

patients who were cognitively normal (iRBD-CN) and patients with MCI who were 

regarded by definition as having at least possible prodromal DLB.  Probable prodromal 

DLB was assessed according to proposed research criteria (McKeith et al., 2020), 

wherein such patients were required to have at least one additional core feature from 

cognitive fluctuations (CF), visual hallucinations (VH) and/or parkinsonism that did 

not meet diagnostic criteria for PD.  Other biomarkers (DATscan, MIBG) were not 

available in these patients. 

 

5.3.3. Novel Tasks for assessing Prodromal DLB 

The SART is a task of attention to probe the core feature of cognitive fluctuations 

(CF).  The SART presents the patient with a series of numbers between 1-9.  Patients 

are required to press a button when any number is presented but withhold their 

response when the number “3” is displayed (for full description see Phillips et al. 

2019).  The number of missed responses and variance in response time (RTSD) have 

been shown to correlate with CF in DLB patients (Phillips et al., 2019).   

The MR task is designed to measure visuospatial impairment.  Patients are 

presented with pairs of shapes and required to indicate if the shapes are identical, or 

a mirror image of each other.  Trials may involve shapes facing the same direction, or 

one shape is rotated either to 45° or 90° (see Chapter 3 for a full description).  Accuracy 

is the main outcome of the MR, with the lowest accuracy limited to 50%, representing 

chance performance.  Accuracy on the MR task has been shown to be correlated with 

VH and visuospatial ability in DLB patients (Chapter 3).   

The BPP was used to provide an objective measure of VH.  In this task, patients 

are presented with ambiguous images that contain either one (single image) or two 

percepts (hidden or bistable).  Patients are then required to indicate if there are one or 

two percepts in each image being displayed.  Percepts that were misidentified were 

labelled as misperceptions, while percepts that were not identified were labelled as 
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misses (Shine et al., 2012; for a full description, see Phillips et al. 2021).  The BPP has 

been shown to correlate with VH in patients with PD (Shine et al., 2012) and DLB 

(Phillips et al., 2021). 

 

5.3.4. Statistics 

Statistical analysis was performed using SPSS 26 (IBM, 2019). Demographic 

measures across the iRBD-CN and MCI-LB were not normally distributed as 

demonstrated from the Shapiro-Wilks normality test.  This resulted in group 

comparisons to be made using Mann-Whitney U tests.  Furthermore, the number of 

misses, false alarms, and the standard deviation of response time from the SART and 

accuracy performing the MR task were not normally distribution and again between 

group comparisons were performed with a Mann-Whitney U test.  Further analysis to 

control for years of education. was performed with an Analysis of Covariance 

(ANCOVA). This covariate was chosen as it is known to be correlated with cognitive 

test scores in older adults.  The low number of iRBD patients completing the BPP 

restricted any between group comparisons.  Due to the low number of patients who 

transitioned to DLB or PD, baseline performance on the SART, MR and BPP were 

simply rank ordered across all participants to assess whether these individuals 

showed any impairments that might have been indicative of their likelihood for 

transition.  The most impaired score of each measure was ranked “1”.  

 

5.4. Results 

5.4.1. Demographics 

Demographic data are presented in Table 1.  Mild Cognitive Impairment was 

detected in 13 of the 47 iRBD patients.  Within these 13 patients, clinical interview 

failed to detect any CF or VH.  Across all of the iRBD patients, the MDS-UPDRS III 

scores ranged from 0 to 18 but none satisfied clinical criteria for a diagnosis of PD.  

However, one iRBD patient with MCI also demonstrated clinical parkinsonism having 
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unilateral bradykinesia with decrement.  Thus, 12 of the 13 patients in the MCI-LB 

group were stratified as having possible prodromal DLB, with only one having PSG 

confirmed RBD, along with clinical parkinsonism who was defined as meeting 

research criteria for probable prodromal DLB by virtue of having two core clinical 

features (RBD and parkinsonism) and one biomarker (RSWA).  For group 

comparisons, all MCI-LB patients (12 possible and 1 probable) were combined into one 

group.  The iRBD-CN and MCI-LB groups were matched for age and RBD symptom 

duration.  However, MCI-LB patients had fewer years of education than the iRBD 

across the groups that conducted each of the SART (χ²(N = 31) = -2.39, p = 0.02, r2 = 

0.18), MR (χ²(N = 46) = -2.36, p < 0.01, r2 = 0.12) and BPP (χ²(N = 23) = -3.00, p < 0.01, r2 

= 0.39).   

Over the period of follow up (range 17-45 months), six iRBD patients have 

undergone full follow-up assessment, 20 patients had a clinical only based follow-up 

(5 of the 20 patients were telehealth).  Twenty-one patients were unable to attend 

follow-up appointments due to COVID restrictions, change of contact details or 

refused to continue testing.  From the follow-ups, two iRBD patients had transitioned 

with one iRBD-CN patient being diagnosed with PD (33 months from their baseline 

visit), while one MCI-LB with probable prodromal DLB transitioned to DLB (28 months 

from their baseline visit; Table 2). 
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 iRBD-CN 

mean (SD) 

MCI-LB 

mean (SD) 

Total N 34 13 

   

Sustained Attention Response Task 

N 20 11 

Age 68.5(7.9) 70.2(9.3) 

Gender m(%) 17(85%) 8(61%) 

Disease Duration 1.8(2.8) 2.9(4.2) 

Years of Education 15.2(2.2) 12.9(2.7)a 

MoCA 27.6(2.0) 23.6(2.5)a 

MDS-UPDRS III 9.8(7.1) 8.1(5.3) 

Misses 1.8(4.1) 1.3(1.5) 

False Alarms 2.9(3.3) 3.2(3.1) 

RTSD 107.33(80.21) 92.80(28.97) 

   

Mental Rotation 

N 34 12 

Age 67.9(6.9) 70.1(8.9) 

Gender 19(55.9%) 9(75%) 

Duration 2.8(5.4) 2.7(4.1) 

Years of Education 15.1(2.7) 12.9(2.6)a 

MoCA 27.9(1.7) 23.3(2.7)a 

MDS-UPDRS III 9.5(6.5) 8.9(5.8) 

0° 94.9%(9.1%) 86.0%(13.6%) 

45° 87.5%(11.6%) 77.6%(15.4%) 

90° 79.4%(14.4%) 67.2%(16.3%) 

Total 87.3%(10.2%) 77.0%(12.9%) 
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Bistable Percept Paradigm 

N 19 4 

Age 67.6(8.9) 67.2(7.0) 

Gender m(%) 17(83.5%) 3(75%) 

Duration 1.5(2.7) 0.5(0.57) 

Years of Education 15.3(2.2) 10(1.6)a 

MoCA 27.1(2.6) 24.3(2.6)a 

MDS-UPDRS III 9.5(7.1) 7.3(3.8) 

Misses 4.9(2.3) 8.8(4.0) 

Misperceptions 2.4(2.2) 1.25(1.3) 

Error Score 9.1%(3.7%) 12.6%(4.4%) 

Table 1 – Demographic and task performance. iRBD-CN = cognitive normal iRBD; MCI-Pos 

= Possible prodromal DLB; MoCA = Montreal Cognitive Assessment; MDS-UPDRS = 

Movement Disorder Society Unified Parkinson’s Disease Rating Scale; RTSD = Response 

time standard deviation; Age, disease duration and years of education are presented in years. 

a = p < 0.05 

 

 DLB 

(rank) 

PD 

(rank) 

iRBD-CN 

mean(SD) 

MCI-LB 

Mean(SD) 

Total N 1 1 43 12 

Age 84 68 69.3(7.4) 70.5(7.7) 

Gender m(%) Male Male 36(83.7%) 12(100%) 

Disease Duration - - 3.2(5.0) 2.7(3.8) 

Years to transition 7 5 - - 

Years of 

Education 

17 13 14.5(3.2) 12.3(2.7) 

MoCA 23 28 26.8(4.5) 23.5(2.3) 
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MDS-UPDRS III 9 12 9.9(8.2) 9.5(6.6) 

     

SART     

Misses 0(13) 0(13) 1.8(4.2) 1.4(1.5) 

False Alarms 0(27) 0(27) 3.3(3.5) 3.5(3.0) 

RTSD  111.6(9) 56.3 (29) 110.0(90.9) 90.9(29.8) 

     

Mental Rotation     

0° 72.0%(4) 89.0%(9) 95.0%(9.2%) 87.3%(13.5%) 

45° 61.0%(2) 61.0%(2) 88.3%(10.7%) 79.1%(15.2%) 

90° 78.0%(21) 72.0%(19) 80.0%(14.6%) 66.2%(16.7%) 

Total  70.4%(7)  74.1%(10) 87.7%(10.1%) 77.6%(13.4%) 

     

BPP     

Misses 11(2) 6(7) 4.5(1.9) 8.6(4.0) 

Misperceptions 0(18) 0(18) 2.6(2.1) 1.3(1.3) 

Error 13.8%(2) 7.5%(7) 9.0%(3.7%) 12.5%(4.5%) 

Table 2 – Baseline demographic and task performance between transition and stable iRBD 

patients. PD = Parkinson’s disease; DLB = Dementia with Lewy bodies; iRBD-CN = 

cognitive normal iRBD; MCI-Pos = Possible prodromal DLB; MoCA = Montreal Cognitive 

Assessment; MDS-UPDRS = Movement Disorder Society Unified Parkinson’s Disease 

Rating Scale; SART = Sustained Attention Response Task; RTSD = Response time standard 

deviation; BPP = Bistable Percept Paradigm; Age, disease duration, year to transition and 

years of education are presented in years.  
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5.4.2. Task Performance 

5.4.2.1. Sustained Attention Response Task 

The iRBD-CN with MCI-LB groups had similar performance on the SART with no 

difference between misses (χ²(N = 31) = -1.65, p = 0.16, r2 = 0.09), false alarms (χ²(N = 

31) = -0.59, p = 0.58, r2 = 0.01) or variance in response time (χ²(N = 31) = -0.78, p = 0.45, 

r2 = 0.02; see Table 1). No further analysis was performed.  

5.4.2.2. Mental Rotation 

The iRBD-CN group had higher accuracy at the 0°, 45°, 90° conditions compared 

to the MCI-LB group (0°: χ²(N = 46) = -2.74, p = 0.01, r2 = 0.16; 45°: χ²(N = 46) = -2.11, p 

= 0.04, r2 = 0.10; 90°: χ²(N = 46) = -2.26, p = 0.03, r2 = 0.10) and this was also reflected in 

the overall accuracy (χ²(N = 46) = -2.39, p = 0.02, r2 = 0.12).  However, this group effect 

was removed across each condition after controlling for years of education with an 

ANCOVA (0°: F(1, 43) = 2.67, p = 0.11, η2 = 0.06, β = 0.36; 45°: F(1, 43) = 2.78, p = 0.10, η2 

= 0.06, β = 0.37; 90°: F(1, 43) = 2.61, p = 0.11, η2 = 0.06, β = 0.35).  Whilst not significant, 

the accuracy on the MR did appear to be trending towards a significant difference (F(1, 

43) = 3.64, p = 0.06, η2 = 0.09, β = 0.46) between the groups despite controlling for years 

of education, which might reflect an under-powered study.   

5.4.2.3. Bistable Percept Paradigm 

The group sizes for the BPP task were very unbalanced with only four MCI-LB 

participants tested (see Table 1) and whilst there was a significant difference with 

MCI-LB patients missing more percepts than iRBD-CN, (χ²(N = 23) = -2.47, p = 0.01, r2 

= 0.26), there were no differences between misperceptions (χ²(N = 23) = -1.44, p = 0.15, 

r2 = 0.09) or the BPP error rate (χ²(N = 23) = -1.73, p = 0.08, r2 = 0.13).  The groups were 

also unmatched for years of education, however a small sample size restricted further 

analysis of this effect.  

 

5.4.3. Transitioned Patients 
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During the period of the study, two patients transitioned, one to DLB and one to 

PD.  The transitioned DLB patient (JE) was male, 84 years old and diagnosed with 

iRBD 7 years prior to their DLB diagnosis (see Table 2).  On their first assessment JE 

scored poorly on the MoCA (23/30), indicating moderate cognitive impairment, but 

were not demented.  At that assessment, there were no CF or VH and whilst JE had 

parkinsonism (bradykinesia with decrement), they did not satisfy diagnostic criteria 

for PD.  Thus, at their baseline assessment JE satisfied the research criteria for probable 

MCI-LB and transitioned to DLB after a further 28 months.  JE performed well on the 

SART with no false alarms or misses and across the 31 patients tested they had the 

ninth highest RTSD.  JE's accuracy was varied on the MR task.  Out of the 46 patients 

tested, JE had the fourth poorest score of 72% at 0° rotation, the second lowest score 

of 61% at 45°, but at 90° they performed relatively well scoring 78%, which was ranked 

21st poorest.  Overall, using MR, JE had an accuracy of 70.4%, which was the seventh 

lowest accuracy and lower than the mean accuracies of the iRBD-CN and MCI-LB 

groups.  Their performance on the BPP was also significantly impaired with the 

second highest number of misses, although JE had no misperceptions.  

The patient who transitioned to PD (HM) was a 65-year-old male who was 

diagnosed with iRBD for 5 years prior to their clinical diagnosis.  HM scored well on 

the MoCA (28/30) and did not meet criteria for MCI (see Table 2).  HM also performed 

well on the SART with no misses or false alarms and had a consistent response time.  

For the MR task HM performed well at 0°, but poorly for the 45° condition with the 

second lowest accuracy out of the 46 patients.  HM had moderate performance on the 

90° condition scoring 72.0% and had the tenth lowest accuracy overall of 74.1%.  HM’s 

BPP score was within the normal range with an error score of 7.5%, which is below 

the threshold reported for impairment (11%; Shine et al., 2012).  Clinically, HM had 

mild parkinsonism that did not reach diagnostic criteria for PD at baseline assessment 

with only mild bradykinesia.  
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5.5. Discussion 

The aim of the current study was to test the performance of prodromal DLB 

patients on the SART, MR and BPP and to capture the baseline performance on these 

tasks of patients that later transitioned to DLB (or PD).  The data revealed no striking 

performance differences between patients with iRBD-CN and MCI-LB, but the study 

was impacted by low sample sizes, partly as a result of the restriction imposed by the 

COVID-19 pandemic.  However, this study did highlight the value of classifying 

possible versus probable prodromal DLB using orthogonal clinical and objective 

biomarker measures.  Of the 16 patients with PSG confirmed iRBD who demonstrated 

MCI, only one had an additional core clinical feature that allowed them to be classified 

as having probable prodromal DLB and it was this individual patient who transitioned 

to DLB.  

No significant differences were observed between the iRBD-CN and MCI-LB 

groups on measures of the SART with a generally low number of misses and false 

alarms, along with having a consistent response time.  These findings support a 

previous study that correlated SART performance to CF severity in DLB patients 

(Phillips et al., 2019).  As CF was not reported within this iRBD cohort, it perhaps was 

only to be expected that both groups would perform similarly.  Findings from the 

current study also support previous work indicating that performance on the SART is 

not affected by the degree of global cognitive impairment in DLB (Phillips et al., 2019).   

Attentional impairment is a characteristic finding in DLB, and some previous 

studies have identified this in MCI-LB patients using digit span, TMT part B, and the 

Stroop test (Génier Marchand et al., 2018; Hemminghyth et al., 2020; Kemp et al., 2017; 

van de Beek et al., 2020).  These conflicting findings may be due to previous studies 

investigated MCI-LB patients that were diagnosed by combining MCI, DLB or PDD 

criteria (Hemminghyth et al., 2020; Kemp et al., 2017) or by retrospectively assigning 

a diagnosis depending on the individual’s clinical transition (Génier Marchand et al., 

2018).  These studies also reported higher frequencies of CF, VH and parkinsonism, 
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suggesting a more severe population than tested in the current study.  Furthermore, 

tasks used by previous studies may rely on a different mechanism than that SART, 

such as attentional switching or shifting.  Indeed, the tasks used by previous studies 

required shorter attention spans than the SART, suggesting different mechanisms are 

required to sustain attention compared to those that rely on short bursts of attention. 

An initial analysis highlighted lower accuracy on the MR task amongst the MCI-

LB participants, but this effect may have been driven by years of education.  However, 

the group effect was trending towards significant for overall accuracy (F(1, 43) = 3.64, 

p = 0.06, η2 = 0.09, β = 0.46) and the low beta value indicates that this comparison was 

underpowered.  Thus, a larger sample size is required to further evaluate this potential 

relationship.  Previous findings have suggested that the MR task is reliant on 

visuospatial ability in DLB patients (See Chapter 3), which might suggest that 

visuospatial impairment occurs very early in DLB, before other core features emerge.  

An interesting additional observation was the number of patients that had low 

accuracy at the 0° condition from both groups.  This condition involves a straight 

comparison of two relatively simple shapes, and it was surprising that six of the iRBD-

CN patients were somewhat impaired (>90%).  However, performance on the MR has 

been found to be unrelated to the level of cognitive impairment per se (See Chapter 3), 

suggesting that performance at the 0° condition may reflect a selective, sub-clinical 

visuospatial impairment in both groups.   

Whilst the MCI-LB group performed more poorly on the BPP than the iRBD-CN 

group, this result should be interpreted with caution due to the small sample size and 

the difference in years of education between the groups with more education in the 

iRBD-CN patients.  It should also be noted that previous studies have found the BPP 

to be correlated with self-reported VH in PD (Shine et al., 2012) and DLB (Phillips et 

al., 2021), whereas the iRBD patients in the current study had no reports of these 

phenomena.  However, a higher number of misses by MCI-LB patients would be in 

keeping with previous work that reported DLB patients had more misses than 

misperceptions on the BPP (Phillips et al., 2021), a finding that may reflect impaired 
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attentional switching or reduced saccadic processes in DLB patients (Phillips et al., 

2021).     

In the current study, two patients who were assessed at baseline transitioned to a 

clinical synucleinopathy at follow up over a minimum period of 28 months.  At their 

baseline assessment the patient transitioning to DLB was the only participant 

classified as meeting criteria for probable prodromal DLB by the presence of two core 

clinical features (RBD and parkinsonism), as well as RSWA on their PSG.  However, 

they did not endorse cognitive fluctuations or visual hallucinations at this visit.  In 

keeping with the absence of cognitive fluctuations, they performed relatively well on 

the SART but their performance on the MR task was variable with poor performance 

at the 0 and 45° conditions but reasonable performance on the 90° trials.  Finally, 

performance on the BPP of the patient who transitioned from probable prodromal 

DLB to DLB resembled what has been reported in previous work in DLB patients who 

experience VH where subjects have a higher rate of trials where they fail to identify 

‘hidden’ percepts (Phillips et al., 2021).  The variable pattern of performance across 

the SART, MR and BPP in this individual who transitioned to DLB highlights the 

heterogeneity that exists not only across patients with DLB but also within individuals 

who may have a differential pattern of impairments across attention and 

visuoperceptive function.  In contrast, the patient who transitioned to PD was younger 

(only 68 years of age) at baseline with a five-year history of iRBD and did not have 

MCI.  They performed very well at the SART and did not reach the threshold to 

suggest impairment on the BPP.  Their performance on the MR was mixed suggesting 

potentially selective visuospatial impairment.  

Finally, the approach taken here stipulated that individuals with MCI and PSG 

confirmed RBD should be regarded as meeting a diagnosis for only possible prodromal 

DLB, which was the situation for 13 participants.  Only one patient had MCI with PSG 

confirmed RBD, also had a second core feature (parkinsonism), which resulted in their 

classification as probable prodromal DLB.  Significantly, this was the only patient who 

transitioned to DLB emphasising the importance of employing orthogonal clinical 
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core features and objective biomarkers.  The currently proposed research criteria for 

MCI-LB do not specify that the combination of clinically reported RBD (one core 

feature) confirmed by RSWA (one objective biomarker) should be insufficient to meet 

a diagnosis of probable prodromal DLB.  The results presented here would support the 

need for more stringent criteria to allow a more accurate stratification of the risk of 

developing DLB.  

There are several significant limitations in the current study.  The first relates to 

the small number of patients that had transitioned during the follow up period which 

averaged at 31 months.  The transition rate of iRBD patients into either PD or DLB has 

been reported as being around 6% per annum (Postuma et al., 2019) and 35% at five 

years (Iranzo et al., 2013), but results have varied from 6% to 10% per annum across 

studies (Arnaldi et al., 2021; Iranzo et al., 2006; Miyamoto et al., 2020; Postuma et al., 

2019).  From the current cohort of 47 patients, this would have predicted 7-12 patients 

over the period evaluated.  Unfortunately, not all patients were able to attend a full in 

person follow-up due to COVID-19 restrictions, meaning that some subtle features 

that might have permitted a clinical diagnosis may have gone undetected.  In addition, 

21 patients declined or could not conduct a follow-up assessment, which might 

reasonably have included at least some of those who had transitioned to PD or DLB.   

Due to the cognitive battery applied, a more detailed classification of MCI was not 

attempted.  However, the current study did identify patients with two or more 

domain impairments as MCI where the domains were taken from relevant sections of 

the MoCA with thresholds drawn from previously published work (Szeto et al., 2017) 

noting that a diagnosis of MCI cannot be made using MoCA alone (Petersen et al., 

2009).  This method of defining MCI patients reflects the current MCI guidelines that 

suggest test scores that are 1 – 1.5 standard deviations below healthy, age matched 

controls to be considered as impaired (Petersen, 2004).  Previous studies have found 

that MCI patients with only amnestic impairments are more likely to transition to AD, 

whereas MCI patients with multiple domain impairments or only non-amnestic 

domains are more likely to transition to DLB (Petersen, 2004).  Making this distinction 
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in the current study may have yielded stronger effects if MCI with only amnestic 

impairments were excluded.  However, it should be emphasised that the presence of 

RBD is extremely rare in AD (Boeve et al., 2013).  This suggest that if patients within 

the current cohort were to transition, it would likely be to a synucleinopathy.  

Performance on the MR task was also an area that might need to be explored 

further in future studies.  It should be noted that five patients with iRBD-CN 

performed the 90° condition near chance, suggesting that this task may have been too 

difficult with participants either giving up or exhibiting a floor phenomenon.  

Therefore, the sensitivity of this task needs to be questioned and future studies should 

consider using a dynamic design that adjusts difficulty depending on performance.  

The outcome of this would thus provide a maximum rotation calculated for each 

patient.  This maximum would be lower for impaired patients and higher for 

cognitively normal patients making the task more sensitive, which would be useful 

when investigating groups with heterogenous performance.  Future studies 

investigating the cognitive characteristics of iRBD patients on the SART, MR and BPP 

would also clearly benefit from a longitudinal design to monitor the patients until they 

transitioned.   

In summary, the current study demonstrated the potential utility of the SART, 

MR and BPP as tools in the assessment of patients with prodromal DLB.  However, 

more work with larger cohorts and longitudinal assessment is required to confirm the 

utility of these measures.  Furthermore, the findings presented here emphasise the 

need for a more stringent deployment of the recently proposed research criteria for 

prodromal DLB that would insist on orthogonal measures of core clinical features and 

objective biomarkers to stratify prodromal DLB between possible and probable status 

by avoiding the circularity of recognising both RBD symptoms and positive RSWA on 

vPSG.   
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6.1. Overview of thesis  

The main aim of this thesis was to introduce novel behavioural tasks that can 

accurately and sensitively assess core symptoms of DLB to identify those who are at 

risk of developing DLB, enhance our understanding of DLB progression and 

ultimately to use in the evaluation of future treatments for DBL.  Dementia with Lewy 

Bodies was only identified relatively recently (McKeith et al., 1992) and the diagnostic 

criteria have been updated periodically as more has been learnt through research 

(McKeith et al., 2017; McKeith et al., 2005; McKeith et al., 2020; McKeith et al., 1996).  

However, as has been consistently highlighted throughout this thesis, DLB overlaps 

clinically with other neurodegenerative conditions, principally Alzheimer’s Dementia 

and Parkinson’s Disease, limiting the utility of many of the available behavioural tests 

that have been explored.  

 Autopsy series have reported that a high proportion of DLB patients have 

concomitant AD pathology and vice versa (Fodero-Tavoletti et al., 2007; Irwin et al., 

2017; Walker et al., 2015).  Therefore, it is not surprising that a proportion of DLB 

patients will present with AD symptoms, which delays and complicates the accurate 

diagnosis of DLB.  In addition, early DLB may also mimic PD and the debate as to 

whether they truly represent different entities continues (Boeve et al., 2016; McKeith 

et al., 2017; Postuma et al., 2015).  Given this spectrum of overlapping clinical profiles 

across DLB, AD and PD more sensitive measures are needed that could assist with 

diagnosis and in particular, the assessment and monitoring of specific clinical features 

of DLB.  It is also acknowledged throughout this thesis that further studies assessing 

the paradigms presented here will now need to be tested in other patient cohorts 

including AD and PDD.  However, it was vital to initially establish the potential utility 

of these tasks in more limited populations before embarking on such a significant 

undertaking.  

The widespread application of behavioural and cognitive paradigms in the DLB 

field has been met with numerous challenges.  Clearly, one of the major features in 
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DLB is that of rapid cognitive decline, resulting in a severely impaired cohort 

(Jellinger, 2018).  Thus, many of the tasks trialed previously that have been of some 

use in other dementia cohorts have often resulted in ceiling effects or have been 

deemed too difficult for DLB patients to complete (Martini et al., 2020; Park et al., 2013; 

Petrova et al., 2016).  Indeed, in Chapters Two and Three of the current thesis, the 

initial versions of the tasks were modified in preliminary testing by slowing down 

stimulus delivery or by reducing task difficulty to accommodate DLB patients, 

without compromising the measures of the task.   

It is widely appreciated that DLB is a heterogeneous disease where symptom 

severity can vary greatly across individual patients and in addition, even within 

patients who are prone to cognitive fluctuations, cycling from periods of relatively 

preserved cognition and alertness to low levels that may result in the subject being 

untestable.  This accessibility of the task and the impact of cognitive fluctuations has 

resulted in mixed findings and made difficult the interpretation of results when 

comparing DLB with PDD and/or AD (section 1.6).  Fluctuation of cognition combined 

with the heterogeneity of DLB have necessitated the development of novel cognitive 

tasks that are accessible to DLB patients and can be adaptable to impairments across 

the cohort.  

Currently, three of the four core features of DLB, namely cognitive fluctuations 

(CF), Visual Hallucinations (VH) and parkinsonian symptoms are measured either by 

a rating scale or clinical interview.  These approaches have three main disadvantages: 

(1) they rely on responses from either the patient or an informant and whilst these 

responses are assumed to be accurate, they are reliant on the respondent 

(patient/caregiver) being aware of the symptoms, as well as a willingness to disclose 

the often stigmatising symptoms (de Medeiros et al., 2010); (2) responses gathered 

from scales and clinical interviews are subjective and prone to bias from either the 

respondent and/or the clinician; and , (3) scales typically measure the severity of a 

symptom by applying it to an arbitrary Likert scale, which ranks severity that might 

represent a practical approach in the clinical setting, but for research and clinical trials 
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a more objective measure of severity applied along a continuous scale would be more 

desirable.  Increasing the sensitivity of any measure would allow subtle differences to 

be observed and perhaps more importantly in the context of an intervention, changes 

in the severity of the response to be recorded.  

To address this need for cognitive and behavioural paradigms that are sensitive 

and adaptable for DLB patients, whilst also providing measures that are suitable for 

research and clinical trials, the current thesis evaluated three tasks namely, the SART, 

MR and BPP.  The objective was to test whether these three paradigms were accessible 

to patients with DLB and represented valid objective measures of specific symptoms.  

It was anticipated that if found to be useful, further testing of these paradigms could 

be directed to other dementia groups (e.g., AD and PDD) and larger sample sizes with 

longitudinal follow-up.  In addition, it was hoped that any utility of the SART, MR or 

BPP could be implemented directly into research.  To this end, the SART as described 

in Chapter Two, has been incorporated as a Secondary Outcome measure in a clinical 

trial evaluating a beta-agonist in patients with DLB (NCT04739423).     

It was also argued that if the paradigms introduced in this thesis offered any 

utility in DLB, there may also be a role for them in the assessment of patients with 

prodromal DLB.  Thus, this thesis also presents data from testing conducted in 

patients with isolated RBD (iRBD) who form part of an ongoing, longitudinal study.  

Clearly, iRBD represents an ‘at risk’ state for developing a synucleinopathy and the 

presence of Mild Cognitive Impairment (MCI) in such individuals has been linked to 

the greater likelihood of transitioning to DLB (Postuma et al., 2019).  Furthermore, the 

combination of MCI and RBD would be regarded within the framework of the recently 

proposed research criteria as representing a diagnosis of prodromal DLB (MCI-LB; 

McKeith et al., 2020).  Therefore, this thesis also offers guidance on how the proposed 

research criteria for prodromal DLB should be best implemented in these at-risk 

patients, as well as evaluating the potential utility of the SART, MR and BPP.          
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6.2. Summary of Key Findings 

6.2.1. Chapter Two: Evaluating the Sustained Attention Response Task to Quantify 

Cognitive Fluctuations in Dementia with Lewy Bodies 

The aim of Chapter Two was to present a novel task that could be used in DLB 

patients to detect and objectively measure the severity of CF. Currently, the only 

means for detecting and measuring CFs is via clinical interview and using scales such 

as the Clinical Assessment of Fluctuations (CAF) or One Day Fluctuation (ODF) scale.  

While these scales are commonly used in clinical and research settings, they lose 

sensitivity by using ordinal scales, whilst also relying on subjective responses.  These 

issues are potentially exacerbated further by the definitions that are included in the 

tool.  For example, the fluctuation item of the ODF scale contains “…he/she seemed to 

be confused…” and “…he/she seemed to improve…” (Walker et al., 2000, p. 255).  

While the purpose of this ambiguous wording would be to make the question more 

accessible to a non-trained informant, without a concrete definition, the response is 

reliant on what behaviour the respondent thinks reflect confusion.  This is then 

interpreted by the clinician who may add their own bias to the respondent’s definition 

of confusion.  This design may be acceptable in a clinical setting where the presence 

of CF and a severity ranking may be all that is needed.  However, in a research or 

clinical trial setting, where the severity of CF is being monitored or its neural correlate 

being explored with neuroimaging/neurophysiology, an objective measure is needed.  

Currently, there are few behavioural tasks to measure attention that have been 

used within DLB.  The Choice Reaction (CRT) and Digit Vigilance tasks (DVT) have 

been used in DLB with CF (Walker et al., 2000).  However, the CRT requires patients 

to make a choice response, which may be stimulating enough to prevent CF, whereas 

the DVT requires participants to only make a response when they see a target number, 

potentially missing short periods of fluctuation that may occur during the non-

response time.  Indeed, this phenomenon was evident in the SART findings presented 
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here, with patients who indicated frequent fluctuations also missing more responses 

than patients who fluctuate less frequently.  

The SART was introduced to this population to reduce bias and produce a 

quantifiable measure of CF severity.  The original version of the SART presented 

stimuli for 250ms (Robertson et al., 1997), however this was deemed too brief for an 

older population with dementia and was increased to 750ms.  Even though this 

presentation period is considerably longer than the original paradigm, it was still able 

to produce errors and was more accessible to cognitively impaired patients.  A 

quantifiable, objective measure of CF that is accessible to DLB patients make the SART 

an ideal tool to use in interventional studies as an outcome that can be accurately 

measured.  Furthermore, during a clinical assessment, the SART could also be utilised 

as a brief, real time gauge of CF.  This would provide confidence in the outcomes of 

other neuropsychological tests administered in a testing session.  For example, if a 

clinician was concerned that a patient performed poorly on a task due to the presence 

of an active CF, the SART could be measured and repeated to confirm an actual 

improvement before re-testing the participant in a clinical trial.  Furthermore, the 

objective nature of the SART make it an ideal instrument to be combined with EEG or 

fMRI studies to investigate the neural correlates of CF (Matar et al., 2019). 

The first main finding from the study presented in Chapter Two was that the 

SART was accessible to DLB patients.  This was demonstrated with high accuracy 

from DLB patients.  This is an important finding, as DLB patients are often too severely 

impaired for objective testing where they can struggle to engage with a task that is too 

complicated or too long (section 1.6.1).  Furthermore, measures on the SART were not 

correlated with MMSE, which could support its use across other dementia 

populations.  

The second finding from Chapter Two was that the number of misses made had a 

medium strength, positive correlation with the ODF scale.  Thus, the higher patients 

scored on the ODF, the greater the number of misses they made on the SART.  When 

dissecting the ODF, patients who indicated more fluctuations, poorer attention and 
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greater disorganised thoughts produced a greater number of misses.  Interestingly, no 

association was found between the CAF and SART measures.  This is likely due to the 

CAF measuring the presence of CF over the last 30 days, whilst the SART provides a 

real time measure of attentional impairment.  This real time measurement is highly 

desirable in research as it allows for the combination of the SART with other time-

locked modalities such as EEG and fMRI, potentially offering further insights into the 

mechanisms underlying CF.  

 

6.2.2. Chapter Three: An adaptive measure of visuospatial impairment in Dementia 

with Lewy Bodies  

Chapter Three focused on visuospatial impairment, where the MR task was 

introduced to DLB patients to investigate visuospatial impairment, whilst also 

offering different levels of difficulty, so as to reduce the chance of floor or ceiling 

effects that have been previously reported when using other available paradigms 

(Martini et al., 2020).  Such dimensions would make the MR task suitable in DLB 

research for evaluating longitudinal progression and potentially sensitive to detect the 

response to interventions with patients serving as their own internal controls where 

their performance could be ‘normalised’ to their own baseline.  

Again, the primary finding from this Chapter was the accessibility of the MR task 

across DLB patients.  Initial versions of the MR involved 0°, 90° and 180° rotations, 

however these proved too difficult for this clinical population.  This led to the current 

version with 0°, 45° and 90°, which whilst easier for patients was still difficult enough 

to provide variance in performance.  Whilst at the 0°, 45° and 90° of rotation 

conditions, the HC and early PD groups performed at the same level, the DLB group 

had significantly lower accuracy.  However, at the 0° rotation condition, the DLB 

group performed well above chance and not at ceiling, suggesting that they were 

engaged and able to complete the simplest difficulty level of the task.  Even when a 

mental rotation was required for the 45° condition, although accuracy fell across all 
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groups, performance by the DLB participants remained above chance.  However, 

performance by the DLB patients decreased to chance with the 90° rotation condition, 

implying that this level of rotation was too difficult for DLB patients and achieved an 

unhelpful floor effect.    

The second finding from Chapter Three was that performance on the MR task was 

correlated with measures of VH and orthogonal tests of visuospatial ability including 

the Clock Drawing Task (CDT), the copy condition of Rey Complex Figure (RCF) and 

the TMT part A, further supporting the validity of using this paradigm in future 

studies of DLB.  There is an established literature reporting that visuospatial 

impairment is a key finding in DLB (and PD) patients who experience VH (Revie et 

al., 2020; Rosenblum et al., 2021; Specketer et al., 2019).  Furthermore, within the DLB 

group, accuracy on the MR task was also correlated with measures of VH from both 

the MDS-UPDRS part I and the PsycH-Q.   

One strength of the MR paradigm is that it could be easily adjusted to match the 

ability of the DLB cohort that is being tested by adjusting the difficulty across 0°, 45° 

and 90° trials to obviate floor and ceiling effects that would allow a more sensitive 

measure of visuospatial ability.  Furthermore, other common visuospatial tasks such 

as the CDT, RCF and TMT tasks require complex motor responses (i.e., drawing) that 

would make combining their performance with time-locked research approaches such 

as EEG and fMRI less practical compared to the MR task that requires only a single 

key press for each trial.  Thus, in future research combining the MR task with EEG or 

fMRI, each trial could be broken down into the components of comparing the shapes, 

then creating a visual representation and manipulating that representation.  Thus, 

researchers would potentially be able to identify regions involved in each of these 

processes separately, offering further insights into the neural correlates of visuospatial 

processing.  Such an approach could obviously be applied not only to DLB but also in 

other disease populations and in HC.  

Finally, accuracy on the MR task was not correlated with performance on memory 

testing or the MMSE, as a global measure of cognition.  This suggests that performance 
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on the MR task does not rely on memory, and it is anticipated that in future testing, 

AD patients with similar levels of dementia, would be less impaired than DLB, 

potentially allowing this paradigm to differentiate accurately between these two 

diseases.  

 

6.2.3. Chapter Four: Evaluating a novel behavioural paradigm for visual 

hallucinations in Dementia with Lewy Bodies 

Chapter Four focused on VH in DLB given that there are few paradigms that can 

detect and objectively measure the severity of VH and none that measure 

misperceptions or the failure to detect visual information from a scene.  Currently, 

researchers typically utilise scales to measure VH severity that rely on reports from 

the patient or informant and are scored using an arbitrary Likert scale.  While this may 

be useful in the clinical setting, more objective, continuous measures that provide a 

sensitive measure of change would be more desirable for research and in clinical trials.       

The Bistable Percept Paradigm (BPP) creates an optimal environment for 

misperceptions by presenting ambiguous images with one or two percepts that 

requires the participant to indicate how many percepts they see.  The BPP has been 

validated in PD, with patients that experience VH having more misperceptions than 

non-VH patients (Shine et al., 2012).  This sensitivity to VH and the simplicity of the 

task make it ideal for testing within the DLB cohort who frequently experience this 

core symptom but often deny it due to the related stigma (Mosimann et al., 2008).  

The primary outcome of Chapter Four found that the BPP was accessible to DLB 

patients as they were able accurately identify over 80% of the images, although they 

were slower to complete the task compared to HC.  As expected, DLB patients 

recorded more misperceptions and ‘misses’ where they failed to appreciate a second 

percept than the HC group.  It is not clear whether such failures in perception reflect 

hypoactivation in the frontal eye fields in DLB (Nagahama et al., 2008), potentially 

reducing the number of saccades and reducing the amount of information extracted 
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from each scene, or if alternatively, it could be driven by impaired attentional 

switching, which has been demonstrated in PD patients with VH (Crescentini et al., 

2012; Mandal & Khan, 2021; Shine et al., 2015b).  Now that the BPP has been validated 

in DLB, it is possible to see how it could be combined with saccadometry and/or fMRI 

to provide some greater insights into the roles of these mechanisms. 

Secondly, performance on the BPP correlated with the misperception components 

of the PsycH-Q, although not the MDS-UPDRS part I measure of VH, which may 

simply reflect the limited sensitivity of this measure (Aynsworth et al., 2017).  Having 

an objective measure of a symptom that can be correlated with measures obtained 

through clinical interview would again be useful for future longitudinal research and 

interventional studies.  Additionally, performance on the BPP was not correlated with 

the MMSE, supporting the study of this task in other cognitively impaired cohorts, 

such as AD.  

  

6.2.4. Chapter Five Evaluating novel paradigms in prodromal Dementia with Lewy 

Bodies 

Chapter Five introduced a group of isolated RBD (iRBD) patients who were 

recruited as part of an ongoing longitudinal program of research recognising that such 

patients are at high risk for the development of synucleinopathies and that the 

presence of MCI represents a predictor for DLB (Postuma et al., 2019).  This study was 

performed at a crucial time given the recent proposal of research criteria for the 

diagnosis of prodromal DLB (McKeith et al., 2020).  Previous studies attempting to 

investigate prodromal DLB have adopted a variety of approaches such as mixing and 

matching diagnostic criteria (Bussè et al., 2018; Kemp et al., 2017) or assigning patients 

retrospectively, dependent on their transition (Génier Marchand et al., 2018; van der 

Zande et al., 2020).  The recent research criteria seek to avoid this level of ambiguity 

and have proposed the existence of three prodromal DLB sub-groups characterised 

by an MCI-onset, Delirium-onset and Psychiatric-onset phenotype.  In this 
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framework, MCI-onset DLB requires the presence of MCI as an essential feature and 

the diagnosis of prodromal DLB can be supported by the presence of core clinical 

features (CF, VH, RBD or parkinsonism) and proposed biomarkers (abnormal 

DATscan, abnormal cardiac MIBG, REM Sleep without Atonia (RSWA) on 

polysomnography (PSG)).  Furthermore, the criteria stratify cases as possible or probable 

prodromal DLB of MCI-LB type by the identification of more than one core clinical 

feature and/or the presence of a proposed biomarker.  Thus, patients with MCI who 

report the presence of RBD fulfill the criteria for MCI-LB, a sub-type of prodromal 

DLB.  However, to avoid the circularity of designating all MCI patients with PSG 

confirmed RBD as probable prodromal DLB, Chapter Five required orthogonal 

measures of core clinical features and potential biomarkers or the presence of more 

than one core feature to denote a case as being probable prodromal DLB.  Utilising this 

approach, only one patient fulfilled research criteria for probable prodromal DLB and 

significantly, they transitioned to DLB 28 months after their baseline assessment, 

whereas 13 possible prodromal DLB cases remained clinically stable.  A further patient 

with iRBD who had no MCI when tested, transitioned after 33 months to PD.  These 

findings call for a more stringent application of the research criteria for prodromal 

DLB in future studies so as to avoid the over-classification of probable MCI-LB. 

In addition to this evaluation of the research criteria for prodromal DLB, Chapter 

Five evaluated whether the SART, MR and BPP could differentiate between patients 

with MCI-LB and those iRBD patients who were cognitively intact.  This study also 

investigated whether performance on these novel paradigms could aid in predicting 

any patient who transitioned to DLB.  The initial group analysis suggested that MCI-

LB patients had poorer performance on the MR and BPP than cognitively normal iRBD 

patients but this finding lost its statistical significance when years of education was 

controlled for.  However, the overall accuracy on the MR task was trending towards 

significance (p = 0.06) and may have been significant with more statistical power.   

These non-significant trends on the MR and BPP were further supported by 

inspecting the performance of the only probable prodromal DLB patient in the study 
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who later transitioned to DLB.  This patient showed poor accuracy on the MR task and 

missed a high number of percepts in the BPP task.  These findings highlight the 

potential of the MR and BPP tasks for identifying mild impairments within prodromal 

patients.  However, further testing with larger samples is needed to confirm this. 

 

6.3. Limitations of the current work 

The aim of the current thesis was to evaluate novel tasks in DLB patients to assess 

their accessibility and gauge whether they could be valid measures of relevant core 

symptoms in DLB.  Whilst these aims were largely accomplished, there are some 

limitations to consider when interpreting the findings of this thesis.   

 

6.3.1. Comparisons across dementias 

The first limitation emphasised here is absence of alternative dementia cohorts.  In 

a clinical environment, the immediate priority is often towards providing an accurate 

diagnosis.  Obviously, whilst considered arbitrary by many, the 12-month rule that 

differentiates DLB from PDD based on remaining cognitively intact for at least a year 

following the diagnosis of PD has proven useful in the clinical setting (Boeve et al., 

2016).  Thus, this thesis attempted to include PD patients in the earlier stages of disease 

(<5y) to confirm the utility of the paradigms in discriminating patients with the earlier 

stages of DLB.  As highlighted throughout this thesis, the clinical similarities between 

DLB and PDD, along with their broadly similar pattern of cognitive impairments 

would make it unlikely that any form of behavioural testing would be useful for 

accurately differentiating such cases (for review see (Gomperts, 2016; Jellinger, 2018; 

Jellinger & Korczyn, 2018)).  However, the ability to investigate specific clinical 

features (e.g., cognitive fluctuations, visuospatial function, and visual hallucinations) 

with objective measures that are accessible in patients with moderate levels of 

dementia is seen as an important advance of the work presented here.   
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Obviously, it can also be difficult to separate DLB from AD, especially during 

early stages where additional tools would be invaluable.  Unfortunately, after initially 

confirming the utility of the paradigms in DLB, reaching out to memory clinics for AD 

patients or using a community-based recruitment approaches became untenable 

during the global COVID-19 pandemic.  However, performance on none of the tasks 

assessed in this thesis (SART, MR and BPP), demonstrated strong correlations with 

tests of memory or the MMSE as a global cognitive measure.  Thus, given the existing 

literature that suggests cognitive fluctuations (Escandon et al., 2010; Mainland et al., 

2017), visuospatial impairments (Breitve et al., 2018; Yoon et al., 2015) and visual 

hallucinations (Zhao et al., 2016) are less frequent and severe in AD, we would 

propose that future studies should evaluate these comparisons between DLB and AD 

using the paradigms reported here to determine their ability to discriminate between 

these diseases.      

 

6.3.2. Small sample sizes 

In keeping with much of the published literature in DLB, each of the studies 

presented in this thesis had small sample sizes, which were further impacted when 

DLB patients were unable to complete complimentary cognitive tasks to allow greater 

correlations (i.e., RCF, TMT part B).  Clearly, small sample sizes result in less statistical 

power, and this could have been one of the explanations where expected findings did 

not reach significance.  This was demonstrated in Chapter Four where it was expected 

that a significant correlation would exist between misperceptions and the TMT part 

B, based on previous work in PD patients with VH (Shine et al., 2012) but the results 

demonstrated only a non-significant correlation (p = 0.18).  

Small sample sizes are not uncommon when testing clinical populations (Bliwise 

et al., 2014; Johns et al., 2009; Knuffman et al., 2001; Park et al., 2011; Tilley et al., 2021; 

Zarkali et al., 2019) and this is emphasised in challenging conditions like DLB with 

severe neuropsychiatric and physical symptoms.  However, it should be appreciated 
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that the DLB and PD patients involved in the studies presented were diagnosed using 

the latest diagnostic criteria (McKeith et al., 2017; Postuma et al., 2015) and that the 

iRBD patients were confirmed using video PSG following the International 

Classification of Sleep Disorders (ICSD-3).  Thus, whilst sample sizes were small, the 

patients included had undergone detailed phenotyping and form part of an ongoing 

longitudinal population, which is ultimately linked with a clinicopathological 

program of brain donation.  

 

6.3.3. Cross sectional vs longitudinal 

Each study in the current thesis used a cross sectional design.  While this design 

was sufficient to provide a comparison between patient groups, or correlate task 

performance with DLB symptoms, cross sectional design does have several 

limitations.  The main limitation is that it only provides performance from one point 

in time.  This makes it difficult to make any inferences from the data provided, 

especially when studying a degenerative disease.  A longitudinal design would obtain 

the most accurate picture of performance across the SART, MR and BPP in DLB 

patients.  Ideally, regular testing during iRBD or the prodromal stages of DLB through 

to later stages of DLB would provide rich data that could be plotted against disease 

and symptom progression.  This would provide researchers with further insights into 

the involvement of different neural systems and their impact on specific symptoms.   

Cross sectional studies also compare mean or median performance of patient 

groups to determine any difference in symptoms or task performance.  This can be 

problematic in α-synucleinopathy research due to the heterogeneity within each 

disease, as well as within individuals.  As outlined in Chapter One, DLB involves a 

broad range of pathology that affects many different systems.  Moreover, not all DLB 

patients follow the same pattern of neurodegeneration or are limited to one clinical 

profile.  By grouping these patients together, individual variability is typically lost.  

The loss of variability could potentially be addressed by employing a longitudinal 
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design, where individual patients can be their own control, allowing for changes in 

performance to be mapped across disease progression, or treatment/intervention 

schedule.  Furthermore, longitudinal design would also allow some individual 

variance to be controlled for.   

Repeated testing would also provide a measure of the reliability for the SART, MR 

and BPP within DLB patients.  This would be especially useful when testing DLB 

patients as many of them experience CF, that may impact performance.  However, a 

longitudinal design may also introduce confounding variables such as potential 

learning effects.  This could be accentuated in settings such as a clinical trial, where 

repeat testing typically occurs over shorter periods.  The BPP would be most at-risk 

task described in this thesis with a limited battery of mono-/bistable images.  Learning 

may also take place on the MR task where this would likely manifest as the 

development of strategies to make the task easier as has been reported elsewhere 

(Berneiser et al., 2018; Nagashima et al., 2019; Zhao & Sala, 2018).  While this could be 

difficult to control for completely, changes to the plain of rotation or shapes may make 

it difficult for patients to apply techniques to subsequent MR tasks.  Similarly, a 

strategy of varying task difficulty to attain a level that might be varied continuously 

across the degrees of rotation could be useful.  Repeated testing may have the opposite 

effect on SART performance where the task is designed to be unstimulating so as to 

encourage fluctuations.  Thus, repeated performance would remove novelty from the 

task making it potentially more monotonous and more likely to provoke CF.  

 

6.4. Future directions 

6.4.1. Larger, diverse cohorts 

Having demonstrated that the SART, MR and BPP appear to be accessible in early 

DLB patients, it is now vital to confirm their validity across research and clinical 

settings.  Initial studies should employ larger sample sizes and include other dementia 

cohorts as highlighted above.  Larger sample sizes would provide more statistical 
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power, allowing potentially underpowered effects in the current thesis to reach 

significance.  Larger samples combined with the inclusion of AD and PDD patients 

could potentially demonstrate the ability of the SART, MR and BPP to separate DLB 

from other dementia populations, which could be of great benefit to future research 

and clinical trials.  There is also a growing appreciation that research teams working 

in DLB will need to collaborate more closely across the world and it is anticipated that 

combined testing across these settings could provide a pathway forward (D'Antonio 

et al., 2021). 

  

6.4.2. Longitudinal design 

Future studies applying the SART, MR and BPP to a RBD cohort may also benefit 

from a longitudinal over a cross-sectional design.  Longitudinal design would allow 

individual patients to provide their own baseline to be compared against.  This design 

is ideal for clinical testing of an intervention as it would provide an objective measure 

of the effect of any intervention.  Repeated testing would allow psychometrics of the 

three tasks to be measured, and where required, improved.  Individual differences 

could also be controlled for, providing accurate and in-depth models of DLB 

progression and individual changes could be further analysed to identify specific 

patterns of progression that could represent different phenotypes of DLB (Matar et al., 

2019).  Finally, more work could be conducted in other prodromal DLB groups such 

as the Delirium- and Psychiatric-onset phenotypes.   

 

6.4.3. Applying tasks in clinical trials 

Currently, clinical trials targeting cognitive fluctuations and visual hallucinations 

in DLB patients would rely on self/informant-reported scales to test the efficacy of the 

intervention.  Given that these tools reduce the severity of such symptoms to simple 

ranked Likert scales, they are potentially insensitive to subtle changes in the outcome.  

By contrast, the SART, MR and BPP can objectively quantify changes in impairment 
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on a continuous scale, thus allowing subtle changes in the target symptom to be more 

accurately monitored.  Indeed, as a result of the work published in this thesis the 

version of the SART presented here is currently being utilised as a measure of 

cognitive fluctuations in DLB patients enrolled in a clinical trial (NCT04739423).  

Furthermore, there are plans to evaluate to the neural correlates of VH and 

visuospatial processing in DLB by utilising the BPP and MR tasks having confirmed 

in this thesis that DLB patients are able to complete these tasks 

 

6.4.4. Applying tasks in imaging studies 

There are few paradigms that can provide real time feedback in demented patients 

like those potentially offered by the SART, MR and BPP as described here.  Indeed, 

the BPP has previously been utilised with fMRI and EEG in PD patients to investigate 

the neural correlates of visual hallucinations in PD (Muller et al., 2021; Shine et al., 

2015a; Shine et al., 2015b).  Furthermore, the SART has been used in conjunction with 

EEG in different patient and HC populations (Hart et al., 2015; Ko et al., 2017; 

McMackin et al., 2021; Meghdadi et al., 2021).  Future studies could replicate these 

studies with a DLB cohort to ascertain whether VH are also driven by changes to the 

attentional network.  Similarly, combining the SART and MR tasks with EEG and 

fMRI could prove valuable in future studies investigating the neural correlates 

underlying cognitive fluctuations and visuospatial impairments in DLB.   

 

6.4.5. Further task specific directions 

Studies looking to enhance the MR task could dynamically alter the degrees of 

rotation in response to correct or incorrect responses from individual patients to 

identify the maximum rotation where the subject is able to perform.  This would 

involve decreasing the rotation when an error is made and increasing with a correct 

response.  This version would have several advantages as it would make the task more 

accessible.  As reported in Chapter Five, several cognitively normal or mildly 
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impaired iRBD patients were unable to complete the higher rotations.  This was also 

observed in a high proportion of DLB patients in Chapter Three.  A dynamic difficulty 

would adjust to individuals, making it more accessible and sensitive.  This approach 

may also shorten the task, which would make it more practical to administer with an 

outcome score measured in degrees that could be related to visuospatial ability.  

Future studies could also further investigate the relationship between visuospatial 

impairment and VH by investigating the activation of the frontal eye fields with 

combined fMRI and saccadometry during the MR and BPP.  This approach would 

provide valuable insights into how visuospatial impairment interacts with the 

attentional networks and how this may be disrupted and lead to visual hallucinations.  

 

6.5. Concluding remarks 

Dementia with Lewy body patients are notoriously difficult to test due to severe 

cognitive impairment, fluctuating attention, neuropsychiatric and motor symptoms.  

This thesis introduced new tasks to use with DLB patients that were accessible and 

measured cognitive fluctuations, visuospatial impairment, and visual hallucinations.  

It is proposed that the versions of the SART, MR, and BPP described here can produce 

objective measures with minimum effects from bias.  Furthermore, the measures from 

these tasks are continuous and quantifiable allowing for subtle changes in the severity 

of these features to be observed.  Thus, it would appear that the SART, MR and BPP 

may prove useful in clinical research and interventional trials that can offer objective 

measures of severity and potentially identify responses to future interventions across 

the spectrum of disease ranging from prodromal to established disease.  Furthermore, 

the behavioural design of the tasks should make them valuable tools for greater 

understanding the neurobiology underpinning symptoms in DLB.  The findings from 

this thesis are thus intended to provide the foundation for future studies and it is 

hoped that this will improve the management of patients impacted by DLB.  
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