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CHAPTER 1

1.1 DEMENTIA
Dementia is a clinical syndrome defined by progressive cognitive decline that influences 
a patients’ daily functioning. Cognitive functions can be tested according to different 
cognitive domains: memory, language, praxis, orientation, visuospatial and executive 
functioning. By definition, two domains need to be affected to meet the criterion of 
dementia. Apart from cognitive symptoms, many patients with dementia experience 
disturbances of behavior, sleep and/or mobility.

To date, worldwide around 50 million people have dementia, and a new patient is 
diagnosed every 3 seconds. Therefore, dementia already represents a huge health 
burden on patients, families and society. For a long period, the term dementia has 
been used interchangeably with Alzheimer’s disease (AD), which is the most common 
underlying cause, but other diseases can cause dementia. Apart from AD, the most 
prevalent neurodegenerative dementias are vascular dementia, frontotemporal 
dementia and dementia with Lewy bodies (DLB). In the elderly population, DLB is the 
most prevalent after AD. (see [1] for a review)

1.2 DEMENTIA WITH LEWY BODIES
Epidemiology
The prevalence of DLB in a population with dementia varies between 0-25%, depending 
on population characteristics (e.g. a higher prevalence in clinic-based vs community-
based studies, higher in pathology studies vs clinical studies). (see [2] for a review) The 
mean age of onset lies around 75 years of age and males seem to be more affected 
than females, for which the reason is unknown. (see [3] for a review) In the Netherlands, 
the estimated number of DLB-patients is around 30 000.[4] However, not all patients 
are diagnosed accurately.[5]

Clinical characteristics and diagnosis
A definite diagnosis of DLB is made post-mortem. During life, a patient can be diagnosed 
with probable or possible DLB, according to the clinical diagnostic criteria (box 1).[6] The 
obligatory central feature is dementia, and the diagnosis of probable or possible DLB 
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depends on accompanying clinical symptoms and/or biomarkers. Typically, the cognitive 
domains affected by DLB are visuospatial and executive functions and attention (which 
influences all cognitive domains), while memory and language are relatively spared 
in the beginning of the disease course. The core additional clinical symptoms are 
visual hallucinations, fluctuations in cognitive functioning, parkinsonism and rapid eye 
movement (REM) sleep behavior disorder (RBD). Parkinsonism (like dementia) is a clinical 
syndrome defined by motor symptoms: bradykinesia combined with tremor and/or 
rigidity. Idiopathic Parkinson’s disease (PD) is the most common underlying cause, but 
parkinsonism can be due to other causes: non-degenerative, such as medication, and 
other neurodegenerative diseases, such as DLB. [7]
Clinical symptoms of DLB overlap with both AD (i.e. dementia) and PD (i.e. parkinsonism), 
as do the pathological findings. Apart from the core features, DLB patients can have a 
variety of other symptoms, such as psychiatric symptoms, hyposmia and autonomic 
dysfunction (e.g. constipation, orthostatic hypotension). Not every patient experiences 
all possible symptoms, which makes DLB a very heterogeneous disease that can be 
difficult to diagnose.

Dementia is an obligatory central feature in the criteria, but many patients may present 
themselves with only mild cognitive symptoms. Sometimes they do already have a full 
array of non-cognitive symptoms. Diagnostic criteria for ‘prodromal DLB’ are currently 
under development. [8, 9] Also around 80% of PD-patients develop some degree of 
cognitive decline in the course of their disease: Parkinson’s disease dementia (PDD). 
This clinical syndrome also fulfills the criteria for DLB. DLB is distinguished from PDD 
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based on the ‘one-year rule’: in DLB, cognitive symptoms develop before or within 1 
year after the onset of first motor symptoms. PDD represent the cases, where dementia 
develops in the course of an already established PD. This distinction is quite arbitrary 
and subject to discussion. PD, PDD and DLB are increasingly considered a continuous 
spectrum of the same disease: Lewy body disease (LBD). [6, 7]

As mentioned, DLB tends to be underdiagnosed; sensitivity of the clinical criteria varies 
between 19 and 70% depending on the study population. Historically, the reported 
specificities are higher (~80%). However in the more recent criteria, sensitivity may 
be increased at the cost of specificity, as has been reported in a meta-analysis. [10] 
AD is the most common misdiagnosis. [10] Clarity about the diagnosis and prognostic 
information is valued highly by patients and caregivers. [5] An accurate and timely 
diagnosis results in appropriate education (e.g. about adverse effects of anti-psychotic 
medication, which can be severe in DLB[11], management and symptomatic therapy). 
To date, no disease-modifying treatment for DLB exists. In the search for disease-
modifying treatment, accurate early diagnosis promotes selection of the right patients 
for clinical trials. Therefore, improvement of the (pre)clinical criteria and finding early 
biomarkers is of paramount importance.

Pathology
The pathological hallmark of both DLB and PD is inclusions of the alpha-synuclein 
protein in Lewy bodies or Lewy neurites. [12] ‘Lewy body disease’ is originally the 
pathological term to describe these findings. The presence of these Lewy bodies and 
degeneration of the dopaminergic cells in the substantia nigra have been reported in 
relation to Parkinsonism since the early 90s. [13]

Braak and Braak have described the pattern of LBD spread in PD. In general, the 
pathology starts in the nuclei of cranial nerves X/XII, progressing rostrally to the 
brainstem (substantia nigra), the basal ganglia and further on to the neocortex. In PD, 
this pattern seems fairly uniform and related to the progression of clinical symptoms: 
cognitive symptoms (PDD) are associated with neocortical LBD in stage 5 and 6. [14]

Pathological criteria for DLB were only first described in 1996. [15] In DLB, the 
spread of pathology does not always follow the same caudal-to-rostral pattern as seen 
in PD: 2 other pathological variants have been described: a limbic predominant and 
neocortical predominant pattern.[16] [17]

Concomitant Alzheimer’s disease pathology
Moreover, alpha-synucleinopathy may not be the only pathological substrate of DLB. 
Amyloid beta containing senile plaques and tau-containing neurofibrillary tangles, the 
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hallmark findings of AD, are found in at least 50% of DLB patients. [18] This percentage 
in DLB is substantially higher compared to PD and PDD, while in turn PDD shows more 
amyloid pathology compared to PD without dementia. [19] AD-pathology therefore 
became another candidate substrate for the cognitive decline in the Lewy body 
diseases, but the contributions of either type of pathology have not yet been fully 
elucidated. A drawback of pathology studies is that those mostly comprise end-stage 
disease, and therefore the impact of concomitant AD-pathology early in the course of 
the disease is unknown.

Currently, amyloid and tau pathology can be detected during life by means of 
cerebrospinal fluid (CSF) biomarkers and PET scans (see [20] for a review), which 
allows us to study the effects of the different pathologies ante-mortem. Patients with 
concomitant AD-pathology may show more resemblance to AD-patients in their clinical 
phenotype. [21] Furthermore, combined pathology seems to lead to faster disease 
progression, with a shorter time to nursing-home admittance and shorter survival. [22]

Knowledge of the contribution of different types of pathology to cognitive (and 
non-cognitive) symptoms is essential for development of disease-modifying therapy. 
Depending on the clinical relevance of concomitant AD pathology to DLB, the ‘mixed 
pathology‘-patients may qualify for trials with amyloid- and/or tau-targeted medication.

Neurotransmitter deficiencies
Neurotransmitters are essential neurochemicals that carry signals across the synapse. 
Reduced neurotransmitter activity is part of normal aging, but is more extensive in 
patients with neuropsychiatric disease and dementia. Neurotransmitter deficiencies 
have been related in varying degrees to LB and AD-pathology (see [23] for a review) and 
represent a possibly relevant pathophysiological mechanism in relation to symptoms, 
biomarkers and symptomatic therapy. In this thesis the role of three neurotransmitters 
in DLB is discussed in relation to biomarker finding: dopamine, acetylcholine and 
serotonin.

Dopamine has been studied thoroughly in PD. Degeneration of dopaminergic cells in 
the substantia nigra correlates with the presence of Lewy body pathology. The functions 
of dopamine include reward-motivated behavior, hormone release and motor control. 
Dopamine suppletion has been used to improve motor symptoms in PD since the 
early 1960s. [24] Dopaminergic degeneration can be visualized with nuclear imaging 
(see below).

Acetylcholine is mainly produced in the nucleus basalis of Meynert (NBM) in the 
basal forebrain from where cholinergic neurons project to most cortical areas of the 
brain. Acetylcholine is foremost involved in attentional processes. Cholinergic deficiency 
has been related to cognitive dysfunction (in particular attention and memory) and 
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visual hallucinations, hallmark symptoms of DLB. [25] Treatment with cholinesterase 
inhibitors has shown improvement on cognitive and functional scales in AD, DLB 
and PDD. (see [26, 27] for reviews) However not all patients respond, and to date 
identification of the patients who will respond is still not possible in advance.

Serotonin is mainly synthesized in the raphe nuclei, is involved in mood and 
emotions, and linked to neuropsychiatric symptoms such as depression, psychosis 
and anxiety. [28, 29] Serotonergic deficits have been described in DLB, AD and PD, but 
the exact clinical relevance is still unknown.

Biomarkers
The current diagnostic criteria for DLB separate clinical symptoms and biomarkers 
(box 1).

A biomarker is an objective measure of a biological process (e.g. a neurodegenerative 
disease). A useful biomarker needs to have good diagnostic performance, added value 
in a clinical setting, and needs to be cost-effective. [30] Currently there is no reliable 
direct biomarker for alpha-synuclein pathology. [6] There are indirect biomarkers that 
indicate the presumed effects of this pathology, such as dopaminergic degeneration, 
autonomic denervation or RBD. In the criteria, biomarkers are listed as supportive or 
indicative based on the quality of the available evidence and measures of diagnostic 
performance.

However, in many diagnostic studies, pathological confirmation of the diagnosis 
was lacking and concomitant AD-pathology was not taken into account. Therefore, 
the influence of AD-pathology on regularly used biomarkers is unknown, while this 
is of importance for both diagnostic value and to unravel the pathophysiological 
mechanisms of these diseases.

Also, for most biomarkers in the criteria, the value in prodromal disease has not 
been established. In this thesis we studied 123I-FP-CIT SPECT, structural magnetic 
resonance imaging (MRI) and electro-encephalography (EEG).

 1. Dopamine transporter (DAT) single-photon emission computed tomography 
(SPECT)

 123I-N-ω-fluoropropyl-2β-carbomethoxyl-3β-(4-iodophenyl)nortropane (123I-FP-CIT) 
is a radiotracer with a high affinity for the presynaptic DAT that can be visualized 
by SPECT. Reduced striatal binding is used as in vivo proxy of dopaminergic 
degeneration in PD and DLB. In a demented patient suspected of DLB, it can be 
used as an indicative biomarker (box 1). This is based on good performance to 
discriminate DLB from AD. Compared to autopsy, a review describes a sensitivity 
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of 86% and specificity of 83%, 100 and 92% respectively when analyzed semi-
quantitatively. (see [31] for a review)

 Abnormal 123I-FP-CIT SPECT is seen in other disorders with parkinsonism, such as 
multi-system atrophy (MSA), progressive supranuclear palsy (PSP) and naturally, 
PD, and therefore cannot be used for the differentiation with these diseases.

 Furthermore, some patients with a high clinical suspicion of DLB have a normal 
123I-FP-CIT SPECT. [32]

 In addition to a high affinity to DAT, 123I-FP-CIT binds with modest affinity to the 
serotonin transporter (SERT). DAT and SERT display a different distribution in 
subcortical structures, which makes it possible to simultaneously assess the 
striatal dopaminergic and extrastriatal serotonergic system with one 123I-FP-CIT 
SPECT. [33]

 2. Magnetic resonance imaging (MRI)
 Structural MRI is widely used in memory clinics to exclude structural brain lesions 

and study atrophy patterns associated with neurodegenerative disease. Visual 
atrophy scores are helpful in a clinical setting [34] while quantitative analysis such 
as measurements of cortical thickness can provide a more detailed assessment of 
atrophy. [35] To date, no specific atrophy pattern is known to be pathognomonic 
for DLB. Compared to in AD, the medial temporal lobe is relatively preserved and 
this is listed as a supportive biomarker in the criteria (box 1). [36-40] Different 
studies have described global, posterior, frontal and insular atrophy in DLB. [39, 
41-43] However, most MRI-studies did not take into account the concomitant AD-
pathology, and the question remains if the AD or Lewy body pathology is related 
to atrophy.

 3. Electro-encephalography (EEG)
 EEG provides a functional measure of neuronal and synaptic integrity. It measures 

differences in electric potentials on the scalp, caused by extracellular currents 
generated by synchronously activated cortical neurons. The EEG signal consists of 
more or less rhythmic oscillations (often referred to as brain activity, brain waves 
or rhythms) in the frequency range of 0.5-70 Hz. The EEG rhythms are arranged 
based on frequency, into five frequency bands: delta (0.5-4 Hz), theta (4-8 Hz), 
alpha (8-13 Hz), beta (13-30 Hz) and gamma (30-70 Hz). The alpha-band can be 
subdivided into alpha-1(8-10 Hz) and alpha-2 (10-13 Hz).

 Visual assessment of the EEG consists of evaluation of the frequency, location, 
symmetry and reactivity of these rhythms. Quantitative analysis of the EEG signal 
(qEEG) includes spectral analysis, and analysis of functional connectivity and 
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brain networks. Spectral analysis is used most often: Fast Fourier Transform is a 
transformation of the EEG signal from the time domain to the frequency domain, 
determining the power (amplitude squared) as a function of the frequency. Relative 
power (power per frequency band divided by total power) and peak frequency 
(frequency with the highest amplitude in the spectrum, normally within the alpha-
band around 10 Hz) provide objective information about EEG slowing. [44] EEG 
slowing is indicative of encephalopathy, as can be caused by a neurodegenerative 
disease. EEG abnormalities seem to be pronounced in DLB in particular.[45, 46] 
Posterior slow wave activity is a supportive biomarker in the diagnostic criteria 
(box 1). However, visual and qEEG abnormalities that have diagnostic or prognostic 
relevance seem to be more extensive. And as synaptic dysfunction may precede 
neurodegeneration, EEG abnormalities may be present early in the disease. 
Therefore EEG is a candidate biomarker in prodromal DLB.

1.3 AIMS AND THESIS OUTLINE
To summarize, DLB is a heterogeneous disorder with symptoms and pathology 
overlapping with AD and PD. Early and accurate diagnosis therefore can be difficult, 
but is of importance for both patient care and research. Patients with mixed DLB 
and AD pathology seem to have a worse prognosis. The influence of concomitant AD 
pathology on biomarkers (imaging and neurophysiology) is unknown, though may 
provide insight in the pathophysiological mechanisms. To study this, we formulated 
the aims and research questions of this thesis:

General aims
To improve diagnostic accuracy in dementia with Lewy bodies.
To provide insight in pathophysiological mechanisms by studying the influence of 
concomitant AD-pathology.

Research questions
1. What is the value of 123I-FP-CIT SPECT in DLB, does a normal scan exclude this 

diagnosis?
2. Can a machine learning algorithm aid the diagnostic process and determine the 

most valuable biomarkers?
3. What is the diagnostic value of EEG to discriminate between DLB and AD? What is 

the value of EEG in an early phase of the disease?

4. What is the influence of concomitant AD-pathology on
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a.   Structural MRI: do patients with mixed pathology have more atrophy?
 b.  EEG: do patients with mixed pathology have more pronounced synaptic 

dysfunction?
 c.  123I-FP-CIT-SPECT: do patients with mixed pathology have more pronounced 

dopaminergic or serotonergic deficiencies?
 d. Medication response: do patients with mixed pathology react better or worse 

to cholinesterase-inhibitors?

Outline per chapter
In chapter 2 we address the first 3 research questions considering the value of different 
biomarkers for the diagnosis of DLB: Chapter 2.1 describes a study of patients suspected 
of DLB with a normal 123I-FP-CIT SPECT, with clinical follow-up and repeated scans.

Chapter 2.2 describes a study of a machine learning algorithm to classify the patients 
into diagnostic groups (DLB, AD and controls) based on clinical and biomarker data, 
reporting classifier performance and importance score per variable.

Chapter 2.3 further focuses on the value of EEG to discriminate between AD and 
DLB, in an early stage of the disease (mild cognitive impairment) and the value of EEG 
to predict time to conversion from MCI to dementia.

To address our second aim we study the influence of concomitant AD-pathology on 
different imaging modalities and EEG in chapter 3. In chapter 3.1 we compared visual 
atrophy scores, cortical thickness and subcortical grey matter volumes between DLB 
patients with and without concomitant AD-pathology. In chapter 3.2 we compared visual 
and quantitative EEG data of these groups, in chapter 3.3 we compared striatal and 
extrastriatal 123I-FP-CIT binding. Chapter 3.4 addresses the influence of concomitant 
AD-pathology on the response to cholinesterase inhibitors in a comparative study.

In chapter 4 we summarize, interpret and discuss the findings of the previous 
chapters and give recommendations for future research.
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ABSTRACT
Purpose Decreased striatal dopamine transporter (DAT) binding on single photon 
emission computed tomography (SPECT) imaging is a strong biomarker for the diagnosis 
of dementia with Lewy bodies (DLB). There still is a lot of uncertainty about the patients 
meeting clinical criteria for probable DLB with a normal DAT SPECT scan (DLB/S-). The 
aim of this study was to describe clinical and imaging follow-up of these patients, and 
compare them to DLB patients with abnormal baseline scans (DLB/S+).

Methods DLB patients who underwent DAT imaging (123I-FP-CIT SPECT) were selected 
from the Amsterdam Dementia Cohort. All 123I-FP-CIT SPECT  scans were evaluated 
independently by two nuclear medicine physicians and in case of normal scans follow-
up imaging was collected. We matched DLB/S- patients for age and disease duration 
to DLB/S+ patients and compared clinical characteristics.

Results Seven of 67 (10.4%) 123I-FP-CIT SPECT  scans were rated as normal. In five DLB/S- 
patients, a second 123I-FP-CIT SPECT  was performed (after on average 1.5 years) and 
these scans were all abnormal. Compared to DLB/S+ patients, DLB/S- patients had less 
extrapyramidal symptoms and might have a better MMSE after one year.

Conclusion This study is first to describe DLB patients with initial 123I-FP-CIT SPECT  
scans rated as normal, which became abnormal during disease progression. We 
hypothesize that DLB/S- cases could represent a relatively rare DLB subtype with 
possibly a different severity or spread of alpha-synuclein pathology (“neocortical 
predominant subtype”). For clinical practice, if an alternative diagnosis is not imminent 
in a DLB/S- patient, repeating 123I-FP-CIT SPECT  should be considered.
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INTRODUCTION
Dementia with Lewy bodies (DLB) is the second most common neurodegenerative 
dementia in the aging population.[1] The pathological hallmark of DLB is the presence 
of aggregations of alpha-synuclein in Lewy Bodies and Lewy neurites in the brain. The 
core clinical features of DLB consist of progressive cognitive decline in combination 
with extrapyramidal signs, hallucinations and/or fluctuations of cognition.[15] DLB is 
a heterogeneous disease with a range of symptoms that can present in various ways 
in individual patients. DLB has considerable overlap with Alzheimer’s disease (AD) and 
Parkinson’s disease (PD), both clinically and pathologically. Therefore, diagnosing DLB 
can be challenging.

 In 2005, imaging of the dopamine transporter (DAT) with single photon emission 
computed tomography (SPECT) was added to the diagnostic criteria for DLB as a 
supportive feature. [47] Iodine-123-labelled N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-
iodophenyl)nortropane ([123I]FP-CIT) SPECT measures the integrity of dopaminergic 
terminals and is a well-validated tool to detect degeneration of nigrostriatal 
dopaminergic cells in PD and DLB.[48-50]

A meta-analysis of the diagnostic value of 123I-FP-CIT SPECT  showed a sensitivity 
of 86.5% and a specificity of 93% for detecting DLB.[51] Most of the included studies 
compared the results of 123I-FP-CIT SPECT  imaging to the clinical diagnosis, which 
was used as the gold standard. A study comparing 123I-FP-CIT SPECT  to autopsy 
found a sensitivity of 86% and a specificity of 83%, and of 100 and 92% if analysed 
semiquantitatively.[52] In a recently published Cochrane review normal 123I-FP-CIT 
SPECT  is suggested to exclude the diagnosis in patients with dementia and a high 
clinical suspicion for DLB.[31]

However, occasionally in clinical practice a patient fulfilling the criteria for probable 
DLB has an 123I-FP-CIT SPECT  scan rated as “normal” or “negative”. There has been 
very little research concerning these cases. They may represent true DLB patients with 
negative scans or patients with an aberrant clinical diagnosis suffering from another 
type of dementia. A previous paper has reported that cases with autopsy-proven 
DLB with ante-mortem normal 123I-FP-CIT SPECT  scans indeed exist.[53] It has been 
suggested that this could be due to variation in distribution of Lewy body pathology, 
with a preferential involvement of cortical brain areas. [32]

In this study, we set out to investigate patients with probable DLB and a negative 
123I-FP-CIT SPECT  (DLB/S-) in the Amsterdam Dementia Cohort; we explore their clinical 
characteristics compared to DLB patients with abnormal baseline scans (DLB/S+). We 
describe the clinical follow-up and the results of repeated 123I-FP-CIT SPECT  imaging.
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METHODS
Patient selection and study design
Patients were selected from the Amsterdam Dementia Cohort, a prospective clinical 
dementia cohort of patients who visited the memory clinic of the VU University Medical 
Center for dementia screening between 2004 and July 2014.[54] All patients underwent 
extensive standardized dementia screening, including a physical and neurological 
examination, neuropsychological test examinations, neuropsychiatric inventory (NPI), 
EEG, MRI, laboratory tests on routine blood parameters, and a lumbar puncture. 
Diagnoses were made by consensus in a multidisciplinary team according to the 
current international diagnostic criteria for various dementia syndromes. For DLB, the 
international consensus criteria by McKeith et al. were used.[47] Additional 123I-FP-CIT 
SPECT  scans were performed at the discretion of the clinical team.

For this case-control study, patients with a clinical diagnosis of probable DLB in 
whom 123I-FP-CIT SPECT  imaging was performed, were selected. Stable diagnoses of 
probable DLB had to be confirmed during follow-up. Follow-up 123I-FP-CIT SPECT  scans 
were collected. For clinical comparison, the DLB/S- patients were matched for age and 
disease duration 1:2 to patients with abnormal scans (DLB/S+).

Clinical outcome measures
The following parameters were retrieved from our institutions’ prospectively collected 
database: presence of visual hallucinations as reflected by a positive score on the NPI–
subitem hallucinations[55]; presence of extrapyramidal signs based on a pre-formatted 
checklist; global cognition assessed by the Mini Mental State examination (MMSE). Data 
on medication use and caregiver information about the presence of fluctuations in 
cognition and symptoms of rapid eye movement (REM) sleep behavior disorder (RBD) 
were derived retrospectively from patient charts. The procedure of EEG evaluation is 
described elsewhere [54]; we dichotomized for normal or abnormal results. Regarding 
MRI imaging, hippocampal atrophy (MTA score [56]), global atrophy and white matter 
hyperintensities according to the Fazekas scale were compared. If cerebrospinal fluid 
(CSF) biomarker analysis was available, tau/Aβ42 ratios were calculated, where a ratio 
of >0.52 constitutes an Alzheimer profile.[57] Patients were followed with annual 
assessments for as long as this was feasible for clinical and/or research purposes. We 
collected MMSE scores at follow-up visits as a global measure for cognitive decline.

Imaging
The SPECT imaging protocol has been described in detail previously[58]. Imaging 
was performed according to the guidelines of the European Association of Nuclear 
Medicine [59], using the validated DAT radiotracer [123I]FP-CIT. [123I]FP-CIT was injected 
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intravenously three hours before imaging at an approximate dose of 185 MBq (specific 
activity >185 MBq/nmol; radiochemical purity >99%). Patients were scanned using a 
dual-head gamma camera (model E.Cam; Siemens, Munich, Germany) with a fan-beam 
collimator. We performed image reconstruction using a filtered back projection with a 
Butterworth filter (order 8, cut-off 0.6 cycles/cm).

Individual SPECT images were analysed using a standard template with five fixed-
size regions of interest (ROIs) for the left and right head of caudate nucleus, left and 
right putamen and occipital cortex, as described previously.[58] Binding ratios (BRs) 
of specific to non-specific DAT binding were calculated for the left and right putamen 
and head of the bilateral caudate nuclei, using the occipital cortex as a reference area. 
For evaluation of the reproducibility of scan readings, 42 123I-FP-CIT SPECT  scans of 
DLB and non-DLB dementia patients (mainly AD or frontotemporal dementia) without 
any clinical information except for the age of the patient were evaluated by a second 
independent nuclear medicine physicians. There was a consensus meeting with both 
physicians where, in doubtful cases, visual assessments as well as age-matched BRs 
were taken into account to make a final assessment.[58]

Analysis
Data were analyzed with IBM SPSS statistics for Windows, V.20 (IBM Corp). Descriptive 
statistics were calculated for group comparison. All continuous variables are reported 
as median (range), categorical variables are presented as their actual value and 
percentage of group total. For non-normally distributed data, non-parametric tests 
were used; Fisher’s exact test for categorical variables and the Mann Whitney U test for 
continuous variables. A p-value of less than 0.05 was considered statistically significant. 
For reproducibility analyses, inter-observer variation was assessed using Cohens Kappa 
in 42 123I-FP-CIT SPECT  scans.[60]

Ethics approval
Written informed consent for use of their clinical data for research purposes was 
obtained from all patients. The medical ethics committee of the VU University Medical 
Center approved the study.

RESULTS
From 2008 until 2014, 67 out of 175 patients with a diagnosis of probable DLB 
underwent 123I-FP-CIT SPECT  imaging. After the first visual assessment (Cohens Kappa 
0.7) and consensus meeting, seven 123I-FP-CIT SPECT  scans were normal: 10.4% of 67 



26

CHAPTER 2

probable DLB patients. One DLB/S- patient was excluded from further analysis because 
of a follow-up duration shorter than six months, leaving six patients in the DLB/S- group.

Clinical diagnosis of DLB was re-confirmed during follow-up (median 24 months, 
interquartile range 8-36) in all patients. Five out of six DLB/S-patients underwent 
a second 123I-FP-CIT SPECT  scan during the follow-up period. These scans were 
performed because of diagnostic uncertainty, e.g. clinically probable DLB but a normal 
rated initial 123I-FP-CIT SPECT  scan. The remaining patient was burdened by the travel to 
Amsterdam and was referred back to the neurologist in his hometown after 18 months 
without repeated SPECT imaging. However, clinical criteria remained and there were 
no signs pointing towards an alternative diagnosis.

FIGURE 1 Upper panel: 123I-FP-CIT SPECT  scan (transversal slices) acquired in 2011 (binding ratios 
right caudate nucleus 2.62, left caudate nucleus 2.56, right putamen 2.37, and left putamen 2.21). 
Lower panel: repeated 123I-FP-CIT SPECT  scan, acquired in 2012, showing lower tracer binding 
(binding ratios 1.82, 1.84, 1.95, and 1.70 respectively)

The five follow-up scans were all reported abnormal, consistent with DLB diagnosis. 
The median time interval between first and second scan was 18 months (range 9-38 
months). An example of an abnormal follow-up 123I-FP-CIT SPECT  scan in an initial 
DLB/S- patient is shown in Figure 1. Changes in striatal BRs between the first and 
second 123I-FP-CIT SPECT  scan in five DLB/S- patients are summarized in Figure 2.



27

DEVELOPMENTS IN DLB DIAGNOSTICS

2

Compared clinical characteristics at baseline of six DLB/S- with 12 DLB/S+ patients 
are summarized in table 1. There were no significant differences in education, sex or 
medication use. In the DLB/S- group two patients used antidepressants and one used a 
cholinesterase inhibitor. In the DLB/S+ group one patient used an antidepressant, three 
used cholinesterase inhibitors, and one used Levodopa. No differences in MMSE were 
found at baseline. DLB/S- patients less often showed extrapyramidal signs, although 
the difference was not statistically significant in this group (p= 0.11). Two of the DLB/S- 
patients did present with signs of parkinsonism: one patient with rigidity, tremor 
and slow gait, and the other with diminished arm swing and tremor. The presence of 
hallucinations or fluctuations of cognition or RBD did not differ between the groups. 
There were no significant differences in EEG, MRI and CSF findings between the two 
groups. None of the patients in whom a lumbar puncture was performed (including 
the patient without a follow-up scan) had a tau/Aβ42 ratio> 0.52, indicating that there 
was no important (concomitant) AD pathology in these patients.

After one year MMSE scores were available for 83% of DLB/S- vs 42% of DLB/S+ 
patients. Although patients were regularly followed in the outpatient department, 
neuropsychological testing was not always performed routinely, as for some patients 
this caused too much psychological stress. Therefore, statistical differences could not 
be reliably calculated for MMSE scores. There was a trend for a higher MMSE in the 
DLB/S- patients.

FIGURE 2 Tracer binding ratios (4 regions of interest) in five DLB patients with initially normal 
123I-FP-CIT SPECT  (blue) showing lower binding ratios (green) on second 123I-FP-CIT SPECT  over 
time
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TABLE 1. Demographics and clinical characteristics

DLB/S- (n=6) DLB/S+(n=12)
Male gender, n (%) 6(100) 8(67)
Age (years) 72 (57-83) 73(56-80)
Disease duration (years) 3,5 (1-8) 3(0-12)
MMSE 22 (16-27) 19(10-29)
Hallucinations, n (%) 5(83) 6(50)
Cognitive fluctuations, n (%) 3(50) 7(87) (n=8)
Signs of RBD, n (%) 6(100) 6(60) (n=10)
Extrapyramidal signs, n (%) 2(33) 10(83)
   Tremor 2(33) 4(33)
   Rigidity 1(17) 7(58)
   Bradykinesia 2(33) 6(50)
EEG
   Abnormal

5 (83) 9 (90) (n=10)      

MRI
   Temporal atrophy (MTA ≥ 2)
   Global atrophy ≥ 2
   Fazekas ≥ 2

1 (17)
0
1 (17)

3 (25)
2 (17)
2 (18)

CSF tau/Aβ42 ratio  0.32(0.24-0.44) (n=5) 0.39(0.19-0.49) (n=4)
Follow-up
   MMSE 1 year 27 (23-28) (n=5) 22(17-25) (n=5)

Abbreviations:  DLB/S- = patients with dementia with Lewy Bodies and a normal baseline 
123I-FP-CIT SPECT  scan; DLB/S+= patients with dementia with Lewy bodies and an abnormal 
baseline 123I-FP-CIT SPECT ; MMSE = Mini Mental State examination; FAB= frontal assessment 
battery; CAMCOG = Cambridge Cognitive Examination; RBD= REM sleep behavior disorder; CSF 
= cerebrospinal fluid; MTA = medial temporal lobe atrophy score; MRI= magnetic resonance 
imaging; NA= non applicable. Data are median (range) unless otherwise indicated.

DISCUSSION
To our knowledge, this is the first study that describes follow-up of DLB patients with 
a negative 123I-FP-CIT SPECT  scan with repeated imaging available. Importantly, all 
follow-up 123I-FP-CIT SPECT  scans (performed on average 1.5 years after the baseline 
scan) were scored as abnormal, consistent with the clinical diagnosis of DLB. This finding 
supports that normal striatal DAT imaging can occur in some DLB patients, who may 
develop a significant nigrostriatal dopaminergic deficit further in the course of their 
disease.

We found normal 123I-FP-CIT SPECT  scans in 10% of our cohort of probable DLB 
patients. This is in accordance with previous reports in literature.[32, 49, 53, 61] When 
comparing the clinical characteristics between DLB/S- and DLB/S+ patients, we did 
not find differences in most DLB features such as dementia severity, hallucinations, 
fluctuations or RBD. The presence of extrapyramidal signs in two DLB/S- patients is 
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remarkable, since a recent study demonstrated the correlation between abnormal 
123I-FP-CIT SPECT  and extrapyramidal signs in DLB.[62] Neither of these two patients 
used medication that could have caused parkinsonism or had extensive vascular 
abnormalities (Fazekas scores<2). Based on follow-up MMSE score, the rate of cognitive 
decline seemed slower in DLB/S- patients. This finding should of course be interpreted 
with caution since numbers were small and there was loss to follow-up, particularly in 
the DLB/S+ group.

Normal 123I-FP-CIT SPECT  scans have been found in small series of patients with 
(autopsy-proven) DLB patients, but the explanation for this finding is not yet entirely 
clear.[32, 53, 61, 62] In PD, patients with a clinical diagnosis and negative DAT SPECT 
imaging are more extensively studied and known as SWEDD (scan without evidence 
of dopaminergic deficit) subjects. However, a recent study about SWEDD subjects 
reported that repeated imaging in these patients showed minimal change in striatal 
binding ratios during follow-up. The authors report that these patients are unlikely to 
suffer from idiopathic PD.[63]In this respect, our DLB/S- patients differ from the SWEDD 
cases in PD, since in our group 123I-FP-CIT SPECT  scans did become abnormal over time 
and clinical diagnosis was and remained DLB.

The most likely explanation for the normal striatal DAT scans in our DLB patients, 
is that DLB/S- patients do have DLB, but without sufficient loss of the dopaminergic 
neurons in the substantia nigra in the early stage of the disease. In an aforementioned 
post-mortem study, two autopsy-proven DLB cases with a visually rated normal 123I-FP-
CIT SPECT  scan exhibited a greater level of nigral neurons than the cases with abnormal 
rated 123I-FP-CIT SPECT  scans.[53] In these two cases, the interval between imaging 
and death was 3.5 years. Although the [123I]FP-CIT striatal binding ratios were in the 
same range as those observed in AD cases, the neuronal density in the substantia nigra 
(assessed post-mortem) was on average somewhat lower than that in AD. Therefore, a 
possible explanation for the sparing of nigral neurons could be in the pattern of disease 
progression. Braak et al. described the caudal-to-rostral progression pattern of alpha-
synucleinopathy in PD patients, with pathology starting in the dorsolateral medulla 
oblongata expanding to the neocortex.[14] In DLB, three pathological subtypes have 
been described based on the distribution of Lewy bodies: the brainstem, limbic and 
neocortical predominant subtypes. It has been reported that not all DLB patients fit the 
Braak staging system.[16, 17] The DLB/S- cases could represent a neocortical subtype 
of DLB with progression rostral-to-caudal as suggested by Siepel et al, who described 
three 123I-FP-CIT SPECT  negative DLB cases with clinical follow-up.[32] Our data could 
support this disease progression pattern by the initially negative, but abnormal follow-
up striatal DAT imaging. The progressive loss of nigrostriatal dopaminergic projections 
in our DLB patients with initial normal 123I-FP-CIT SPECT  scan is clearly illustrated in 
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figure 2 showing the decline of striatal tracer binding in all patients undergoing a second 
123I-FP-CIT SPECT  scan.

A strength of this study is that all 123I-FP-CIT SPECT s were independently assessed 
by two nuclear physicians, who have great experience in the field of DAT SPECT 
imaging in PD and DLB.[50, 58] This, and the fact that the striatal binding ratios were 
taken into account to rate the images, minimalizes the chance that the DLB/S- scans 
were erroneously interpreted as being normal. The patient group was clinically well 
characterized and had sufficient follow-up to guarantee diagnostic certainty. Almost 
all (5/6) DLB/S- patients underwent CSF analysis for AD biomarkers, of which none was 
consistent with AD pathology.

The study is limited by the small group size, as a result of the very low prevalence 
of normal DAT SPECT in DLB, and by the fact that part of the clinical data were gained 
retrospectively. 123I-FP-CIT SPECT  scans were only performed in a selection of probable 
DLB patients in our memory clinic, which could influence the percentage of normal 
scans. One DLB/S- patient did not receive follow-up imaging and could still have had a 
normal scan at follow-up. Since this patient did have sufficient clinical follow-up meeting 
the probable DLB criteria, this patient was not excluded from the clinical comparison. 
Parkinsonism and RBD were not rated with standardized scales or confirmed with 
polysomnography. However, the majority of clinical data was collected prospectively 
in a standardized manner, and assessed by a group of clinical experts. Although few 
patients were treated with medication that may influence the binding of [123I]FP-CIT 
(mainly anti-depressants and cholinesterase inhibitors) these changes are reported 
to be very small and unlikely to influence the overall assessment of the scans. [64],[65]
Finally this study is limited by the fact that 123I-FP-CIT SPECT  images were compared to 
clinical and not to tissue-confirmed diagnosis.

Recommendations for further research would be to more extensively study clinical 
features of DLB/S- patients; differences with regards to response to symptomatic 
treatment, disease course and survival in this group of DLB patients should be further 
elucidated. Extended clinicopathological studies are needed to relate 123I-FP-CIT SPECT  
negative cases to severity and spread of alpha-synuclein pathology. For clinical practice, 
in our opinion a normal 123I-FP-CIT SPECT  should not be a reason to discard a diagnosis 
of DLB in a patient fulfilling the criteria for probable DLB. Repeating 123I-FP-CIT SPECT  
further in the course of the disease should be considered to support the diagnosis of 
DLB. Furthermore, cardiac scintigraphy with 123-I MIBG to visualize cardiac sympathetic 
dysfunction has shown good diagnostic test characteristics for the detection of DLB 
[66, 67] in early stages of the disease. Its use has not been widely implemented, partly 
due to practical issues. Since the differential diagnosis of DLB extends beyond AD and 
also includes disease like CBD, PSP and FTD which can also exhibit positive 123I-FP-CIT 
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SPECT  -scans, it could be interesting to investigate the clinical value of 123-I MIBG cardiac 
scintigraphy in these cases.

CONCLUSIONS
This study was first to describe a subset of DLB patients with initial 123I-FP-CIT 
SPECT  scans rated as normal, which became abnormal during disease progression. 
Consequently, a normal 123I-FP-CIT SPECT  in a probable DLB patient should not be a 
reason to reject the clinical diagnosis of DLB immediately. If an alternative diagnosis 
is not imminent, repeated 123I-FP-CIT SPECT  imaging should be considered. We 
hypothesize that DLB/S- cases may represent a subtype of DLB with a different severity 
or spread of alpha-synuclein pathology. Further research is needed to investigate this 
hypothesis.
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ABSTRACT
Introduction: The aim of this study was to build a random forest classifier to improve 
the diagnostic accuracy in differentiating dementia with Lewy bodies (DLB) from 
Alzheimer’s disease (AD) and to quantify the relevance of multimodal diagnostic 
measures, with a focus on electroencephalography (EEG).

Methods: 66 DLB, 66 AD patients, and 66 controls were selected from the Amsterdam 
Dementia Cohort. Quantitative EEG (qEEG) measures were combined with clinical, 
neuropsychological, visual EEG, neuro-imaging, and cerebrospinal fluid (CSF) data. 
Variable importance scores were calculated per diagnostic variable.

Results: For discrimination between DLB and AD, the diagnostic accuracy of the 
classifier was 87%. Beta power was identified as the single most important discriminating 
variable. qEEG increased the accuracy of the other multimodal diagnostic data with 
almost 10%.

Discussion: Quantitative EEG has a higher discriminating value than the combination 
of the other multimodal variables in the differentiation between DLB and AD.

KEY WORDS
Alzheimer’s disease, dementia with Lewy bodies, EEG, random forest, diagnostic 
accuracy, beta power, machine learning

ABBREVIATIONS
Aβ42: Amyloid-β 1-42
AD: Alzheimer’s disease
ASCII: American Standard Code for Information Interchange
CNS: Central Nervous System
CSF: Cerebrospinal fluid
DAT-SPECT: Dopamine Transpoter-Single Photon Emission Computed Tomography
DLB: Dementia with Lewy bodies
EEG: Electroencephalography
FIRDA: Frontal Intermittent Rhythmic Delta Activity
MMSE: Mini-Mental State Examination
MRI: Magnetic Resonance Imaging
MST: Minimum Spanning Tree
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MTA: Medial Temporal Lobe
NINCDS-ADRDA: National Institute of Neurological and Communicative Disorders and 
Stroke-Alzheimer’s Disease and Related Disorders Association
NPI: Neuropsychiatric Inventory
PTE: Phase Transfer Entropy
qEEG: Quantitative EEG
SCD: Subjective Cognitive Decline
TMT-A: Trail Making Test part A
VAT: Visual Association Test
VIMP: Variable Importance

1. BACKGROUND
Alzheimer’s disease (AD) and dementia with Lewy bodies (DLB) are the two most 
common forms of dementia in the aging population [1,2]. DLB and AD have several 
overlapping characteristics, making differential diagnosis in clinical practice at times 
difficult [3]. Compared to AD, consensus criteria [1] in DLB have moderate sensitivity 
[4,5]. Accurate diagnosis of DLB and AD is essential for patient guidance and appliance 
of possible early treatment and prevention strategies [6]. Therefore, disease specific 
biomarkers from cerebrospinal fluid (CSF) and neuro-imaging are increasingly used, but 
these diagnostic tests can be costly and are not always available [5,7]. Furthermore, 
the frequent presence of concomitant AD pathology in DLB patients renders amyloid 
markers and magnetic resonance imaging (MRI) less discriminative [5,8]. In contrast, 
electroencephalography (EEG) has been proposed as a low-cost and readily available 
diagnostic tool to distinguish between DLB and AD [9,10]. At present, in a clinical 
setting, data from patient history, and above-mentioned diagnostic tests are weighted 
differently in each individual patient to make a diagnosis [11]. The exact contribution 
of the (combinations of) EEG and other diagnostic tests to the differential diagnosis of 
DLB and AD remains unclear.

Automated classification algorithms can directly provide the most relevant diagnostic 
variables, and estimate their relative importance in classifying cognitive impairment, 
which can improve diagnostic efficiency [12,13]. Ensemble-learning methods construct 
automated classification algorithms that can learn from and predict data by building a 
model in the form of input-output relationships of variables (i.e. features in classification 
algorithms) [14]. Random forest is one such algorithm, developed by L. Breiman, and 
based on the principle of decision tree learning [15]. In the field of dementia, ensemble-
learning methods have mainly been studied to classify patients with AD [13], while very 
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little evidence is available on the automated discrimination between DLB and AD[12] 
or on the combination of different diagnostic modalities in an automated classifier.

This study aimed to build a random forest classifier to discriminate between DLB, 
AD and controls, and to quantify the importance of (combinations of) different types of 
diagnostic features (i.e. clinical, neuropsychological, EEG, CSF and neuro-imaging data), 
with a specific focus on the role of EEG.

2. METHODS
2.1 Study population
66 probable DLB patients, 66 probable AD patients, and 66 subjects with subjective 
cognitive decline (SCD) were selected from the Amsterdam Dementia Cohort [11]. The 
groups were matched on group level for age and gender. All subjects were referred 
to the Alzheimer Center of the VU University Medical Center (VUmc) in Amsterdam, 
The Netherlands, between September 2003 and June 2010. Standardized dementia 
diagnostic work-up included neuropsychological assessment, lumbar puncture, brain 
MRI, and resting state EEG. All subjects gave written informed consent for storage 
and use of their clinical data for research purposes. The Medical Ethics Committee 
of the VUmc approved this study. A clinical diagnosis and treatment plan was made 
by consensus in a weekly multidisciplinary meeting [11]. Probable AD was diagnosed 
according to the revised NINCDS-ADRDA criteria [2], and probable DLB was diagnosed 
according to consensus guidelines [1]. Subjects were labeled as SCD when they 
experienced and presented with cognitive complaints, but diagnostic work-up was not 
abnormal and no other neurological or psychiatric disorder known to cause cognitive 
problems could be diagnosed [11]. These subjects were included as controls.

The EEG-dataset of the present study population has been previously analyzed 
focusing on functional and directed connectivity, and network topology in DLB and 
AD [16,17].

2.2 Feature selection
All the non-EEG features (table 1) for the classification algorithm were manually selected 
from the diagnostic work-up based on availability, and their correspondence with the 
clinical criteria of DLB and AD [1,2].

2.2.1 Clinical features
Visual hallucinations were assessed with the Neuropsychiatric Inventory (NPI) [18]. 
Extrapyramidal signs were assessed by a preformatted checklist and defined as the 
presence of bradykinesia, rigidity, or tremor. Cognitive functions were assessed using 
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a standardized test battery [11]. From this, the Mini-Mental State Examination (MMSE) 
was used as a measure of global cognitive function [19], Trail Making Test part A (TMT-
A) as a measure of motor speed [20], the Visual Association Test (VAT) as a measure of 
episodic memory [21], and the forward and backward condition of the Digit Span as a 
measure of attention [22].

2.2.2 Biomarkers
CSF was collected by lumbar puncture [11]. Amyloid-β 1-42 (Aβ42), total tau, 
phosphorylated tau (p-tau), and a ratio of tau to Aβ42 were included as features 
[23]. Medial temporal lobe atrophy (MTA), global cortical atrophy, and white matter 
hyperintensities on MRI were included as features [11].

2.2.3 EEG recordings
As part of the diagnostic work up, all subjects underwent a 20-minutes no-task, 
resting-state EEG recording with OSG digital equipment (Brainlab®; OSG B.V. Belgium), 
according to the international 10-20 system [17].

EEGs of all subjects were rated according to a standard visual rating scheme [24]. 
The visual rating includes the severity of EEG abnormalities on a 4-point rating scale, 
and the presence of focal, diffuse and epileptiform abnormalities [11,24]. In addition, 
all EEGs were assessed for the presence of frontal intermittent rhythmic delta activity 
(FIRDA) [9,10].

Subsequently, four artifact-free epochs, recorded in an awake state with eyes closed, 
were visually selected for each subject. Data were converted to American Standard 
Code for Information Interchange (ASCII) format, and 4 epochs of 4096 samples per 
subject (i.e. approximately 4*8 sec EEG data per subject, sufficient to perform qEEG 
analyses[25]) were loaded into the BrainWave software for further analysis (BrainWave 
version 0.9.152.2.17, C. J. Stam; available for download at http:/home.kpn.nl/stam7883/
brainwave.html).

The machine learning module of BrainWave was used to create a data file containing 
all the qEEG features shown in table 1. Phase Transfer Entropy (PTE) was used as a 
measure for effective connectivity between EEG channels. PTE measures the strength 
and direction of phase-based functional connectivity between interacting oscillations 
[26]. In addition, minimum spanning tree (MST) measures (i.e. highest degree, leaf 
number and tree hierarchy) were used as a representation of functional network 
topology. MST is a unique acyclic subnetwork that connects all nodes in a network 
such that only the strongest connections in the network are included without forming 
loops [27].
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2.3 Data handling
All the measures from clinical and neuropsychological data, CSF and neuro-imaging 
biomarkers, and visual EEG rating (table 1) were added to the data file with qEEG 
data per subject. Missing data was imputed by the average value over the two tested 
diagnostic groups for a particular feature. Features with ≥33% missing values were 
excluded from analyses.

TABLE 1. Overview selected features

Feature 
number Feature name Feature number Feature name

Quantitative EEG
1 Lowest delta power 36 Mean PTE alpha1 band
2 Mean delta power 37 Highest PTE alpha1 band
3 Highest delta power 38 Lowest PTE alpha2 band
4 Lowest theta power 39 Mean PTE alpha2 band
5 Mean theta power 40 Highest PTE alpha2 band
6 Highest theta power 41 Lowest PTE beta band
7 Lowest alpha1 power 42 Mean PTE beta band
8 Mean alpha1 power 43 Highest PTE beta band
9 Highest alpha1 power
10 Lowest alpha2 power Clinical data
11 Mean alpha2 power 44 Hallucinations
12 Highest alpha2 power 45 Extrapyramidal signs
13 Lowest beta power Neuropsychological 

data
14 Mean beta power 46 MMSE score
15 Highest beta power 47 VAT total score
16 Lowest peak 

frequency
48 TMT-A score

17 Mean peak frequency 49 Digit span forward
18 Highest peak 

frequency
50 Digit span backward

19 Theta/alpha ratio
20 MST: highest degree 

theta band
Neuro-imaging (MRI) 
biomarkers

21 MST: leaf number 
theta band

51 MTA score

22 MST: tree hierarchy 
theta band

52 GCA score

23 MST: highest degree 
alpha1 band

53 Fazekas score

24 MST: leaf number 
alpha1 band
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TABLE 1. Overview selected features (continued)

Feature 
number Feature name Feature number Feature name

25 MST: tree hierarchy 
alpha1 band

CSF biomarkers

26 MST: highest degree 
alpha2 band

54 Aβ42

27 MST: leaf number 
alpha2 band

55 Tau

28 MST: tree hierarchy 
alpha2 band

56 pTau

29 MST: highest degree 
beta band

57 Tau/ Aβ42 ratio

30 MST: leaf number 
beta band

31 MST: tree hierarchy 
beta band

Visual EEG

32 Lowest PTE theta 
band

58 Severity of EEG 
abnormalities

33 Mean PTE theta band 59 Diffuse abnormalities
34 Highest PTE theta 

band
60 Focal abnormalities

353557 35 Lowest PTE alpha1 
band

61 FIRDA

Feature 1 – 43 represent quantitative EEG features. Power is the relative power per frequency 
band (delta (0-4 Hz), theta (4-8 Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz), beta (13-30 Hz)). Theta/
alpha ratio is calculated as theta/(theta + alpha1+ alpha2). MST highest degree is the maximum 
degree (i.e. number of links for a given node) within the MST. MST leaf number is the number 
of nodes in the MST with only one link (i.e. degree). MST tree hierarchy is a measure of optimal 
network organization. Fazekas score is a measure of white matter hyperintensities on T2-
weighted fluid-attenuated inversion recovery (FLAIR) imaging.
FIRDA: Frontal Intermittent Rhythmic Delta Activity; MST: Minimum Spanning Tree; PTE: Phase 
Transfer Entropy; MMSE = Mini Mental State Examination; VAT = Visual Association Test; 
TMT-A = Trail Making Test part A; MTA: Medial Temporal lobe Atrophy; GCA: Global Cortical 
Atrophy; Aβ42: amyloid-β 1-42; Tau: total Tau; p-Tau: tau phosphorylated at threonine 181

2.4 Classification algorithm
The classification algorithm was built in the machine learning module of BrainWave. 
The random forest approach was used to build a classifier to differentiate between 
DLB and AD, DLB and controls, and AD and controls. Each decision tree in the random 
forest is built using a bootstrap sample (i.e. new training set), with replacement, from the 
original data (i.e. training set). Each new training set of features is randomly drawn from 
the original dataset of features. This bootstrap aggregating (i.e. bagging), and random 
feature selection help in reducing the variance of the model, avoid overfitting, and result 
in uncorrelated trees [15]. Consequently, in random forest the cross-validation is done 
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internally and there is no need for a separate test set to estimate the generalization 
error of the training set [15].

The two random forest parameters, namely mTry (i.e. the number of input variables 
randomly chosen at each split calculated by the square root of number of features), and 
nTree (i.e. the number of trees to grow for each forest) were set to 8 (square root of 61 
features) and 500, respectively. Interestingly, the classification outcome is not highly 
sensitive to the choice of these parameters [28].

In every classification, each feature receives a variable importance (VIMP) score 
between 0 and 1. For each analysis, it was possible to manually in- and exclude features 
from being used in the tree. By doing so, it was possible to determine the performance 
of the classifier for various combinations of clinical and EEG features.

Three performance metrics, accuracy, sensitivity, and specificity, were used to 
assess the performance of the random forest in discriminating DLB, AD, and controls.

Additional methodological details are provided in the supplementary material.

3. RESULTS
3.1 Baseline characteristics
The baseline characteristics of the three groups are shown in table 2. DLB patients 
more frequently used medication affecting the central nervous system (CNS), compared 
to AD and controls (p<0.05). EEG power in theta and alpha1 band, and peak frequency 
differed between the three groups (p<0.05), whereas power in the alpha2 and beta 
band differed between DLB and controls, and between DLB and AD, but not between 
AD and controls.

3.2 Classifier results
For all three datasets (DLB vs. AD, DLB vs. controls, AD vs. controls), performance of 
the classifier using different combinations of clinical and/or EEG features is shown in 
table 3. An example of the machine learning output is shown in figure 1.

It was possible to discriminate between DLB and AD with an accuracy of 87%, a sensitivity 
of 88% and a specificity of 86% when all features were included. qEEG increased the 
accuracy of the combination of clinical, biomarker and visual EEG features with 7% 
(table 3). Differentiation between DLB and controls was possible with an accuracy of 
94%, and a sensitivity and specificity of 95% and 93%, respectively. For differentiation 
between AD and controls, an accuracy of 91% with a sensitivity of 92% and a specificity 
of 91% was achieved.
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TABLE 2. Patient characteristics

DLB AD Control

n 66 66 66

Age, yrs 70 (9) 70 (9) 70 (7)

Sex, female 14 (21%) 14 (21%) 14 (21%)

Disease duration, yrs 2.9 (2.2) 3.3 (2.2) 3.6 (4.8)

CNS medication§¶ 16 (24.2%) 6 (9.1%) 6 (9.1%)

 Rivastigmine 6 (9.1%) 4 (6.1%) 1 (1.5%)

 Haloperidol 1 (1.5%) 1 (1.5%) 1 (1.5%)

 Clozapine 2 (3%) 0 (0%) 0 (0%)

 Quetiapine 2 (3%) 0 (0%) 0 (0%)

 AED 3 (4.5%) 1 (1.5%) 2 (3%)

 Other CNS medication 3 (4.5%) 0 (0%) 2 (3%)

MMSE* 23(5) (n=59) 21 (5) (n=63) 28 (1) (n=66)

VAT* 7.9 (3.5) (n=47) 5.6 (4.3) (n=60) 11.5 (.8) (n=62)

TMT-A*, sec 123 (86) (n=47) 87 (63) (n=54) 43 (15) (n=63)

Digit Span forward‡ 11.5 (2.5) (n=50) 10.5 (3.2) (n=61) 12.4 (3.0) (n=64)

Digit Span backward† 6.5 (2.8) (n=49) 6.6 (3.0) (n=60) 9.3 (2.9) (n=64)

Hallucinations* 16 (37.2%) (n=43) 3 (5.8%) (n=52) 0 (0%) (n=40)

Extrapyramidal signs 32 (72.7%) (n=44) 7 (13.5%) (n=52) 4 (9.1%) (n=44)

 Bradykinesia* 26 (59.1%) (n=44) 2 (3.8%) (n=52) 1 (2.3%) (n=44)

 Rigidity* 26 (59.1%) (n=44) 2 (3.8%) (n=52) 3 (6.8%) (n=44)

 Tremor 6 (13.6%) (n=44) 4 (7.8%) (n=51) 2 (4.5%) (n=44)

RBD 23 (88.5%) (n=26) NA NA

Cognitive fluctuations 42 (91.3%) (n=46) NA NA

CSF

 Aβ42* 677.7 (236.7) (n=47) 503.6 (218.2) (n=48) 835.0 (245.0) (n=37)

 Tau‡ ¶ 341.4 (187.9) (n=47) 601.7 (338.1) (n=48) 326.2 (156.2) (n=37)

 p-Tau‡¶ 56.7 (26.4) (n=47) 86.9 (39.7) (n=48) 52.1 (19.0) (n=37)

Neuro-imaging

 MTA-score* 1.0 (.25 – 1.5) (n=45) 1.5 (1.0 – 2.0) (n=59) .5 (0.0 – 1.0) (n=59)
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TABLE 2. Patient characteristics (continued)

DLB AD Control

 GCA-score* 1.0 (1.0 – 2.0) (n=45) 1.0 (1.0 – 2.0 (n=59) 1.0 (0.0 – 1.0) (n=59)

 Fazekas score 1.0 (0.0 – 1.0) (n=45) 1.0 (0.0 – 2.0) (n=59) 1.0 (0.0 – 1.0) (n=59)

Power

 Delta band§¶ .42 (.16) .29 (.12) .27 (.11)

 Theta band* .32 (.12) .22 (.11) .14 (.07)

 Alpha1 band* .11 (.07) .17 (.10) .23 (.14)

 Alpha2 band§¶ .05 (.03) .11 (.07) .12 (.07)

 Beta band§¶ .08 (.04) .16 (.07) .18 (.07)

Peak frequency* 7.02 (.91) 8.06 (1.17) 8.84 (.91)

Theta/alpha ratio* .67 (.15) .45 (.18) .30 (.13)

Data are mean (SD), median (interquartile range), or n (%). Disease duration measured as years 
since onset of complaints. TMT-A scores are presented as time needed to complete the task; 
higher scores mean worse performance. Diagnoses, including ‘subjective cognitive decline’ for 
the control group, were made in a consensus meeting after clinical work-up; therefore some 
control subjects were using medication affecting the central nerve system. Hallucinations were 
assessed using the Neuropsychiatric Inventory (NPI). Cognitive fluctuations, extrapyramidal 
signs, and RBD were qualitatively assessed on their presence or absence at the first clinical 
presentation. Fazekas score is a measure of white matter hyperintensities on T2-weighted 
fluid-attenuated inversion recovery (FLAIR) imaging. Power is the relative power per frequency 
band (delta (0-4 Hz), theta (4-8 Hz), alpha1 (8-10 Hz), alpha2 (10-13 Hz), beta (13-30 Hz)). Peak 
frequency is the frequency with highest power in range between 4-13 Hz, Theta/alpha ratio 
is an index that shows the percentage of theta versus alpha spectral potential during resting 
state, computed as theta/(theta + alpha1+ alpha2).
NA = not available; AD= Alzheimer’s disease; DLB= Dementia with Lewy Bodies; yrs = years; 
sec = seconds; MMSE = Mini Mental State Examination; VAT = Visual Association Test; 
TMT-A = Trail Making Test part A; MTA: Medial Temporal lobe Atrophy; GCA: Global Cortical 
Atrophy; RBD = REM sleep behavior disorder; Aβ42: amyloid-β 1-42; Tau: total Tau; p-Tau: tau 
phosphorylated at threonine 181; MST: Minimum Spanning Tree; AED = Anti-Epileptic Drugs; 
CNS = central nerve system)
* significantly different between all groups (p<.05). † significantly different between the two 
dementia groups and controls (p<.05); ‡ significantly different between AD and controls; § 
significantly different between DLB and controls; ¶ significantly different between AD and DLB
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FIGURE 1. Example of machine learning output for discrimination between AD and controls
1 = subjects on x-axis arranged by diagnosis: 1-66 = AD patients, 67-132 = controls 
(represented in feature 62 on y-axis); 2= diagnostic features 1-61 (table 1); 3 = feature 62: ‘true’ 
diagnostic labels, set by authors, dividing subjects between AD patients (red) and controls 
(blue); feature 63: diagnostic labels set by classifier; 4 = Variable Importance (VIMP) score per 
feature.

3.3 Feature importance

FIGURE 2. Variable importance scores in the three main classifications using all features
VIMP scores showing the relative importance of different groups of features for discrimination 
between DLB and AD, DLB and controls, and AD and controls, respectively.
VIMP = variable importance score, on a 0-1 scale; Clinical features: hallucinations, Mini Mental 
State (MMSE) score; Visual Association Test (VAT) score; Trail-making-test (TMT)-A score; Digit 
span forward and backward; CSF = cerebrospinal fluid
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TABLE 3. Classifier results

Group & feature selection Accuracy (%) Sensitivity (%) Specificity (%)

DLB vs. AD

 All features 87 88 86

 Only clinical features 66 65 67

 Clinical features + biomarkers 71 71 70

 Clinical features + biomarkers + visual EEG 78 76 80

 Quantitative and visual EEG 85 86 84

 Only quantitative EEG 85 86 85

DLB vs. Controls

 All features 94 95 92

 Only clinical features 89 92 86

 Clinical features + biomarkers 86 87 85

 Clinical features + biomarkers + visual EEG 90 87 94

 Quantitative and visual EEG 91 93 89

 Only quantitative EEG 92 95 89

AD vs. Controls

 All features 91 92 91

 Only clinical features 90 93 88

 Clinical features + biomarkers 93 94 92

 Clinical features + biomarkers + visual EEG 93 93 92

 Quantitative and visual EEG 63 62 64

 Only quantitative EEG 62 63 62

AD=Alzheimer’s disease; DLB=Dementia with Lewy Bodies; EEG=Electroencephalography; 
Clinical features include hallucinations, extrapyramidal signs, and neuropsychological test 
results (Mini mental state (MMSE) score; Visual Association Test (VAT) score; Trail-making-
test (TMT)-A score; and Digit span forward and backward); Biomarkers include MRI (Medial 
Temporal lobe Atrophy (MTA) score; Global Cortical Atrophy (GCA) score; Fazekas score), and 
cerebrospinal fluid (CSF) (amyloid-β 1-42 (Aβ42); total Tau, phosphorylated Tau (p-Tau), and tau 
to Aβ42

 ratio) data.

Figure 2 shows the VIMP scores of the features in the group analyses when all features 
were included. For discrimination between DLB and AD, EEG highest beta power was 
the most important feature, followed by mean beta power. Using highest beta power 
as the only feature resulted in an accuracy, sensitivity, and specificity of 71%. Clinical 
features, MRI and CSF biomarkers were of limited value in the discrimination between 
DLB and AD (table 3). qEEG solely had a higher diagnostic value in the differentiation 
between DLB and AD than the combination of the other multimodal variables without 
qEEG.
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For DLB and controls, the qEEG measure theta/alpha ratio was the most important 
discriminating feature, followed by the visual EEG feature ‘diffuse abnormalities’. Using 
theta/alpha ratio as the only feature resulted in an accuracy and specificity of 83% with 
a sensitivity of 82%.

For discrimination between AD and controls, the clinical feature MMSE showed 
the highest VIMP score, followed by VAT, TMT-A, and CSF Tau/Aβ42 ratio. MMSE, solely, 
provided an accuracy of 87% with a sensitivity of 93% and specificity of 81%.

4. DISCUSSION
This study is the first to combine visual and qEEG measures with multimodal diagnostic 
tests in a machine learning based classifier. For all three groups (DLB vs. AD, DLB 
vs. controls, and AD vs. controls) reasonable diagnostic accuracies (>85%) could be 
achieved when all pre-selected diagnostic variables were used. However, when studying 
variable importance, different ‘profiles’ were found. (q)EEG features were identified as 
the most important for discrimination between DLB and AD, and DLB and controls. 
Interestingly, the accuracy of the classifier for discrimination between DLB and AD was 
higher when only qEEG features were used, than with a combination of clinical features 
(including MRI and CSF analysis) and visual EEG. When discriminating AD from controls, 
cognitive tests (e.g. MMSE) were more valuable. (q)EEG did not have additional value 
for this discrimination.

4.1 DLB vs. AD and controls
To date, little evidence is available on machine learning classifiers for the diagnosis of 
DLB [12]. Non-automated (q)EEG as a diagnostic modality has been more extensively 
studied and seems valuable for this diagnosis [9,10,29,30]. Visual EEG abnormalities 
are a supportive feature in the clinical criteria for DLB [1]. The present findings strongly 
support the potential of (q)EEG for the differentiation between DLB and AD.

Although the relative power in the delta, alpha2, and beta band was significantly 
different between DLB and AD, power in the beta band turned out to be the most 
important differentiating feature. This finding is remarkable, as beta power has not 
been reported previously to have specific discriminative value between these two forms 
of dementia. Medication use does not seem to be a likely underlying cause, because 
most medication that was used in the DLB group (e.g. cholinesterase inhibitors) would 
be expected to cause an increase in beta power [31], while instead a decrease was 
found. Likewise, muscle artifacts cannot explain the difference since motor symptoms 
in DLB would have resulted in increased beta power. A more plausible explanation is 
that defective dopaminergic networks in DLB, that are intact in AD, could be related 
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to the lower beta power found in this group and therefore be a cause for the high 
discriminative value of this EEG measure. Previous studies have linked changes in beta 
power, beta peak frequency, and variability of PG, PD dementia (PDD) and dopaminergic 
medication [32–34]. Furthermore, beta power can also be influenced by the cholinergic 
system [35,36]. Both the cholinergic system and the beta band have been related to 
the processes of attention [16,37]. The cholinergic system is more severely impaired in 
DLB brains than in AD brains [38], and this cholinergic deficit and associated attentional 
deficits might also be a discriminating aspect between the two types of dementia. 
Finally, the lower beta power in DLB is in line with the overall shift in EEG activity from 
higher to lower frequency bands in DLB that has been shown by previous work [9,10,29].

For DLB and controls, theta/alpha ratio was the most important discriminating 
feature. In DLB, theta power is higher and alpha power is lower than in AD and controls 
(table 2). Therefore, EEG slowing seems to be more remarkable in DLB, which is in line 
with previous results [9,30]. The greater EEG slowing in DLB makes theta/alpha ratio a 
potentially important discriminating factor between DLB and controls.

4.2 AD vs. controls
For classification between AD and controls, an accuracy of 91% is in line with accuracies 
reported earlier in machine learning based classification techniques for AD [13,39,40]. 
Although most of these studies were imaging based, some studies used EEG data. 
Established neuropsychological tests, and CSF biomarkers [23] have high VIMP scores 
in the present classifier, which is in accordance with their importance in current clinical 
decision-making. However, the observed accuracy of 63% when including only EEG 
features, is low compared to previous studies on qEEG based classifiers reporting 
accuracies of 80-95% [39,40]. A possible explanation for this could be the use of healthy 
subjects as controls in these studies [39,40]. In the present study, subjects with SCD 
were used as controls and possibly they have more EEG abnormalities than healthy 
elderly without SCD. Furthermore, earlier studies have shown that EEG results in AD 
can be heterogeneous, abnormalities are less profound than in DLB, and normal EEGs 
frequently occur [29,38]. These factors could all be contributing to the lower accuracy 
found.

4.3 Strengths & limitations
A strength of this study is that the random forest algorithm produces a highly 
accurate classifier (with cross-validation build into the method and only two required 
parameters, none of which is critical for the results). The method is easy to use, has 
a high interpretability, runs efficiently on large datasets, and gives estimates of which 
variables are important in the classification [14]. Moreover, an essential part of the 
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feature selection is done internally in the random forest algorithm, and thus helps 
in reducing the variance of the model and avoids overfitting [15]. Second, this study 
compared a relatively large group of DLB patients with a carefully matched group of 
controls and AD patients. Third, subjects with SCD were used as a control group. These 
subjects visited the memory clinic with subjective memory complaints, and therefore 
represent a heterogeneous group. In clinical practice, this group is the exact population 
from which patients with a diagnosis of dementia need to be distinguished.

This study has some limitations. First, not all possibly relevant variables (e.g. REM 
sleep behavior disorder, cognitive fluctuations, results of DAT-SPECT scans and EEG 
variability) were available or scored quantitatively to be included as features in the 
classification algorithm. Second, some features had a relatively high number of missing 
values, which were excluded from the analysis or imputed. For instance, cognitive 
fluctuations and REM sleep behavior disorder were excluded from the analyses for 
this reason. In the case of CSF biomarkers, hallucinations, and extrapyramidal signs, 
missing values were imputed. Notably, CSF biomarkers turned out to be important 
discriminating features between AD and controls. This not only implies that CSF 
biomarkers could have had a higher VIMP score if no data had been missing, but 
also that when a continuous feature is important in distinguishing two groups, its 
performance is not fully influenced by the number of missing values. In contrast, in 
the case of categorical features, it is more difficult to impute the missing values with a 
meaningful average. Therefore, missing data in these types of features can result in an 
underestimation of the importance of categorical features.

Finally, initial selection of available features by the authors could have resulted 
in circular reasoning by including features that are already known to be important 
discriminating variables between two groups, while there is no autopsy confirmed 
diagnosis as a gold standard. Nonetheless, during a follow-up period of 0-7 years none 
of the DLB diagnoses, and only 2 AD diagnoses (mean follow-up of 21.2 months) were 
changed (the diagnosis was converted in15 SCD subjects).

In summary, machine learning based diagnostic classifiers show that qEEG is a 
valuable contribution in differentiating between DLB and AD. EEG data are easily 
obtained, as EEG is a low-cost and non-invasive procedure. Further research should 
elucidate the diagnostic value of relative beta power and theta/alpha ratio for the 
diagnosis of DLB. VIMP scores quantify the importance of a variable, but do not provide 
information about the actual value, such as a cut-off, and this needs to be studied 
separately. Still, the current findings suggest a bigger role for (q)EEG in the diagnostic 
criteria for DLB.
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SUPPLEMENTARY METHOD
Neuro-imaging biomarkers
Magnetic resonance imaging (MRI) of the brain is performed on a 3T whole body MR 
system with whole brain coverage. The standard MRI protocol includes a sagittal 3D 
heavily T1-weighted gradient-echo sequence with coronal reformats, a sagittal 3D 
T2-weighted fluid-attenuated inversion recovery (FLAIR) turbo/fast spin-echo with 
axial reformats, a transverse T2-weighted turbo-fast spin-echo, a transverse T2* 
susceptibility sequence, and diffusion weighted imaging.1 As part of the diagnostic work-
up, visual rating of MRI scans is performed for all subjects. Medial temporal lobe (MTA) 
atrophy is rated on the coronal reconstruction of T1-weighted scan using a 5-point 
visual rating scale (0-4), and is based on the height of the hippocampal formation and 
the width of the choroid fissure and the temporal horn.1,2 Global cortical atrophy was 
rated on the FLAIR using a 0-3 visual rating scale.1,3 White matter hyperintensities were 
rated on the FLAIR using the 3-point Fazekas scale.1,4

EEG recordings
Twenty-one electrodes were placed on the scalp according to the international 10-20 
system recorded on the following locations: Fp2, Fp1, F8, F7, F4, F3, A2, A1, T4, T3, C4, 
C3, T6, T5, P4, P3, O2, O1, Fz, Cz, Pz. The sample frequency was 500 Hz. Electrode 
impedance was below 5kΩ with a time constant of 1s and a low pass filter at 70 Hz. For 
recordings, patients were seated in a slightly reclined chair in a sound attenuated room 
and kept awake by EEG technicians with sound stimuli if necessary. 1

Visual EEG assessment
Focal abnormalities on visual EEG are defined as (transients of) slow or sharp wave 
activity in 1 or more EEG leads, excluding benign temporal theta of the elderly. 
Diffuse abnormalities are defined as a dominant frequency of rhythmic background 
activity below 8 Hz, diffuse slow-wave activity or diminished reactivity of the rhythmic 
background activity to the opening of the eyes.1,5

Quantitative EEG assessment
Two raters (EvD, HdW) visually selected four artifact-free epochs per subject.
First, the machine learning module of BrainWave was used to create a ‘default’ data 
file consisting of the following qEEG features: lowest, mean, and highest relative power 
(i.e. square of the spectral potential) in the delta (0-4 Hz), theta (4-8 Hz), alpha1 (8-10 
Hz), alpha2 (10-13 Hz), and beta (13-30 Hz) band for all the four epochs per subject. 
In addition, the data file consisted the lowest, mean, and highest peak frequency (i.e. 
frequency with highest power in range between 4-13 Hz), and the theta/alpha ratio 
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computed as theta/(theta + alpha1+ alpha2). The theta/alpha ratio is an index that 
shows the percentage of theta versus alpha spectral potential during resting state.

Second, BrainWave was used to compute the connectivity between EEG channels, 
and minimum spanning tree (MST) measures (i.e. highest degree, leaf number and tree 
hierarchy) as a representation of functional network topology, for all the four epochs 
per subject. For this, EEG common reference was used, and the data was band-pass 
filtered in above-mentioned frequency bands. Oscillations under 4 Hz and above 30 
Hz were not analyzed because of the expected contamination with eye movement,6 
muscle artifacts and microsaccades.7

Phase Transfer Entropy (PTE) is based on the principle of Transfer Entropy (TE).8 For 
this study, the normalized PTE (i.e. dPTE) was used (see Hillebrand et al for a detailed 
description of the PTE.9 dPTE indicates which signal is a directional driver and which 
signal is a directional receiver of information, and ranges between 0 and 1 (Hillebrand 
et al 2015, submitted). dPTE value for all pairs of EEG channels were computed for all 
the four epochs per subject for each frequency band, and subsequently averaged per 
EEG channel. Hereafter, the lowest, mean and highest dPTE value for all the four epochs 
for all the subjects was selected.

To characterize the network topology, MST was constructed for each subject, each 
epoch, and each frequency band separately based on the PTE. Highest degree is the 
maximum degree (i.e. number of links for a given node) within the MST. Leaf number 
describes the number of nodes in the MST with only one link (i.e. degree). Tree hierarchy 
is a measure of optimal network organization characterized by a combination of short 
distances between brain regions, while preventing information overload of central 
brain regions.10,11

Finally, one data file was created that included all the qEEG measures for all the four 
epochs per subject. Subsequently, this data file was loaded in the machine learning 
module of BrainWave to subaverage the data over the four epochs to compute one 
average value per qEEG measure per subject. Subsequently, all the measures from 
clinical and neuropsychological data, CSF and neuro-imaging biomarkers, and visual 
EEG rating were added to the final data file with subaveraged qEEG measures per 
subject. Table 2 in the main text provides an overview of all the selected features. Then, 
feature scaling was done for all continuous features with values above 1, and categorical 
features with more than 2 categories, to rescale the feature range between 0 and 1. 
This was done by dividing all the values of a particular feature by its maximum value. 
Eventually, the data file was split into three sub files per two diagnostic groups (i.e. AD 
vs. controls, DLB vs. controls, and AD vs. DLB).
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Classification algorithm
In random forest, there is no need of cross-validation or a separate test set to estimate 
the generalization error of the training set. The cross-validation is done internally by the 
out-of-bag (OOB) error estimate as follows: in each bootstrap training sample, one-third 
of the features are left out and thus not used in the construction of the decision tree. 
Subsequently, as the forest is built, each tree is tested on features not used in building 
that tree, called OOB examples. Each left-out feature is put down the tree to get a 
classification. At the end of the run, the model predicts the class that got most of the 
votes every time feature x was OOB, and the proportion of time the class is not equal 
to the original class of feature x, averaged over all features, is the OOB error estimate.12

In every classification, each feature receives a variable importance (VIMP) score 
between 0 and 1. This score is determined by the mean decrease in the Gini impurity 
criterion. Gini impurity indicates how often a particular feature was selected for a split, 
and how large its overall discriminative value was for the classification. Adding up the 
Gini decreases for each feature over all trees in the forest results in the feature (i.e. 
variable) importance.
The metrics sensitivity, specificity, and accuracy were defined as:
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Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics 23. Neuropsychological 
test scores at baseline were compared between groups using univariate ANOVA, 
medication use (defined as the number of subjects using any medication affecting the 
central nervous system), presence of hallucinations, and neuro-imaging biomarkers 
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were compared using the Pearson Chi square test. The alpha was considered significant 
at the level of .05.
CSF biomarker data, relative power, peak frequency, and EEG theta/alpha ratio at 
baseline were not normally distributed. Therefore, these scores were compared 
between groups using non-parametric Kruskal-Wallis test. Afterwards, post-hoc 
analyses were done using pair wise Mann-Whitney U test with Bonferroni correction 
(p<0.017) to correct for multiple comparisons.
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ABSTRACT
Objective
Early biomarkers for dementia with Lewy bodies (DLB) are still lacking. 
Electroencephalography (EEG) is a low-cost and non-invasive test that shows marked 
abnormalities in DLB. We aimed to study if EEG differentiates the prodromal phase of 
DLB from other causes of mild cognitive impairment (MCI) and is predictive for time to 
conversion from MCI to DLB.

Methods
MCI-patients at risk for DLB were selected. 37 who developed DLB during follow-up 
and/or had an abnormal 123I-FP-CIT SPECT scan (MCI-DLB)were compared with 67 age-
matched ‘MCI due to AD’-patients (MCI-AD). EEGs were assessed visually with a score of 
increasing abnormality (range 1-5). Fast Fourier Transform was performed to analyze 
power spectrum, peak frequency and theta/alpha-ratio. With survival analyses, EEG 
characteristics were related to time to progression to dementia.

Results
The visual EEG-score was higher in MCI-DLB (score>2 in 60%) compared to MCI-AD 
(score>2 in 8%, p<0.001). Frontal intermittent delta activity was seen in 22% of MCI-DLB, 
not in MCI-AD. MCI-DLB patients had a lower peak frequency (7.5 (6.0-9.9) Hz vs 8.8(6.8-
10.2) in MCI-AD, p<0.001), lower relative beta and alpha-2 power, higher theta power 
and theta/alpha-ratio. EEG measures showed good performance to discriminate MCI-
DLB from MCI-AD (AUCs up to 0.94). In MCI-DLB visual EEG score, diffuse abnormalities, 
and alpha2-power were related to time to progression to dementia (Hazard ratios up 
to 9.9).

Conclusions
Profound EEG abnormalities are already present in the prodromal stage of DLB and 
have diagnostic and prognostic value.
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INTRODUCTION
In the search for disease-modifying treatments, early etiological diagnosis of dementia 
becomes increasingly important. Moreover, patients with cognitive decline visit doctors 
in an early phase, and a correct diagnosis supports patient guidance and symptomatic 
treatment.

Dementia with Lewy bodies (DLB) is the second most common cause of dementia in 
the aging population.[1] Besides cognitive impairment, core features are parkinsonism, 
visual hallucinations, fluctuating cognition, and REM-Sleep behaviour disorder (RBD). 
[6] Mild cognitive impairment (MCI) is defined as impairment in one or more cognitive 
domains with preservation of independence in functional abilities.[68, 69] DLB-
patients may present themselves in the MCI-stage [70], with or without additional 
core symptoms. [71, 72] Differentiation from other causes of MCI can be challenging 
and early biomarkers for DLB are lacking.

EEG is a low-cost and widely available test that shows marked abnormalities in DLB 
compared to other dementias, such as low (posterior) dominant frequency, reduced 
reactivity and extensive slow-wave activity. [45, 46, 73-75] An abnormal EEG is a 
supportive biomarker in current diagnostic criteria, but its value in the prodromal phase 
of the disease is not yet clear. [6] EEG, as a measure of neuronal and synaptic function, 
may be sensitive to early neurodegenerative changes, as functional abnormalities may 
precede structural changes.[76]

We aimed to investigate the discriminative value of EEG in early DLB by comparing 
both visual and quantitative(qEEG) abnormalities between prodromal DLB patients 
and patients with MCI due to Alzheimer’s disease (AD). Secondly, we aimed to study if 
EEG-abnormalities can predict time to progression from MCI to dementia.

METHODS
2.1 Study population
Patients were selected from the Amsterdam Dementia Cohort (ADC), with the initial visit 
between 2000 and 2017. The ADC is a clinical cohort built from patients who visited the 
memory clinic for a one-day diagnostic screening including medical history, physical and 
neurological examination, neuropsychological tests, blood and cerebrospinal fluid (CSF) 
analysis (aβ-42, tau and p-tau), EEG and structural brain imaging. [54] Diagnoses are 
made in a multidisciplinary setting. Additional diagnostic tests, such as 123I[FP-CIT]-scan 
are performed by indication as judged by the clinical team. Mild cognitive impairment 
(MCI) is diagnosed according to current diagnostic guidelines: - concern reflecting a 
change in cognition reported by patient, informant, or clinician, - objective evidence 
of impairment in one or more cognitive domains, -preservation of independence in 
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functional abilities, - not fulfilling clinical criteria for dementia.[68] MCI patients in the 
ADC are followed-up yearly with repeated neuropsychological testing.

Patient selection is shown in figure supplemental 1. We selected forty-six patients 
who fulfilled the criteria for MCI based on neuropsychological examination and (1) had 
at least one core clinical feature of DLB (RBD, visual hallucinations, cognitive fluctuations 
and/or parkinsonism) [8, 71] and/or (2)had an abnormal 123I[FP-CIT]-scan, and/or (3) 
developed probable DLB according to diagnostic consensus criteria [6] during follow-
up. This definition of ‘possible’ MCI-DLB has been described and operationalised in 
previous research. [8, 77] Patients with severe cerebrovascular abnormalities (Fazekas 
score>2) were excluded from the study.

From these MCI-DLB patients two different groups were further selected for our 
diagnostic and prognostic research questions. To assess discriminative properties of 
EEG in the MCI-stage, we selected patients with the highest diagnostic certainty of 
prodromal DLB (n=37), defined as either (1) a confirmed diagnosis of probable DLB 
[6]at follow-up or availability of an abnormal 123I[FP-CIT]-SPECT scan. These were 
compared to 67 age-matched patients with MCI due to AD. MCI due to AD was defined 
as MCI (based on neuropsychological test results), abnormal cerebral spinal fluid AD-
biomarkers (tau/abeta-42 ratio> 0.52[57]), and follow-up for at least 2 years during 
which no DLB core features emerged.
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To assess prognostic properties of EEG in MCI-DLB, survival analyses were performed 
in MCI-DLB patients with at least 6 months follow-up (during which they may or may 
not have progressed to dementia) with repeated neuropsychological tests available 
(n=38). When possible based on the inclusion criteria, patients were included in both 
the diagnostic and the prognostic cohort(figure supplemental 1).

Clinical data were collected prospectively from the initial visit onward. Cognition 
was assessed with a standardized neuropsychological test battery. [54] The Mini 
Mental State Examination (MMSE) [78]score was used as a global cognitive measure. 
Hallucinations were scored according to the neuropsychiatric inventory (NPI)[55], 
extrapyramidal signs according to a preformatted checklist (based on the presence 
or absence of bradykinesia, rigidity and/or tremor at neurological examination). Data 
on cognitive fluctuations and RBD were collected retrospectively from medical charts, 
and scored only if mentioned specifically in the patient histories. Patient histories and 
neuropsychological test results were revised to determine the moment of progression 
to dementia. Dementia was defined as impairment in at least two cognitive domains 
on neuropsychological assessment.

2.2 Ethics
All patients gave written informed consent for use of their clinical data. The local medical 
ethics committee approved of the study.

2.3 EEG recording
All subjects underwent a 20 minute resting-state EEG with O.S.G. digital equipment 
(Brainlab or BrainRT; O.S.G. B.V. Belgium). Twenty-one scalp electrodes were placed 
according to the international 10-20 system on the following locations: Fp2, Fp1, F8, F7, 
F4, F3, A2, A1, T4, T3, C4, C3, T6, T5, P4, P3, O2, O1, Fz, Cz, and Pz. Electrode impedance 
was <5 kOhm. The EEG was filtered on-line with a time constant of 1 second and a low 
pass filter of 70 Hz. The sample frequency was 500 Hz. Recording took place in a slightly 
reclined chair. When necessary, EEG technicians used sound stimuli to keep the patients 
awake. Source derivation was used as a reference[79], and the data was band-pass 
filtered in 6 frequency bands: delta (0.5-4 Hz) theta (4-8 Hz), alpha-1 (8-10 Hz), alpha-2 
(10-13 Hz),beta (13-30 Hz) and gamma (30-48 Hz). Oscillations <0.5 Hz and >30 Hz were 
excluded from further analyses because of the expected artifacts from muscle and eye 
movement.[80, 81] Five artifact-free epochs, recorded in an awake resting-state with 
eyes closed, were visually selected per patient.
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2.5 Visual EEG assessment
EEG analysis has been described in previous publications.[82, 83] The visual assessment 
was carried out by certified clinical neurophysiologists (without knowledge of clinical 
information except for age, sex and medication use) according to a standardized 
global visual rating scheme, which includes the severity of EEG abnormalities (on a 
5-point scale: 1= normal EEG (including benign temporal theta of the elderly), 2= mildly 
abnormal (e.g, theta, sporadic delta activity), 3= moderately abnormal (e.g. abundant 
theta/delta activity, FIRDA, epileptiform abnormalities), 4=severely abnormal (e.g. 
frequent seizures/epileptic status, burst suppression), 5=iso-electric EEG. Score 4 and 
5 are not expected to be given in an outpatient population.) and the presence of focal, 
diffuse, and epileptiform abnormalities. Focal abnormalities were defined as sharp 
or slow waves, present in one or more EEG leads. Diffuse abnormalities consisted of 
a posterior dominant frequency below 8 Hz, diffuse slow wave activity or decreased 
reactivity of the background pattern to eye opening. Epileptiform discharges were 
defined as spikes or spike-and-slow-wave-complexes present in one or more EEG leads. 
[84] Frontal intermittent rhythmic delta activity (FIRDA) was analyzed as a separate 
variable, because of the relatively high occurrence in DLB described in literature. [45, 
46] Interrater variability of this method has been described previously (kappa values 
between 0.6-0.87). [84]

2.6 Quantitative EEG analysis
We selected five artifact-free epochs of approximately 8.2 seconds per patient (blind 
to clinical diagnosis), and EEG data were converted to American Standard Code for 
Information Interchange format. BrainWave software, version 0.9.152.2.7 (http:/home.
kpn.nl/stam7883/brainwave.html) was used to perform quantitative analyses. Fast 
Fourier transformation (FFT) was used to calculate relative power per frequency band 
(delta (0.5-4 Hz) theta (4-8 Hz), alpha-1 (8-10 Hz), alpha-2 (10-13 Hz),beta (13-30 Hz) and 
peak frequency per electrode, means of all electrodes were reported. To indicate the 
proportionality between slow-wave and fast-wave activity, we calculated the theta/
alpha-ratio: theta/(theta+alpha1+alpha2).

2.7 Statistical analysis
Statistical analysis was carried out with SPSS (IBM, version 22). Group differences in 
demographical, clinical data and visual EEG measures were assessed with χ2/Fisher’s 
exact tests or t-tests and, in the case of non-normally distributed data, Kruskal Wallis 
tests. A probability value of <0.05 was considered statistically significant. To correct for 
possible confounders (sex, symptom duration, and medication use) a logistic regression 
model was used. qEEG measures were compared with t-tests or Kruskal Wallis tests 
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depending on normality. To correct for possible confounders a linear regression analysis 
with (log-transformed) qEEG measures was used.
To assess the diagnostic value of the (q)EEG markers, a logistic regression model was 
used with diagnosis (MCI-DLB vs MCI-AD) as dependent variable and (z-transformed) 
(q)EEG measures as independent variables, reporting diagnostic odds ratios (OR) (per 
standard deviation) and area under the receiver operating characteristic (ROC)-curve 
(AUC), with 95% confidence intervals. ORs were corrected for sex, medication use and 
symptom duration, for the AUCs we used models with only the EEG markers. In a 
stepwise backward regression, the (q)EEG measures were combined.
In the prognostic cohort, patients who progressed to dementia were compared to non-
converters with descriptive statistics. A Kaplan-Meier analysis (with log-rank statistics) 
and Cox regression (with correction for age and baseline MMSE) were used to analyze 
the EEG characteristics as predictors of time to progression to dementia. For the 
Kaplan-Meier and Cox analyses, we dichotomized the EEG variables with a split-half 
approach, using the median value as cut-off point.

2.8 Data availability
Data not provided in the article and additional information on methods and materials 
may be shared upon request.

RESULTS
3.1 Patient characteristics and biomarkers
Baseline patient characteristics and follow-up duration of the diagnostic cohort (n=37) 
are summarized in table 1. Groups were well-matched for age. The MCI-DLB group 
consisted of more male patients. Medication use and MMSE-score were comparable 
between groups. 23 patients had one or more 123I[FP-CIT]-scans available, and the 
first scan was abnormal in 20 patients (87%). In 3 cases the initial 123I[FP-CIT]-scan 
was normal (13%), but a repeated scan after 1-3 years was abnormal consistent with 
DLB. 24 percent of MCI-DLB patients had a CSF tau/ aβ-42 ratio>0.52, consistent with 
Alzheimer’s disease co-pathology. [57]

3.2 Visual EEG characteristics
Visual EEG characteristics are shown in table 1. In the MCI-AD group the EEG was rated 
normal (severity score=1) in 49% of the patients, compared to in 16% of the MCI-DLB 
patients (p<0.01). MCI-DLB patients had a higher median EEG severity score (p<0.001). 
Distribution of the severity score in the 3 groups is shown in figure 1.
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TABLE 1 Baseline and visual EEG characteristics

MCI-DLB
(N=37)

MCI-AD
(N=67)

Age, years 67 (±5.8) 68(±5.4)

Symptom duration, yearsa 3[3] 2[3]

Sex, male (%) 33(89)** 33(49)

Hallucinations (%) 7(29)**

N=24
0
N=27

Extrapyramidal signs (%) 23(66)**
N=35

0
N=64

Cognitive fluctuations (%) 19(63)**
N=20

0
N=2

REM sleep behavior disorder (%) 22(73) **
N=30

0
N=10

Medication affecting CNS(%)
 anti-depressant
 anti-psychotic
 cholinesterase-inhibitor
 benzodiazepine
 dopaminergic
 anti-epileptic

12(32)
3(8)
2(5)
4(11)
5(14)
2(5)
1(3)

16(24)
9(14)
1(1.5)
1(1.5)
7(10)
0
1(1.5)

MMSEa 27[3] 26[4]

baseline 123I[FP-CIT]-scan abnormal(%) 20 (87)
N=23 -

CSF tau/aβ-42 ratio>0.52 (%) 5 (24)**
N=21 67(100)

Follow-up duration, yrsa 2[4]** 3[2]

Visual EEG

EEG severity score(1-5) 3[1]** 2[1]

- severity score>1(%) 31(84)** 33(49)

- severity score>2 (%) 22(60)** 5(8)

EEG diffuse abnormalities (%) 28(76)** 5(8)

EEG focal abnormalities (%) 26(70)* 32(48)

EEG epileptiform abnormalities (%) 1(3) 2(3)

FIRDA (%) 8(22)** 0

Data are mean (±SD), n(%) or amedian [IQR].
* p<0.05; **p<0.01. For the EEG characteristics p-values are corrected for sex, symptom 
duration and medication use. Abbreviations: MMSE= mini mental state examination, 
CSF=cerebrospinal fluid, FIRDA= frontal intermittent rhythmic delta activity
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FIGURE 1. Patient count per group per EEG score. % of group above columns. DLB = dementia 
with Lewy bodies, AD= Alzheimer’s disease

MCI-DLB patients had more diffuse abnormalities compared to MCI-AD (p<0.001) While 
FIRDA was seen in 22% of the MCI-DLB group, it did not occur in MCI-AD. 3 patients 
with a normal baseline 123I[FP-CIT]-scan (that became abnormal over time) had a clearly 
abnormal baseline EEG (severity score 3).

FIGURE 2. Relative power per frequency band and theta/alpha ratio per patient group.
Prodromal DLB in blue, prodromal AD in green. Delta = 0.5-4 Hz, theta = 4-8 Hz, alpha-1 = 8-10 
Hz, alpha-2 = 10-13 Hz, beta = 13-30 Hz.
*p<0.05 **p<0.01
Abbreviations DLB = dementia with Lewy bodies, AD = Alzheimer’s disease
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3.3 Spectral analysis
98 EEGs were available for quantitative analysis (6 EEGs (4 MCI-DLB, 2 MCI-AD) were 
excluded because of older EEG-system and software): outcome measures are shown in 
figures 2 and 3. Overall, there was more slow-wave activity in the MCI-DLB group: MCI-
DLB patients had a higher global relative theta power, lower alpha-2 and beta power, 
a lower global peak frequency (mean 7.52± 0.69 vs 8.82±0.81 in MCI-AD p<0.01) and 
higher theta/alpha-ratio (median 0.62[0.22] vs 0.32[0.19] in MCI-AD, p<0.001) compared 
to MCI-AD.

FIGURE 3. Power spectrum per group.
X-axis: frequency (Hz), Y-axis: power (arbitrary units).
Abbreviations: DLB = dementia with Lewy bodies, AD = Alzheimer’s disease

No differences in visual or quantitative EEG characteristics were found between MCI-
DLB patients with and without concomitant AD pathology (based on CSF tau/ aβ-42 
ratio).

3.4 Diagnostic classification
The diagnostic value of the EEG markers was assessed with logistic regression models. 
Odds ratios (ORs) for MCI-DLB per EEG marker are shown in table 2. AUCs are listed 
in table 2 for both classifications. Peak frequency, theta power, beta power and theta/
alpha-ratio showed the highest diagnostic accuracy for differentiating MCI-DLB from 
MCI-AD with AUCs of 0.89, 0.94, 0.91 and 0.92 respectively. The visual measure ‘diffuse 
abnormalities’ reached an AUC of 0.84. In a stepwise backward logistic regression, a 
combined model with theta/alpha-ratio, alpha1-power and FIRDA resulted in an AUC 
of 0.97 (95% CI 0.94-0.998).
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TABLE 2 Classification MCI-DLB vs MCI-AD based on separate EEG markers

EEG markers Odds ratio
(95% CI)

AUC
(95% CI)

EEG severity score>2 25.9(4.1-143) 0.76(0.65-0.87)
diffuse abnormalities 59(11-310) 0.84(0.75-0.93)
focal abnormalities 4.4(1.5-12.8) 0.61(0.50-0.73)
FIRDA NA* NA*

peak frequency 0.1(0.02-0.25) 0.89(0.82-0.97)
delta power (per SD) 1.1(0.61-1.85) 0.55(0.43-0.66)
theta power (per SD) 17.0(4.8-59.6) 0.94(0.88-0.99)
alpha-1 power (per SD) 0.9(0.53-1.55) 0.53(0.42-0.65)
alpha-2 power (per SD) 0.2(0.07-0.44) 0.85(0.76-0.93)
beta power (per SD) 0.1(0.03-0.28) 0.91(0.84-0.98)
theta/alpha-ratio (per SD) 32.2(5.7-181.8) 0.92(0.85-0.99)

Odds ratios corrected for sex, symptom duration and medication use.* odds ratio could not 
be calculated since FIRDA was only present in MCI-DLB. Abbreviations: SD= standard deviation, 
FIRDA= frontal intermittent rhythmic delta activity,

TABLE 3 Predictors of time to dementia in MCI-DLB

EEG marker
Mean time to 
dementia (years)
(95% CI)

Log rank 
p-value

Hazard ratio
(95% CI) *

severity score >2
≤2

2.5(1.6-3.3)
5.7(4.2-7.2)

0.001 4.1(1.4-11.3)

diffuse abnormalities present
absent

2.8(2.0-3.5)
6.9(5.2-8.6)

0.001 9.9(1.9-49.3)

FIRDA present
absent

2.3(1.5-3.0)
4.2(3.1-5.3)

0.14 1.2(0.4-3.6)

peak frequency <7.69
≥7.69

2.7(1.9-3.9)
4.3(3.2-5.6)

0.04 2.6(0.9-7.8)

delta power >0.31
≤0.31

3.0(2.0-4.0)
4.0(2.9-5.0)

0.28 2.0(0.8-5.1)

theta power >0.28
≤0.28

3.0(2.0-3.9)
4.0(2.9-5.0)

0.21 2.1(0.8-5.7)

alpha-1 power <0.13
≥0.13

3.4(2.3-4.5)
3.7(2.6-4.7)

0.77 1.2(0.5-3.2)

alpha-2 power <0.06
≥0.06

2.4(1.7-3.1)
4.7(3.6-5.8)

0.01 5.1(1.5-16.5)

beta power <0.08
≥0.08

2.9(2.1-3.6)
4.2(3.1-5.4)

0.20 1.6(0.6-4.8)

theta/alpha-ratio >0.60
≤0.60

2.5(1.8-3.2)
4.6(3.5-5.8)

0.01 2.9(0.9-8.4)

Hazard ratios for dichotomized EEG-markers, corrected for age and MMSE score. Significant 
predictors in black.
Abbreviations: FIRDA= frontal intermittent rhythmic delta activity
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3.5 EEG markers and risk of rapid progression to dementia
Patient characteristics of the prognostic cohort, n=38 patients with sufficient follow-up 
are shown in supplemental table 1. During follow-up, 23/38 (61%) patients converted 
to dementia. Follow-up duration did not differ significantly between converters (mean: 
3 years, range 0.5-8 years) and non-converters (mean: 2.6 years, range 1-5 years, 
p=0.84). The Kaplan-Meier analysis in table 3 shows that the risk for rapid progression 
to dementia was related to an EEG severity score> 2, diffuse abnormalities, a lower 
alpha-2 power, a lower peak frequency and a higher theta/alpha-ratio. The Hazard 
ratio remained significantly increased after correction for age and baseline MMSE score 
for EEG severity score>2, diffuse abnormalities and a lower alpha-2 power (table 3). 
Survival curves per EEG severity score are shown in figure 4.

FIGURE 4. Time to conversion to dementia per EEG score.

4. DISCUSSION
The present study shows that EEG has diagnostic and prognostic value in MCI-DLB 
patients. We found that 84% of MCI-DLB patients already had visually detectable EEG 
abnormalities (severity score>1). EEGs were clearly abnormal (severity score>2) in 60%, 
compared to only a few percent in MCI-AD. The visual characteristics global EEG score, 
diffuse abnormalities and FIRDA, and the qEEG measures global theta, alpha-2 and beta 
power, peak frequency and theta/alpha-ratio significantly differed between MCI-DLB 
and MCI-AD. In a diagnostic model, EEG measures could differentiate MCI-DLB from 
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MCI-AD with good accuracies (AUCs up to 0.94). The peak frequency, theta-power, beta 
power and the theta/alpha-ratio had the highest diagnostic accuracy. Furthermore, we 
showed with longitudinal data that EEG can predict progression in MCI-DLB. An EEG 
severity score>2, diffuse abnormalities, and low alpha-2 power were associated with an 
increased risk of rapid progression from MCI to dementia, indicating that substantial 
EEG abnormalities in early stage DLB reflect a more severe disease course.

EEG in prodromal DLB has not been studied widely. To our knowledge, no literature 
is available on visual assessment in prodromal DLB. Our findings are in line with previous 
studies in dementia patients, showing a fairly good sensitivity and specificity (72-79 and 
76-85% respectively) of visual assessment to discriminate between AD and DLB. [45, 
46] FIRDA has been reported in up to 33% of DLB-patients[46]. We found FIRDA to be 
already present in 22% of our MCI-DLB group, and absent in MCI-AD. This suggests 
that the presence of FIRDA in a MCI-patient is specific for DLB, despite the early stage 
of the disease.

Few papers have described qEEG results in prodromal DLB: Bonnanni et al. studied 
20 patients who converted from MCI to DLB, who all had qEEG abnormalities at 
baseline, including a reduced dominant frequency and increased dominant frequency 
variability (DFV). The slowing of the dominant frequency is in line with our results.
[77] Because previous studies about the DFV in DLB compared to AD have shown 
conflicting results [74, 82, 85], DFV was not assessed in the present study. Babiloni et 
al. recently described pronounced slowing of the individual alpha frequency in MCI due 
to DLB, compared to MCI due to AD and to controls, which is in line with the present 
findings. [86] This qEEG study focused on features of cortical synchronization, and this 
methodological difference makes further comparison with our results difficult. Brazete 
et al. studied idiopathic RBD (iRBD) and found that only in those with concomitant MCI, 
EEG slowing in the posterior regions was found, as measured by the power spectrum 
and slow-to-fast ratio. [87] The authors hypothesized that the RBD patients with 
EEG abnormalities are at increased risk for the development of DLB or PD, although 
prospective data were not yet available at the time. Several studies identified EEG 
slowing (e.g. ratios, theta power, low dominant occipital frequency) as a predictor for 
dementia in Parkinson’s disease. [88, 89] In summary, the available literature and our 
results demonstrate the presence of EEG abnormalities at early stages of DLB compared 
to AD, and corroborate an association between EEG slowing and cognitive decline in 
the alpha-synucleinopathies. The exact underlying pathophysiological mechanisms are 
still unknown. A common hypothesis is an early pronounced deficit of acetylcholine 
in DLB. Pathology-studies have found a more profound loss of cholinergic activity in 
DLB/PDD, compared to both PD and AD, both neocortical and in the basal ganglia. 
[90] Loss of cholinergic neurons has been associated with dementia in the alpha-
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synucleinopathies. [91] The EEG seems to be sensitive to changes in the cholinergic 
system, as has been shown by pharmacological studies in both AD and DLB [75, 92] This 
could explain the early EEG changes in DLB and provide rationale for early treatment 
with cholinesterase inhibitors. However, other pathophysiological mechanisms might 
also play a role. An EEG study in transgenic alpha-synuclein mice has linked neuronal 
accumulation of alpha-synuclein to slowing of brain oscillations, and also to changes 
in network excitability. The authors hypothesize that hyperexcitability may contribute 
to cognitive and/or behavioral alterations in DLB. [93] The higher total power in the 
MCI-DLB group (figure 3) may be a hint in this direction.

As expected based on research in dementia, a proportion of the MCI-DLB group 
(24%) had CSF evidence of AD co-pathology. We could not find differences in EEG 
characteristics between MCI-DLB patients with and without an abnormal CSF tau/
abeta-42 ratio (data not shown). Although these results need to be interpreted with 
caution due to small numbers, this is in line with a previous study of our group[82] and 
further strengthens the link between Lewy body pathology and EEG abnormalities.

A remarkable finding is the occurrence of FIRDA. Our study suggests that in a MCI-
population the presence of FIRDA on EEG is highly indicative for DLB. FIRDA in general 
has been attributed to cortical and subcortical grey matter dysfunction, probably 
resulting from imbalance of inhibitory and excitatory feedback.[94] FIRDA is found also 
in patients with altered consciousness, encephalopathy and structural brain lesions 
(mainly asymmetrical). [95] [96] It has been suggested that FIRDA is generated in the 
medial frontal region and is possibly related to cholinergic deficiency. This is supported 
by the occurrence of FIRDA with the use of antipsychotics that block acetylcholine 
muscarinic receptors. [97] The mechanisms behind the early and pronounced EEG 
abnormalities in DLB remain a topic of interest for future studies. Other focus points 
for research could be (automated analysis of) combined models of qEEG measures to 
improve diagnostic accuracy, and to ‘zoom in’ on different locations in the brain (possibly 
with magneto-encephalography).

Strength of this study is the relatively large group of MCI-DLB patients with 
longitudinal follow-up. The group is well characterized and prospectively followed, 
and compared to an age-matched, biomarker confirmed control group of MCI due 
to AD. EEG assessment and epoch selection were performed blind to diagnosis 
and other clinical data except for age, sex and medication use. We used relatively 
straightforward visual and quantitative EEG measures that are easily reproducible and 
applicable in a clinical setting. As pathological diagnosis was not available, there could 
be some misdiagnosis. We believe however that our diagnostic classification is quite 
robust: the diagnostic MCI-DLB cohort had either a 123I[FP-CIT]-scan confirmation or 
converted to probable DLB during follow-up. A limitation is the use of selected groups 



73

DEVELOPMENTS IN DLB DIAGNOSTICS

2

from a tertiary memory clinic, and our prognostic model is limited by loss to follow-up 
after 5 years. Ideally the diagnostic and prognostic value should be validated in an 
independent, unselected cohort of MCI-patients. It would also be of interest to study 
EEGs of prodromal DLB patients compared to more diverse causes of MCI, such as 
vascular cognitive impairment.

In conclusion, different studies have now indicated the added value of EEG for the 
discrimination of DLB from AD, even in early stages. We have described 3 MCI-DLB 
patients with an initially normal 123I[FP-CIT]-scan, but clearly abnormal EEG, illustrating 
the added value in this specific group. [98]The EEG should be considered to have a 
prominent role as a biomarker in the diagnostic criteria for (prodromal) DLB which 
are currently under construction. Possibly, the development of a simple scale focused 
on abnormalities in DLB may help to further incorporate the EEG in clinical decision-
making. To further assess the value of EEG as a prognostic measure as well as a possible 
outcome measure for clinical trials, more elaborate longitudinal studies are needed.
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SUPPLEMENTAL TABLE 1 Patient characteristics according to progression to dementia

MCI-DLB
converters
(n=23)

MCI-DLB
non-converters
(n=15)

Age, years 68.5(5.5) 65.5(6.3)

Symptom duration, yearsa 3[3.3] 3[3.5]

Sex, male (%) 21(91%) 12(80%)

Medication affecting CNSb(%) 6(26%) 4(27%)

MMSEa 26[3]* 27[2]

baseline 123I[FP-CIT]-scan abnormal(%) 7(30%)
(N=9)

5(33%)
(N=6)

CSF tau/aβ-42 ratio>0.52 (%) 6(40%) 4(36%)

Follow-up duration, yrsa 2[4] 2[3]

Data are mean (±SD), n(%) or amedian [IQR]. b Medication included anti-depressant, anti-
psychotic, cholinesterase-inhibitor, benzodiazepine, dopaminergic and anti-epileptic 
medication
* p<0.05; **p<0.01. Abbreviations: MMSE= mini mental state examination, CNS=central nerve 
system, CSF=cerebrospinal fluid
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ABSTRACT
We aimed to study if patients with dementia with Lewy bodies (DLB) who have 
concomitant Alzheimer’s disease (AD) pathology (detected ante-mortem by 
cerebrospinal fluid (CSF) biomarkers), have additional loss of grey matter volume. 
98 DLB-patients were divided into a ‘pure DLB’ (DLB/AD-, n=62) and a ‘mixed DLB’ 
group (DLB/AD+, n=36), and matched for age and symptom duration to 84 AD patients 
and 75 controls. We compared visual atrophy ratings, and in a subset we analyzed 
cortical thickness and subcortical grey matter volumes. DLB/AD+ patients had more 
pronounced medial temporal lobe atrophy compared to DLB/AD- (mean (total) MTA 
score 2.5 vs 1.3, p=0.02). Global and parietal atrophy scores were comparable between 
the 3 dementia groups and differed from controls. MTA score was associated with CSF 
Aβ-42, while posterior cortical and global atrophy scores were associated with CSF 
tau. Cortical thinning was found in DLB/AD-, DLB/AD+ and AD compared to controls. 
Concomitant AD pathology seems to cause additional (hippocampal) atrophy in DLB, 
and this may contribute to a more devastating disease course in DLB/AD+-patients.
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1. INTRODUCTION
Dementia with Lewy bodies (DLB) is clinically defined as cognitive decline with 
fluctuations of cognition, extrapyramidal signs, visual hallucinations and/or Rapid Eye 
Movement (REM) sleep behavior disorder (RBD).[6] The pathological hallmark of DLB 
is aggregation of α-synuclein in cellular inclusions and dystrophic neurites, spread 
throughout the brain. [99] AD-pathology, i.e. amyloid plaques and neurofibrillary 
tangles, is found in up to 89% of DLB patients in autopsy studies.[18, 100] Emerging 
evidence shows that DLB patients with concomitant AD pathology have a more rapid 
(cognitive) decline and shorter survival compared to ‘pure’ DLB. [22, 100, 101] It is 
not clear by which mechanisms the additional AD-pathology leads to faster clinical 
deterioration in DLB. A post-mortem study has reported lower brain weights in mixed 
pathology[21], suggesting increased atrophy in these patients.

Previous studies have investigated magnetic resonance imaging (MRI) atrophy 
patterns in DLB. Compared to AD, cortical atrophy is less pronounced in DLB, in 
particular the medial temporal lobe is relatively preserved. [37-39, 47, 102] [40] Atrophy 
of the orbitofrontal, temporo-parietal, cingulate, occipital and insular cortices has 
been described in DLB patients compared to controls. However, there is no atrophy 
pattern specific to DLB. In most MRI studies in DLB, cases with mixed pathology 
have probably been included. [39, 41-43] One autopsy-verified study did compare 
atrophy rates between DLB patients with and without concomitant AD pathology. The 
authors reported higher rates of global and hippocampal atrophy in DLB patients with 
concomitant AD-type pathology, while in ‘pure’ DLB patients atrophy rates were not 
different from controls. They suggested that atrophy in DLB could in fact be caused by 
the AD co-pathology. [103]

Using cerebrospinal fluid (CSF) biomarkers or positron emission tomography (PET) 
ligands, it is now possible to identify DLB patients with concomitant AD pathology in 
earlier stages of disease.[20, 57, 104]The first amyloid-PET studies in DLB suggested a 
relation between amyloid-β depositions and grey matter atrophy.[101, 105] As opposed 
to with PET, both amyloid and tau pathology can be studied simultaneously with CSF 
analysis. To the best of our knowledge, CSF biomarkers have never been related to 
atrophy in DLB. Because of the faster clinical progression and the lower brain weights 
found in DLB-patients with concomitant AD-pathology (DLB/AD+), we hypothesized 
that these patients have more grey matter atrophy compared to ‘pure’ DLB (DLB/
AD-). [103] We aimed to compare visual atrophy scores, cortical thickness (CTh), and 
subcortical volumes between DLB/AD+ and DLB/AD-. To explore the role of amyloid 
and tau pathology separately, we studied associations between the individual CSF 
biomarkers and atrophy measures.
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2. METHODS
2.1 Study population
We selected patients with probable DLB and AD dementia with available CSF and 
MRI from the Amsterdam Dementia Cohort. This cohort consists of subjects visiting 
the memory clinic of the VU University Medical Center, Amsterdam [54]All patients 
underwent a one-day diagnostic work-up including medical history, physical and 
neurological examination, blood and CSF analysis, EEG or MEG and MRI of the brain. 
Diagnoses were made in a multidisciplinary consensus meeting according to current 
diagnostic criteria for DLB and AD. [47, 106] DAT SPECT imaging was performed by 
indication as judged by the clinical team, mostly in cases with diagnostic uncertainty.

Patients with focal abnormalities (i.e. major infarction, macro-hemorrhage or tumor), 
MRI-artifacts (ie movement) or missing sequences were excluded from the study.

98 DLB patients were matched at group level for age and symptom duration to 84 
AD patients and 75 controls. The control group consisted of subjects with subjective 
cognitive decline (SCD), who did not progress to mild cognitive impairment (MCI) or 
dementia at follow-up (mean duration 2 years). The presence of AD-type pathology was 
defined as a CSF tau/Aβ-42 ratio > 0.52.[57] DLB patients were divided into a DLB/AD+ 
and a DLB/AD- group. AD dementia cases had by definition a tau/Aβ-42 ratio >0.52 , 
and all SCD patients a tau/Ab-42 ratio <0.52.

Hallucinations were assessed according to the Neuropsychiatric Inventory (NPI)
[55].The presence of extrapyramidal signs was scored on a preformatted checklist. 
Mini mental state examination (MMSE) was used as a global measure of cognition. [78]

2.2 Ethics
All patients gave written informed consent for use of their clinical data. The study was 
approved by the medical ethics committee of the VUMC.

2.3 MR acquisition
All participants underwent a diagnostic multisequence MRI, according to a standardized 
protocol[54] that included a sagittal 3D T1-weighted gradient-echo sequence , a sagittal 
T2-weighted fluid-attenuated inversion-recovery (FLAIR) sequence , an axial T2-weighted 
turbo/fast spin-echo sequence, an axial T2* or susceptibility weighted imaging (SWI) 
sequence. All MR imaging was performed with whole brain coverage. The data was 
acquired from multiple MRI scanners (1.5 and 3 Tesla). Scanner parameters and number 
of patients per scanner type are shown in (supplementary) tables 1 and 2.

For review purposes multiplanar oblique coronal (perpendicular to the axis of 
the hippocampus) reconstructions were made of 3D T1-weighted images and axial 
multiplanar reconstructions were made of 3D FLAIR images.



85

THE INFLUENCE OF CONCOMITANT AD-PATHOLOGY IN DLB 

3

2.4 Visual MRI assessment
Visual assessment of atrophy and cerebrovascular abnormalities was performed by an 
experienced neuroradiologist as part of the clinical work-op, without access to clinical 
information except for age. The following visual rating scales were assessed:
- Medial temporal lobe atrophy (MTA) was rated on the oblique coronal T1-

weighted scan using the Scheltens 5-point scale (0–4) based on the height of the 
hippocampal formation and the width of the choroid fissure and the temporal 
horn.[56] Age-dependent cut-off scores were used to assess the proportion of 
patients with an abnormal MTA score. [107]

- Posterior cortical atrophy (PCA) was rated on the combination of T1-weighted and 
FLAIR sequences using a 4-point scale (0–3) based on the width of the posterior 
cingulate and parieto-occipital sulci as well as the sulci of the parietal lobes and 
the precuneus [108]

- Global cortical atrophy (GCA) was rated on axial FLAIR images using a 4-point 
scale (0–3), with 0 meaning no atrophy and 3 is the most atrophy. [109]

- White matter hyperintensities are rated on the axial FLAIR using the Fazekas scale: 
punctuate (grade 1), beginning confluent (grade 2) or confluent (grade 3). [110]

- Microbleeds were counted on T2*/SWI sequences. [111]

2.5 Quantitative MRI analysis
To provide a more detailed assessment of grey matter atrophy, a quantitative analysis 
of cortical thickness and subcortical grey matter volumes was performed. To exclude 
the possibility that scanner differences may affect our results, we restricted this analysis 
to the largest subgroup of patients who were scanned on a single scanner (3T GE 
Signa HDxt): 51 DLB (17 DLB/AD+ and 34 DLB/AD-), 49 AD patients and 48 controls. 
In this subset, the near-isotropic 3D T1-weigthed sequence (repetition time (TR) 7.8, 
echo time (TE) 3 ms, inversion time (TI) 450 ms, flip angle 12°, sagittal 1.0 mm slices, 
0.94 x 0.94 mm2 inplane resolution) was used to determine the cortical thickness (CTh) 
and deep gray matter volumes (DGMV). CTh measurements were performed using 
FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu/)The method is described in more 
detail elsewhere. [35] In short, the pial and white matter surfaces across the cortex 
are located and vertex-wise cortical thickness (i.e. the perpendicular thickness at each 
location) is measured. Cortical segmentations were manually checked for errors. For 
regional analysis, CTh was averaged in 6 cortical regions per hemisphere (frontal, 
precentral, postcentral, parietal, temporal, occipital, cingulate and insula). Deep grey 
matter volumes were assessed using FSL-FIRST (version 5.0.4; http://fsl.fmrib.ox.ac.
uk/fsl). [112] Seven deep grey matter structures were segmented per hemisphere: 
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the amygdala, hippocampus, globus pallidus, putamen, nucleus accumbens, nucleus 
caudatus and thalamus. Volumes were normalized for head size.

2.6 CSF analysis
CSF was obtained via lumbar puncture.[54] In short, CSF is collected in polypropylene 
tubes, centrifuged at 1800 g for 10 min at 4 C, processed and stored in aliquots of 
0.5 ml at -80 C. Amyloid-beta 42, total tau and tau phosphorylated at threonine are 
measured by INNOTEST Double sandwich ELISAs. Cut-off values for abnormal results 
were Aβ42<550 pg/ml, t-tau>375 pg/ml, p-tau>52 pg/ml (used to describe patient 
characteristics in table 1) A -tau/Aβ42-ratio>0.52 was used to define the groups. [54, 
57] To provide more information about the relationship between the individual CSF 
biomarkers and atrophy, we studied correlations between Aβ-42, tau and p-tau and 
the atrophy measures.

2.7 Statistical analysis
Statistical analyses were carried out using SPSS (IBM, version 22). We assessed 
group differences in demographical and clinical characteristics with chi-square tests, 
parametric (t-tests, ANOVA) and in the case of non-normally distributed data, non-
parametric tests (Mann-Whitney U and Kruskall-Wallis). These characteristics were 
compared between DLB, AD and controls, and within the DLB group between DLB/
AD+ and DLB/AD-.
For MTA and PCA scores, the sum of both hemispheres was used as a total score.

The visual outcome measures (ordinal scales) were first compared between DLB/
AD+ and DLB/AD- with both a t-test and Mann-Whitney U test. As a result of visual 
assessment of the histograms, large sample size, the number of steps in the ordinal 
scales, and the equal results for parametric and non-parametric tests, the visual scores 
were considered as normally distributed for further analyses. ANCOVA was used to 
correct for age and sex. Secondly, all 4 groups were compared, using ANCOVA with 
age and sex as covariates and Bonferroni corrected post-hoc tests. P-values <0.05 
were considered as statistically significant. In the case of statistically significant group 
differences, partial eta squared(η2) was reported as a measure of effect size. Within 
the total DLB-group (n=98) a linear regression analysis was performed to assess the 
associations (standardized β) between the CSF biomarkers and (visual) MRI outcome 
measures, with age and sex as covariates.

Regional cortical thickness and hippocampal volume were compared using a general 
linear model, with age and sex as covariates. To more specifically investigate local 
cortical thickness differences between groups, vertex-wise GLM analysis was performed 
using FreeSurfer software using age as a covariate. Prior to this analysis, the cortical 
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thickness surface maps were smoothed using a Gaussian kernel with a full-width-at-half-
maximum of 10 mm. Statistical maps of the vertex-wise cortical thickness differences 
between groups were created. Cluster-wise correction for multiple comparisons 
was performed using Monte Carlo Z stimulation, thresholding the statistical maps at 
P<0.001, using 5000 iterations and with the cluster-level threshold at P<0.05.

3. RESULTS
3.1 Subject characteristics
TABLE 1 Patient characteristics

Controls
(n=75)

DLB
(n=98)

AD
(n=84)

DLB/AD-
(n=62)

DLB/AD+
(n=36)

Age, yrs 66±6.6 68±7.8 67±8.0 72±6.4 † 69±7.8

Symptom duration, yrs 3.3±3.1 3.1±2.2 3.4±2.3 2.7±1.8 3.3±2.3

Sex, male (%) 49 (65) 85 (87)*^ 55 (89) 30(83) 49(58)

 MMSE 28±1.5 2 3±4 .3*^ 
(n=97)

23±3.8
(n=61)

22±4.9 21±5.0

Hallucinations 0
(n=56)

1.5±2.9*^ 
(n=89)

1.0±2.3
(n=57)

2.4±3.5†
(n=32)

0.4±1.6
 (n=74)

Extrapyramidal signs (%) 1(1)
(n=72)

58(59) *^
(n=92)

41(66)
(n=59)

17(47)
(n=33)

6(7)
(n=81)

123I-FP-CIT SPECT, n (%) - 39(40) 28(45) 11 (31) -

Data are mean±SD or number of cases (%). DLB = dementia with Lewy bodies AD = Alzheimer’ 
s disease DLB/AD+ = DLB with concomitant AD pathology DLB/AD- = DLB without concomitant 
DLB pathology. Hallucinations were assessed by the NPI subscale. Cut-off values abnormal CSF 
Aβ-42<550, tau>375, p-tau>52.
Only comparisons between DLB and AD or controls, and between DLB/AD+ and DLB/AD- are 
shown.* p< 0.05 vs Controls ^ p<0.05 vs AD † p<0.05 vs DLB/AD-

The demographic and clinical characteristics of the 4 patient groups are summarized 
in table 1. AD, DLB and controls were well-matched for age and disease duration. 
The proportion of men was higher in the DLB-group (87% vs 58% in AD and 65% in 
controls, P<0.001). Within the DLB-group, DLB/AD+ patients were older than the DLB/
AD- patients (mean age 72 vs 67, respectively, p=0.002) and had more hallucinations 
(present in 50 vs 28%, p=0.04).
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3.2 Visual MRI assessment
3.2.1 DLB/AD+ vs DLB/AD-
DLB/AD+ patients had a higher mean total MTA score, compared to DLB/AD- patients 
(2.5 vs 1.3, p=0.02 corrected for age and sex, partial eta squared 0.08). The proportion 
of patients with an abnormal MTA score for their age was significantly higher in de 
DLB/AD+ group compared to the DLB/AD- patients (39% vs 13%, p=0.005). There was 
a trend for a higher global atrophy score in the DLB/AD+ group (2.6 vs 2.2, p=0.09). No 
differences were found in posterior atrophy or vascular abnormalities.

3.2.2 Comparison with AD and controls
TABLE 2 Visual ratings

Controls
(n=75)

DLB/AD- 
(n=62)

DLB/AD+ 
(n=36)

AD
(n=84)

MTA 0.8±0.9^ 1.3±1.3^ 2.5±1.5*^† 3.2±1.8*†

MTA abnormal for age n(%) 1 (1)^ 8 (13)*^ 14 (39) *† 47(56)*

Parietal atrophy 1.0±1.2 2.2±1.4* 2.6±1.4* 2.7±1.4*

Global atrophy 0.5±0.6 1.0±0.7* 1.4±0.7* 1.3±0.7*

Fazekas score 0.9±0.7 0.8±0.7 1.0±0.7 1.0±0.9

Microbleeds
median(IQR)

0.4±0.8
0(0)

1.7±11
0(0)

0.7±1.5
0(1)

3.1±15
0(0)

MTA en parietal atrophy scores are the sum of both hemi spheres. Data are mean ± SD or 
median (interquartile range). DLB = dementia with Lewy bodies AD = Alzheimer’ s disease 
DLB/AD+ = DLB with concomitant AD pathology DLB/AD- = DLB without concomitant DLB 
pathology. ANCOVA with age and sex as covariates, post-hoc tests Bonferroni corrected.* p< 
0.05 compared to controls ^ p<0.05 compared to AD † p<0.05 compared to DLB/AD-
(MTA- score DLB/AD+ vs DLB/AD- p=0.02, p=0.055 after Bonferroni correction)

Table 2 shows the mean visual ratings for atrophy and vascular abnormalities between 
all four groups. MTA scores showed a stepwise increase from controls to DLB/AD-, to 
DLB/AD+, to AD-patients, who had the highest scores (partial eta squared 0.329). Both 
DLB-groups and AD patients had higher PCA and GCA scores compared to controls. 
Effect size analysis of group differences in PCA resulted in a partial eta squared of 
0.202 and for GCA in 0.212. For these scores, no significant differences were found 
between AD and DLB, or between DLB/AD+ and DLB/AD-. Vascular abnormalities were 
comparable for all groups.

3.2.3 Associations between CSF biomarkers and atrophy scores
In a linear regression analysis within the total DLB group (n=98) corrected for age and 
sex, we found an association (beta per standard deviation-0.42, 95% CI -0.75- -0.10, 
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p=0.01) of CSF Aβ-42 with MTA score, but not with PCA or global atrophy. CSF tau was 
associated with global atrophy (beta per standard deviation 0.23, 95%CI 0.04-0.42, 
p=0.02) and with PCA (0.50, 95%CI 0.11-0.88, p=0.01). CSF Aβ-42 and total tau were 
both included in the three regression models, Ptau was excluded due to collinearity.

3.3 Quantitative MRI analysis
3.3.1 Cortical thickness
TABLE 3 Cortical thickness and subcortical grey matter volumes

Controls
(n=48)

DLB/AD-
(n=34)

DLB/AD+
(n=17)

AD
(n=49)

Cortical thickness (mm)

Mean 2.38±0.10 2.31±0.09** 2.30±0.09* 2.26±0.10**

Left hemisphere 2.38±0.10 2.31±0.09** 2.30±0.09** 2.25±0.10**

Right hemisphere 2.38±0.10 2.31±0.09** 2.30±0.09 2.27±0.11**

Cortical thickness (mm) per region

Frontal 2.43±0.10 2.37±0.08** 2.35±0.08 2.34±0.09**

Precentral 2.41±0.13 2.36±0.14 2.39±0.10 2.37±0.13

Postcentral 1.99±0.12 1.93±0.12 1.98±0.12 1.94±0.11

Parietal 2.26±0.11 2.17±0.11** 2.16±0.11 2.09±0.13**

Temporal 2.71±0.14 2.61±0.10** 2.59±0.12** 2,52±0.15**

Occipital 1.98±0.09 1.94±0.13 1.95±0.11 1,91±0.12**

Cingulate 2.51±0.15 2.42±0.11 2.38±0.24 2.41±0.14*

Insula 2.97±0.15 2.96±0.17 2.95±0.15 2.88±0.15

Normalized subcortical grey matter volumes (ml)

Thalamus 9.92±0.96 9.63±1.7 9.29±0.82 9.12±0.74**

Caudate 4.44±0.44 4.06±0.56** 4.22±0.44 4.27±0.51

Putamen 6.21±0.61 5.73±1.01* 5.62±0.98* 5.87±0.64

Pallidum 2.27±0.22 2.24±0.32 2.19±0.36 2.28±0.32

Hippocampus 4.88±0.52^^ 4.59±0.58^^ 4.33±0.48* 4.07±0.70**

Amygdala 1.90±0.27 1.92±0.38 1.83±0.32 1.74±0.26**

Accumbens 0.57±0.15 0.47±0.14** 0.50±0.16 0.48±0.15**

Data are mean±SD, mean of both hemispheres. DLB = dementia with Lewy bodies 
AD = Alzheimer’ s disease DLB/AD+ = DLB with concomitant AD pathology DLB/AD- = DLB 
without concomitant DLB pathology
*p<0.05 compared to controls **p<0.05 compared to controls when corrected for age/sex
^p<0.05 compared to AD ^^p<0.05 compared to AD when corrected for age/sex
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The results of the regional Cth analysis are shown in table 3. A stepwise decrease (from 
controls to DLB/AD-, to DLB/AD+ to AD) of regional cortical thickness is observed for 
the frontal, parietal, temporal and cingulate regions. The differences between the DLB/
AD+ and DLB/AD- patients did not reach statistical significance.

FIGURE 1 Thickness difference maps highlighting significantly thinner regions in respectively, 
the DLB/AD- patients, DLB/AD+ patients and AD patients compared to controls. Figure displays 
vertexwise p-values in clusters with a p-value>0.05. Dark blue to light blue indicate vertex-wise 
lower cortical thickness than controls with a p-value of 0.001 to 1e-5. Abbeviations: AD, Alzhei-
mer’s disease; DLB, dementia with Lewy bodies; DLB/AD+, DLB with concomitant AD pathlogy; 
DLB/AD-, DLB without concomitant AD pathology.

Figure 1 displays vertex-wise cortical thickness maps, showing significant differences 
between patients with dementia and controls (. Compared to controls, a stepwise CTh 
decrease is seen from DLB/AD- to DLB/AD+ to AD, predominantly in the parietal and 
temporal lobes and cingulate gyrus.

3.3.2 Subcortical gray matter volumes
Normalized subcortical gray matter volumes are shown in table 3. A decrease of the 
volume of the hippocampus is seen with AD-pathology. The difference between DLB/
AD- and DLB/AD+ was no longer significant after correction for head size and age. 
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Compared to the other groups DLB/AD- patients had small volumes of the caudate 
nucleus and nucleus accumbens.

4. DISCUSSION
We studied atrophy in DLB patients with and without concomitant AD-pathology. To 
the best of our knowledge, it is the first study to take CSF biomarkers of AD-pathology 
into account for this assessment. The visual MTA score was the only MRI marker that 
showed a significant difference between DLB/AD+ and DLB/AD-. A stepwise decrease of 
(frontal, parietal, temporal and cingulate) cortical thickness and hippocampal volumes 
was observed from controls to DLB/AD-, to DLB/AD+ to AD. However, these measures 
did not differ significantly between DLB/AD+ and DLB/AD-.

The MTA score has proven a valid biomarker in AD and correlates with amyloid 
burden, Braak stage and neurofibrillary tangle count, but not with Lewy bodies. [37] 
[113, 114] The higher MTA score we found in DLB/AD+ compared to DLB/AD-, is in line 
with the results of one autopsy and two amyloid-PET studies. [103] [101, 105]It has 
been suggested that hippocampal atrophy could be seen as a marker of AD pathology 
in DLB. [103, 115] This is corroborated by our findings. Lack of statistical power in 
the smaller subgroup available for quantitative analysis probably explains why the 
difference in hippocampal volume between DLB/AD+ and DLB/AD- was not significant. 
The previous studies have reported differences in areas outside the medial temporal 
lobe: more whole brain, frontal, parieto-temporal and amygdala atrophy was found 
in mixed pathology. [103, 105] A plausible explanation for the discrepancies with our 
study is that we included patients relatively early in the disease course, who have just 
mild atrophy. It is assumable that with disease progression, differences between DLB/
AD+ and DLB/AD- would become significant in areas other than the hippocampus.

In our study, all dementia groups showed increased atrophy compared to the control 
group. This includes the ‘pure DLB’ –patients, who had a lower PCA and GCA score and 
more diffuse cortical thinning than age-matched controls. This finding differs from 
previous studies[105] [103, 116] that suggested that atrophy rates in DLB/AD- are no 
different from controls. Our data suggest that mild posterior and diffuse global atrophy 
can occur in DLB patients without AD co-pathology. In the comparison with other 
studies, methodological differences might have played a role, such as differences in 
scanners, analysis methods (Cth vs voxel based morphometry), and the definition of AD 
pathology. The choice for the tau/Aβ-42 ratio was a pragmatic approach to dichotomize 
for the presence of AD-pathology. [57] In a recent paper on CSF biomarkers in Lewy 
body diseases, the tau/ Aβ-42 ratio had the highest correlation with autopsy-confirmed 
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AD co-pathology.[117] However, in an individual patient, some degree of amyloid or tau 
pathology could be present, despite a normal tau/abeta-42 ratio.

We studied correlations between individual AD-biomarkers and atrophy measures 
in the DLB group as a whole. In a regression analysis that included both biomarkers 
in this group (n=98) CSF Aβ-42, but not tau correlated with the MTA score. However, 
previous research has correlated the MTA score with neurofibrillary tangle pathology 
[37]. Possibly the timing in the disease course (relatively early compared to autopsy 
studies) could explain why in this DLB group the CSF Aβ-42 was of more importance 
in relation to MTA. Longitudinal studies are needed to further elucidate the predictive 
value of the individual CSF biomarkers for atrophy in DLB.

CSF tau but not CSF Aβ-42, correlated with the posterior and global atrophy scores. 
Possibly global and posterior atrophy, as markers of neurodegeneration in DLB, are not 
only dependent of amyloid pathology. The association with tau is interesting, since the 
first studies with AV-1451 Tau-PET in DLB have shown tau depositions, also in amyloid 
negative patients. [118, 119] One study found depositions particularly in the posterior 
regions. [118]To study tau-depositions in relation to atrophy (scores) in DLB would be of 
interest for future research. However it is unlikely that tau-pathology is the only factor 
of influence, since also in DLB patients with normal CSF tau, a higher PCA and global 
atrophy score compared to controls was found (data not shown). Possibly there is a 
relationship with the α-synuclein pathology itself, or other, still unknown, pathological 
factors contribute to the development of global and posterior atrophy in DLB.

For the subcortical grey matter, we found small volumes of the caudate nucleus, 
putamen and nucleus accumbens in ‘pure’ DLB compared to the other groups. 
Subcortical grey matter atrophy in DLB has been previously described. [40, 120] 
However, conflicting results have been reported[121] and the localization of the most 
predominant subcortical atrophy varies between previous reports and with our results. 
[40, 120] The volumes of some of these nuclei, and therefore the differences between 
groups, are very small. To be a reliable biomarker for Lewy body pathology, more 
consistent reports of subcortical atrophy would be needed.

Finally, no differences could be found for vascular white matter hyperintensities 
and microbleeds between the four groups. Although not extensively studied in DLB, 
based on previous reports, a difference between the dementia groups and controls 
could have been expected. [122, 123] Possible explanations for the lack of extensive 
vascular abnormalities in our groups are the relatively young age of the patients and 
the short symptom duration.

Strength of this study is the large sample size of clinically well-characterized DLB 
patients, and the use of CSF to define concomitant AD-pathology. With CSF, both 
pathological hallmarks of AD, i.e amyloid and tau, can be taken into account. Another 
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strength is the combination of visual ratings (that are easily applicable in the clinical 
setting) with quantitative analysis of both cortical thickness and subcortical volumes. 
The use of different MRI scanners in the clinical setting, however, limited quantitative 
analysis to a subgroup (of which the DLB/AD+ group consisted of male patients only), 
which decreased our power to detect significant differences between groups. The 3T 
scanner used for quantitative analyses, was upgraded in februari 2013. We cannot rule 
out that effects of this upgrade might have influenced our results. Although we lack 
neuropathological confirmation of the diagnosis, the clinical diagnoses were made in 
an expertise memory clinic and a substantial portion of the patients had abnormal 
dopamine transporter (DAT) imaging to support the diagnosis of DLB.

 
FIGURE 2 Left: example of MTA 1 in a 77-year-old DLB/AD- patient. Right: example of MTA 2-3 in 
a 77-year-old DLB/AD+ patient. Abbreviations: AD, Alzheimer’s disease; DLB, dementia with Lewy 
bodies; DLB/AD+, DLB with concomitant AD pathology; DLB/AD-, DLB without concomitant AD 
pathology; MTA, medial temporal lobe atrophy.

In conclusion, our findings support the hypothesis that AD pathology negatively 
influences DLB by additional (hippocampal) atrophy. An abnormal MTA score (found in 
39% of our DLB/AD+ cases, figure 2) can be compatible with the clinical diagnosis of 
DLB, and is indicative of mixed pathology. DLB-patients with concomitant AD-pathology 
have shown to have more pronounced memory deficits, more hallucinations and 
a more severe disease course. [22, 104] [115] Identification of these patients is of 
importance since they could possibly be candidates for future trials targeting amyloid 
pathology. Furthermore, we found posterior and diffuse global atrophy in DLB without 
concomitant AD pathology. Possibly α-synuclein and/or tau-pathology (independent 
of amyloid) could be related to the atrophy in pure DLB, or other, currently unknown, 
pathological factors are involved. The exact relations between α-synuclein, amyloid 
and tau-pathology, atrophy and disease course in DLB remains an important topic for 
future research.
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ABSTRACT
Introduction
Previous studies on electroencephalography (EEG) to discriminate between dementia 
with Lewy bodies (DLB) and Alzheimer’s disease (AD) have been promising. These 
studies did not consider the pathological overlap of the two diseases. DLB-patients 
with concomitant AD pathology (DLB/AD+) have a more severe disease manifestation. 
The EEG may also be influenced by a synergistic effect of the 2 pathologies. We aimed 
to compare EEG characteristics between DLB/AD+, ‘pure’ DLB (DLB/AD-), and AD.

Methods
We selected probable DLB patients who had an EEG and cerebrospinal fluid (CSF) 
available, from the Amsterdam Dementia Cohort. Concomitant AD-pathology was 
defined as a CSF tau/Aβ-42 ratio>0.52. 41 DLB/AD+ cases were matched for age 
(mean 70(range 53-85) and sex (85% male) 1:1 to DLB/AD- and AD-patients. EEGs were 
assessed visually, with Fast Fourier Transform, network- and connectivity measures.

Results
EEG visual severity score (range 1-5) did not differ between DLB/AD- and DLB/AD+ (2.7 
in both groups) and was higher compared to AD (1.9, p <0.01). Both DLB groups had 
a lower peak frequency (7.0 and 6.9 Hz in DLB vs. 8.2 in AD, p<0.05), more slow-wave 
activity and more prominent disruptions of connectivity and networks, compared to 
AD. No significant differences were found between DLB/AD+ and DLB/AD-.

Discussion
EEG abnormalities are more pronounced in DLB, regardless of AD co-pathology. This 
emphasizes the valuable role of EEG in discriminating between DLB and AD. It suggests 
that EEG slowing in DLB is influenced more by the α-synucleinopathy, or the associated 
cholinergic deficit, than by amyloid and tau pathology.

Key words: dementia with Lewy bodies (DLB), Alzheimer’s disease (AD), EEG, spectral 
analysis, differential diagnosis
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1. INTRODUCTION
Dementia with Lewy Bodies (DLB) is the most common form of dementia in the aging 
population after Alzheimer’s disease (AD)[1]. DLB is characterized clinically by cognitive 
decline accompanied by visual hallucinations, parkinsonism, fluctuations of cognition 
and/or sleep disturbances[6]. Adequate diagnosis is important for optimal clinical 
management. Yet in clinical practice this can be challenging, and DLB tends to be 
underdiagnosed [124]. The most difficult discrimination is from AD, due to coinciding 
clinical features, as well as pathological overlap[125]. The pathological substrate of DLB 
is aggregation of α -synuclein in Lewy bodies and neurites. However, up to 50-80% 
of patients with DLB have co-existing Alzheimer-pathology, i.e. amyloid plaques and 
neurofibrillary tangles [100, 126].

The DLB patients with concomitant AD pathology (DLB/AD+) represent a specific 
diagnostic challenge since abnormal AD biomarkers (such as Aβ-42, tau and p-tau in 
CSF, and amyloid- PET[20]) can lead to an incorrect diagnosis of AD [125]. Decreased 
striatal dopamine transporter (DAT) binding on SPECT can be valuable [31] as well 
as imaging of the postganglionic sympathetic cardiac innervation (123iodine-MIBG) 
[67]. However, these methods are costly and not always available in a clinical setting. 
Furthermore, false-negative DAT SPECT scans early in the disease course of DLB have 
been described [98].

Electroencephalography (EEG) has been widely studied for the (early) diagnosis of 
DLB, and has been implemented in the recently revised diagnostic criteria for DLB as 
a supportive biomarker [6, 45, 46, 73, 74, 83]. It is a low cost, non-invasive and widely 
available diagnostic test that provides a functional measure of neuronal and synaptic 
integrity. In EEG-studies, DLB patients showed decreased reactivity of the background 
activity and pronounced slow-wave and paroxysmal activity, such as frontal intermittent 
rhythmic delta activity (FIRDA). These features can be detected by visual analysis [45, 
46, 84]. When EEG is analyzed quantitatively (qEEG), DLB has been associated with 
increased power in the theta and delta frequency bands, a low dominant frequency, 
high dominant frequency variability [74] [76] and prominent disruptions of functional 
connectivity compared to AD and controls[127, 128]. Additionally, automated analysis 
of combined (q)EEG features has shown good discriminative value (accuracy>85%)
between DLB and AD [73, 83].

However, previous EEG-studies did not take into account concomitant AD pathology 
in DLB. Compared to ‘pure’ DLB, DLB/AD+ patients have shown a more severe disease 
manifestation [22, 100] and a synergistic effect of α-synuclein and amyloid and tau 
pathology is suspected [100]. This could be reflected by more severe EEG abnormalities 
in this group. Alternatively, since in AD the EEG abnormalities do not seem as extensive 
as in DLB [75, 84], in DLB/AD+ the EEG results could be ‘in between’ AD and DLB. In 
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other words, the concomitant AD-pathology could cause part of the more severe clinical 
symptoms, while the EEG does not reflect this. We hypothesized that concomitant AD-
pathology in DLB influences EEG measures, and aimed to compare EEG characteristics 
between 3 groups: pure DLB, DLB/AD+ and AD patients.

2. METHODS
2.1 Study population
Patients were selected from the Amsterdam Dementia Cohort (ADC) if they fulfilled 
the 2005 diagnostic criteria for probable DLB[47] and had both EEG and a lumbar 
puncture performed. The ADC is a clinical cohort built from patients who visited our 
memory clinic for a one-day diagnostic screening including medical history, physical 
and neurological examination, blood and CSF analysis, EEG and structural brain imaging 
[54]. Diagnoses were made in a multidisciplinary setting according to clinical consensus 
criteria [47, 106]. Additional 123I[FP-CIT]-SPECT imaging was performed at the discretion 
of the clinical team.

From patients who visited the memory clinic between May 2003 and September 
2015 121 DLB-patients met the criteria mentioned above. Concomitant AD-pathology 
(DLB/AD+) was defined as a CSF tau/Aβ-42 ratio>0.52, which has been associated with 
a stable diagnosis of Alzheimer’s disease in a large memory clinic cohort [57]. Forty-
one patients who fulfilled the clinical criteria for probable DLB, had a CSF tau/Aβ-42 
ratio>0.52. These patients were defined as the mixed pathology (DLB/AD+) group. DLB/
AD+-patients were matched for age and sex on a group level with 41 ‘pure‘ DLB patients 
and 41 AD-patients. In 28 cases, a 123I[FP-CIT]-SPECT was available. AD was diagnosed 
according to NINCDS-ADRDA criteria [106], and in all AD-patients the CSF tau/Aβ-42 
ratio was >0.52 [57].

Clinical data were collected prospectively at the initial visit. The mini mental state 
examination (MMSE) [78]score was used as a global cognitive measure. Hallucinations 
were scored according to the neuropsychiatric inventory (NPI)[55], extrapyramidal 
signs according to a preformatted checklist (based on the presence or absence of 
bradykinesia, rigidity and/or tremor).

2.2 Ethics
The local medical ethical committee, METc VU University Medical Center, approved 
the study. All patients gave written informed consent for retrospective use of their 
clinical data.
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2.3 CSF analysis
CSF was obtained via lumbar puncture. The procedure is described in more detail 
elsewhere [54]. In short, CSF was collected in polypropylene tubes, centrifuged at 1800 
g for 10 min at 4 C, processed and stored in aliquots of 0.5 ml at 80 C. Amyloid-β42, 
total tau and p-tau were measured by INNOTEST Double sandwich ELISAs.

2.4 EEG recording
All subjects underwent a 20 minute resting-state EEG with O.S.G. digital equipment 
(Brainlab or BrainRT; O.S.G. B.V. Belgium). Twenty-one scalp electrodes were placed 
according to the international 10-20 system on the following locations: Fp2, Fp1, F8, F7, 
F4, F3, A2, A1, T4, T3, C4, C3, T6, T5, P4, P3, O2, O1, Fz, Cz, and Pz. Electrode impedance 
was <5 kOhm. The EEG was filtered with a time constant of 1 second and a low pass 
filter of 70 Hz online. The sample frequency was 500 Hz. Recording took place in a 
slightly reclined chair. When necessary, EEG technicians used sound stimuli to keep 
the patients awake. Source derivation was used as a reference[79], and the data was 
band-pass filtered in 6 frequency bands: delta (0.5-4 Hz) theta (4-8 Hz), alpha-1 (8-10 
Hz), alpha-2 (10-13 Hz),beta (13-30 Hz) and gamma (30-48 Hz). Oscillations <0.5 Hz 
and >30 Hz were excluded from further analyses because of the expected artifacts 
from muscle and eye movement [80, 81]. Four artifact-free epochs of approximately 
10 seconds per patient, sufficient for quantitative analyses [129, 130] recorded in an 
awake resting-state with eyes closed, were visually selected (according to a standard 
operating procedure)..

2.5 Visual EEG assessment
The entire 20-minute EEG registrations were visually assessed by certified clinical 
neurophysiologists, without knowledge of clinical information except for age, sex and 
medication use, according to a standardized visual rating scheme, which includes the 
severity of EEG abnormalities (on a 5-point scale: 1= normal EEG, 2= mildly abnormal, 
3= moderately abnormal, 4=severely abnormal, 5=iso-electric) and the presence of 
focal, diffuse, and epileptiform abnormalities. Focal abnormalities were defined as sharp 
or slow waves, present in one or more EEG leads. Diffuse abnormalities consisted of 
a posterior dominant frequency below 8 Hz, diffuse slow wave activity or decreased 
reactivity of the background pattern to eye opening. Epileptiform discharges were 
defined as spikes, spike-and-slow-wave-complexes or sharp-and-slow-wave-complexes 
present in one or more EEG leads [84]. The presence of frontal intermittent rhythmic 
delta activity (FIRDA), figure 1, was analyzed as a separate variable, because of the 
relatively high occurrence in DLB described in literature [45, 46].
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FIGURE 1 Upper panel: a normal EEG in a patient with Alzheimer’s disease. Lower panel: an 
abnormal EEG in a patient with DLB, showing diffuse slow-wave activity and frontal intermittent 
rhythmic delta activity (FIRDA) (arrows)

2.6 Quantitative and automated EEG analysis
EEG data were converted to American Standard Code for Information Interchange format 
and loaded into BrainWave software, version 0.9.152.2.7 (http:/home.kpn.nl/stam7883/
brainwave.html) to perform quantitative analyses. Fast Fourier transformation (FFT) was 
used to calculate relative power per frequency band and peak frequency per electrode. 
To indicate the ratio between slow-wave and fast-wave activity, we calculated the theta/
alpha ratio: theta/(theta+alpha1+alpha2).
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MATLAB 2011a (MathWorks Inc., Natick, MA, USA) was used to configure head plots 
showing relative power per frequency band per channel. To assess the variability of 
the global peak frequency, the 4 selected epochs (of 8-10 sec EEG signal) were divided 
into pieces of 2 seconds, resulting in 16 epochs per patient. The standard deviation of 
the peak frequency per patient was calculated as a measure of variability.

The strength of functional connectivity was assessed with the Phase Lag Index 
(PLI). This measure of functional connectivity, previously described in more detail 
[131], ranges between 0 (no phase locking) and 1 (complete synchronization) and was 
calculated for all electrode pairs per subject. Based on previous literature describing 
differences between DLB and AD, PLI was calculated for the alpha frequency band (8-13 
Hz) [127]. A minimum spanning tree (MST) network was generated from the weighted 
adjacency matrix of PLI values and topology measures were calculated: highest degree 
(measure of regional importance, regions with a high degree may be considered ‘hubs’), 
leaf number (measure of network organization, describes to what extent a network is 
dependent on hubs), diameter (measure of the efficiency of network organization) and 
tree hierarchy (measure of hierarchy in network organization) [127].

Finally, all qEEG data from all patients (characteristics as shown in table 3: lowest, 
mean and highest of all electrodes) were entered as different variables or ‘features’ 
in a random forest [46] machine-learning algorithm using BrainWave. This method is 
described in detail elsewhere. [83] In short random forest is a classification method 
based on decision trees. Each decision tree in the random forest is built using a 
bootstrap sample (i.e. new training set), with replacement, consisting of 2/3 of the 
original data, and is tested on the remaining 1/3 of the data. Consequently, in random 
forest the cross-validation is done internally and there is no need for a separate test 
set to estimate the generalization error of the training set [132] Furthermore each new 
training set of features is randomly drawn from the original dataset of features. This 
bootstrap aggregating (i.e. bagging), and random feature selection help in reducing the 
variance of the model, avoid overfitting, and result in uncorrelated trees. An advantage 
of ensembled decision tree methods is that feature selection is also done internally, 
that is the algorithm can identify from a large set of input the features that are really 
useful for the classification[133]. It is therefore possible to score the importance of 
a feature to the classification by means of the variable importance (VIMP) score. All 
our 25 available qEEG features were entered in this order (listed in table 1): Delta 
power: lowest-mean-highest of the 21 channels, theta power: lowest-mean-highest, 
alpha1 power lowest-mean-highest, alpha2-power: lowest-mean-highest, beta power: 
lowest-mean-highest, peak frequency: lowest-mean-highest, theta/alpha ratio, PLI 
(alpha band): lowest-mean-highest, MST(alpha band):. Three automated classifiers are 
developed to divide patients between two diagnostic groups (DLB/AD+ vs. AD, DLB/



106

CHAPTER 3

AD- vs. AD, and DLB/AD+ vs. DLB/AD-). The accuracy, sensitivity and specificity of the 
classifier were calculated, as well as a variable importance (VIMP) score per feature, 
which reflects the relative contribution of that feature to the classifier. A high VIMP 
score means a given EEG feature is important for the discrimination between the two 
diagnoses [83].

TABLE 1 Features included in the random forest algorithm.

1 Lowest delta power 14 Mean beta power

2 Mean delta power 15 Highest beta power

3 Highest delta power 16 Lowest peak frequency

4 Lowest theta power 17 Mean peak frequency

5 Mean theta power 18 Highest peak frequency

6 Highest theta power 19 Theta/alpha ratio

7 Lowest alpha-1 power 20 Lowest PLI (alpha band)

8 Mean alpha-1 power 21 Mean PLI (alpha band)

9 Highest alpha-1 power 22 Highest PLI (alpha band)

10 Lowest alpha-2 power 23 Highest degree

11 Mean alpha-2 power 24 Leaf number

12 Highest alpha-2 power 25 Tree hierarchy

13 Lowest beta power

2.7 Statistical analysis
Statistical analysis was carried out using SPSS (IBM, version 22). The groups were 
matched using SPSS case-control matching. Group differences in demographical, 
clinical data and EEG outcome measures were assessed using ANOVA (with Bonferroni 
corrected post-hoc tests) and, in the case of non-normally distributed data, Kruskal 
Wallis tests. Linear regression was used to determine possible confounders or effect 
modifiers (age, sex, symptom duration, MMSE score and medication use) and when 
necessary, results were corrected with these variables added as covariates. A probability 
value of <0.05 was considered statistically significant.
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3. RESULTS
3.1 Patient characteristics
Demographic and clinical characteristics are summarized in table 2.

TABLE 2 Patient characteristics

DLB/AD+
(n=41)

DLB/AD-
(n=41)

AD
(n=41)

Age, yrs 71(6.6) 69(6.3) 69 (7.1)

Symptom duration, yrs 2.6(1.8) 3.6(2.6) 3.4(2.3)

Sex, male (%) 31(76) 37(90) 36(88)

Hallucinations (%) 18(44) 11(27) 2(7) a b

Extrapyramidal signs (%) 17(50)
n=34

30(77) c

n=39
1(3) a b

n=37

Medication 12 (30) 9(22) 7(17)

 cholinesterase inhibitor 3(7) 3(7) 6 (14)

 benzodiazepine 8 (20) 3(7) 1(2) a

 antidepressant 5(12) 1(2) 0

 antipsychotic 2(5) 2(5) 0

MMSE 20 (5.6)
n=40

24(3.6) c 22(5.1)
n=39

CSF AB42 pg/ml
median (IQR)

501(136)
479(215)

811(263) c

774(385)
461(134) b

461(159)

CSF total TAU, pg/ml
median (IQR)

540 (260)
496 (319)

242(79) c

245(94)
640(335) b

570(262)

CSF pTAU, pg/ml
median (IQR)

73(32)
65(35)

41(13) c

42(13)
91(39) b

82(43)
123I[FP-CIT]-scan available 11 (27%) 17(41%)

Data are mean (SD) or n(%) unless otherwise specified. MMSE= mini mental state 
examination, CDR= clinical dementia rate, CSF = cerebrospinal fluid. a = p<0.05 DLB/
AD+ vs. AD b = p<0.05 DLB/AD- vs. AD c = p<0.05 DLB/AD+ vs. DLB/AD-

In DLB/AD- and DLB/AD+ more hallucinations and extrapyramidal signs were 
present compared to AD. DLB/AD+ -patients had a lower MMSE score and used more 
antidepressants and benzodiazepines, compared to AD. 28 DLB-patients underwent 
DAT-SPECT imaging, which was abnormal in all cases.
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3.2 Visual EEG
 Visual EEG scores are shown in table 3.

TABLE 3. Visual EEG characteristics

DLB/AD+
(n=41)

DLB/AD-
(n=41)

AD
(n=41)

Severity score, mean (SD) 2.7(0.5) 2.7(0.5) 1.9(0.8) a b

Focal abnormalities n(%) 32(78) 28(68) 22(53) a

Diffuse abnormalities n(%) 36(88) 38(93) 16(39) a b

Epileptiform abnormalities n(%) 1(2) 0 1(2.4)

FIRDA n(%) 8(20) 12(29) 1(2) a b

Data are mean (SD) or n(%), FIRDA= frontal intermittent rhythmic delta activity. a =p<0.05 DLB/
AD+ vs. AD b = p<0.05 DLB/AD- vs. AD (ANOVA)

The EEG severity score was significantly higher in both DLB-groups compared to AD 
(2.7 vs 1.9, p <0.001). Both the DLB/AD+ and the ‘pure’ DLB group differed from the 
AD patients in the presence of diffuse abnormalities (present in 88% of DLB/AD+, 93% 
of DLB/AD-, 39% of AD, p<0.001) and FIRDA (present in 20% of DLB/AD+, 29% of DLB/
AD-, 2% of AD, p=0.03).

FIGURE 2 Relative power per frequency band per channel
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3.3.1 Quantitative EEG – Spectral analysis
The mean relative power of all EEG channels per frequency band is shown in table 
3. Figure 2 shows the distribution of the activity per frequency band across the 21 
channels in head plots. Both DLB/AD- and DLB/AD+ show more (posterior) slow-wave 
activity (higher relative power in delta and theta bands) compared to AD. The relative 
power in the faster frequency bands (alpha and beta) as well as the peak frequency 
is lower in the DLB groups than in AD. The abundance of slow-wave activity is also 
reflected by the theta/alpha-ratio, which is higher in both DLB groups. The variability 
of the peak frequency was lower (0.38 Hz) in pure DLB compared to in AD (0.49 Hz, 
p=0.01), the difference between pure DLB and DLB/AD+ (0.48 Hz) was of borderline 
significance (p=0.06).

No confounders or effect modifying variables were identified in a regression analysis 
(using age, sex, symptom duration, MMSE score and ‘medication use’).

3.3.2 Quantitative EEG – Functional connectivity and network characteristics
Table 4 shows functional connectivity strength and network characteristics.
TABLE 4 Quantitative EEG characteristics

DLB/AD+
(n=41)

DLB/AD-
(n=41)

AD
(n=41)

Delta power 0.42(0.23) 0.41(0.25) 0.32(0.18) a b

Theta power 0.26(0.13) 0.34(0.19) 0.18(0.10) a b

Alpha 1 power 0.09(0.10) 0.07(0.06) 0.15(0.15) a b

Alpha 2 power 0.04(0.04) 0.04(0.03) 0.09(0.09) a b

Beta power 0.08(0.08) 0.06(0.04) 0.15(0.04) a b

Peak frequency (Hz) 6.9(1.17) 6.8(1.03) 8.4(1.8) a b

Peak frequency variability (Hz) 0.48(0.25) 0.38(0.22) 0.49(0.38) b

Theta/alpha-ratio 0.6 (0.2) 0.8(0.2) 0.4(0.3) a b

Phase lag index (PLI) * 0.137(0.035) 0.142(0.038) 0.177(0.076) a b

Minimum spanning tree (MST)*
- Highest degree
- Leaf number
- Diameter
- Tree hierarchy

0.175(0.038)
0.550(0.050)
0.400(0.038)
0.384(0.039)

0.188(0.056)
0.550(0.081)
0.413(0.050)
0.387(0.050)

0.213(0.063) a b

0.575(0.063) a

0.388(0.056)
0.395(0.049)

Data are median (IQR) a = p< 0.05 for DLB/AD+ vs. AD b = p<0.05 for DLB/AD- vs. AD (Kruskal 
Wallis test).*alpha band

A significant difference was found between both DLB groups and AD for global apha-
band PLI (lower PLI for both DLB groups compared to AD) and MST highest degree 
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(lower degree for both DLB groups compared to AD). No significant differences were 
found between the pure DLB and the DLB/AD+ patients.

3.4 Automated classification
An automated classification based on only qEEG features between pure DLB and AD 
reached an accuracy of 85% (sensitivity 87%, specificity 83%). Between DLB/AD+ and 
AD, the accuracy of the classifier was 74% (sensitivity 70%, specificity 79%). Accuracy 
for the discrimination between DLB/AD+ and DLB/AD- was 52% (only just above chance 
performance). The EEG features with the highest VIMP scores were theta/alpha-ratio 
for DLB/AD+ vs. AD, and beta power for DLB/AD- vs. AD. Figure 3 shows an example 
of the output of the random forest classification between DLB/AD- and AD, including 
VIMP scores of the used EEG features.

FIGURE 3 Output of a random forest automated classification between DLB/AD-(pure DLB) and 
AD. nTree and mTry are parameters used for random forest analysis. Subjects are arranged by 
diagnosis on the x-axis, no 1-41=AD, no 42-82= DLB/AD-. qEEG features 1 t/m 25 as listed in 
methods. VIMP = variable importance score, Acc= accuracy, Sens=sensitivity, spec= specificity, 
p = p-value.

4. DISCUSSION
This study shows that visual and quantitative EEG characteristics of patients with ‘pure’ 
DLB and DLB with concomitant AD-pathology do not differ, but are both different 
from AD. Both DLB-groups have compared to AD: - more pronounced visual EEG 
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abnormalities (such as FIRDA); - a lower peak frequency and more slow-wave activity; 
- a decreased strength of alpha functional connectivity- a difference in network 
organization (degree).

To our knowledge this is the first study that takes into account concomitant AD 
pathology when describing EEG characteristics in DLB. Previous studies have shown 
that DLB-patients with concomitant AD-pathology have a more aggressive disease 
course compared to pure DLB [100] [22, 134]. In line with these findings, our DLB/
AD+-group had the lowest MMSE score. While we hypothesized that EEG disturbances 
would also be more outspoken in these cases, this could not be confirmed by our data. 
On the contrary, both DLB/AD- and DLB/AD+ have more severe EEG abnormalities 
than AD patients. A possible explanation for our findings is that DLB pathology ‘drives’ 
the EEG abnormalities. It has been suggested that in DLB, not cell death, but rather 
α-synuclein aggregate-related synaptic dysfunction is related to clinical symptoms [135]. 
In particular the cholinergic deficit is present earlier and more widespread in DLB 
compared to AD. Loss of cholinergic activity has been observed in the thalamus and 
all neocortical regions [90, 136]. In a pathological study of patients with Parkinson’s 
disease dementia (PDD) without concomitant AD pathology, a reduction of hippocampal 
cholinergic activity together with an increased load of α-synucleinopathy in the basal 
forebrain and hippocampus has suggested that α-synuclein depositions can induce 
cholinergic dysfunction [91]. The outspoken EEG-abnormalities in DLB compared to AD 
have been linked to this more severe cholinergic deficit and to impaired thalamo- and 
corticocortical communication [73, 75, 127, 137]. This pathological mechanism might not 
be further aggravated by concomitant AD-pathology. Possibly, the unfavorable clinical 
course of DLB/AD+ compared to pure DLB, is not caused by changes on a functional 
level but instead more on a structural level, i.e. increased cortical atrophy, as has been 
suggested by imaging studies [103, 134]. The EEG could miss this additional damage 
caused by AD co-pathology (‘dead neurons tell no tales’).

The pronounced EEG abnormalities we found in DLB are in agreement with the 
available studies that compare DLB, AD and controls [73, 76]. While recent research 
tends to focus on the quantitative and automated EEG analysis, visual interpretation 
of EEG has also shown clear differences between DLB and AD. For example, FIRDA has 
been described more in DLB compared to in AD [45, 46]. This difference is confirmed 
by our results, where FIRDA is seen significantly more often in both DLB groups (20 
and 29%) compared to in AD (2%) (Figure 2). For qEEG, the low peak frequency and high 
relative power in theta and delta bands we found in DLB, are agreement with existing 
literature. An exception is the peak frequency variability, which has been described 
to be high in DLB [73, 74]. This could not be confirmed by our study: the variability 
(SD of peak frequency over 16 epochs per patient) even seemed higher in both AD 
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and DLB/AD+, compared to pure DLB. These results should be interpreted with some 
caution since only the pre-selected artifact-free epochs (~40 sec of EEG recording) 
were used to assess variability. Previous studies [73, 74] have used larger numbers 
of epochs. However a publication dedicated to this question states that evaluation of 
peak frequency variability does not require recordings longer than 20 seconds [138]. 
Our findings warrant more studies in different cohorts to assess the value of the peak 
frequency variability in DLB.

High diagnostic accuracies (~90%) have been previously described for automated 
EEG analyses for the discrimination of DLB from AD and controls [73] [128]. Our 
results support the potential of these techniques, although for the clinically difficult 
discrimination between DLB/AD+ and AD the diagnostic accuracy was a bit lower than 
for DLB/AD- vs AD. An advantage of the random forest machine learning technique is 
that it randomly selects a sample of the data for each decision tree. Therefore, there 
is no need for a separate dataset for cross-validation [132]and the automated analysis 
supports our results for the diagnostic value of (q)EEG.

Our study supports the value of EEG as a true biomarker of Lewy body pathology 
in dementia. When considering all qEEG data, spectral analysis (such as beta power 
and theta/alpha ratio) provided more discriminative value than the more advanced 
analyses of networks and connectivity. Therefore visual EEG analysis combined with 
spectral analysis could be the cornerstone of the clinical EEG interpretation, making 
the diagnostic test low-cost, easy to interpret and widely available. A drawback of visual 
EEG can be low specificity [76]. However, our study identified (q)EEG features that are 
valuable for the differentiation between AD and DLB, e.g. FIRDA and the theta/alpha 
ratio. Future research should focus on identifying cut-off values, e.g. for peak frequency 
or theta/alpha ratio, that help to classify a patient in one of the diagnostic groups. 
Possibly the development of a specific EEG-DLB scale could help improve diagnostic 
value. Validation in a separate dataset (preferably with pathologically confirmed cases) 
would be feasible to incorporate this in clinical practice.

Currently EEG can have added value, especially in the more complex cases when 
there is a clinical suspicion of DLB, such as the DLB/AD+ cases, where (CSF) AD 
biomarkers are not helpful and/or DLB-patients with an initially negative DAT SPECT 
[98]. An abnormal EEG might be an early marker of DLB [74]. To study EEGs in non-
demented patient groups at risk for DLB, for example patients with mild cognitive 
impairment (MCI) or REM sleep behavior disorder, would be of interest. Furthermore, 
EEG will have to be related to clinical outcome measures in longitudinal studies, to 
assess its possibilities as a response marker for treatment.

Strength of this study is the availability of three groups of relatively large size (n=123 
in total) from a well-characterized clinical cohort. The groups were well matched for 
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age, sex and disease duration. Especially for the DLB/AD+-cases, the sample is large 
compared to other studies. It is the first study to link EEG characteristics to CSF 
biomarkers in DLB. Another strength is the combination of visual, quantitative and 
automated EEG analyses in one study.

The study had some limitations: first, like in other clinical and imaging studies, 
pathological confirmation of the diagnosis was lacking. However, diagnoses were 
made in an expert consensus meeting. When a DAT-SPECT scan was performed in 
DLB patients, it supported the clinical diagnosis.[6] Secondly, some of the patients 
used medication that could have influenced the EEG. However, benzodiazepines and 
antidepressants, the two types of medication that were used most by the DLB/AD+ 
group, are associated with fast (beta band) activity[139], while in the DLB groups a 
lower beta power has been found. In a regression analysis medication use was not 
identified as a confounder or effect-modifying variable. The visual selection of the 
epochs might have influenced our results, although this has been performed in a 
standardized manner and overall effects of epoch selection seem to be small [130]. 
21-channel EEGs can be used to study connectivity and networks, however the number 
of channels limits the analysis of specific anatomical regions[127].

In conclusion, our study shows differences in EEG characteristics between DLB 
and AD, but not between DLB/AD+ and DLB/AD-. These findings are of importance 
because: 1) in DLB, concomitant AD pathology does not seem to influence the EEG, 
which suggests that the Lewy body pathology ‘drives’ the outspoken EEG abnormalities. 
2) EEG can be a valuable contribution to differentiate DLB from AD, especially in the 
DLB/AD+ cases, where the AD-biomarkers are not helpful.
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ABSTRACT
Purpose: To study the influence of concomitant Alzheimer’s disease (AD) pathology 
in dementia with Lewy bodies (DLB) on dopamine transporter (DAT) and serotonin 
transporter (SERT) availability, using 123I-N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-
iodophenyl) nortropane (123I-FP-CIT) single photon emission computed tomography 
(SPECT). 

Methods: Based on their cerebrospinal fluid biomarker profile, fifty-two patients with 
probable DLB were divided in a group with (DLB/AD+, N=15) and without concomitant 
AD-pathology (DLB/AD-, N=37). We conducted atrophy-corrected region of interest 
(ROI) analyses comparing binding ratios (BRs) in the DAT-rich striatal and SERT-rich 
extrastriatal brain areas (amygdala, hippocampus, thalamus, midbrain and pons). 

Results: DLB/AD+ patients had significantly lower 123I-FP-CIT BRs in the left amygdala, 
and a trend was seen in the right hippocampus. Groups did not differ significantly 
in striatal 123I-FP-CIT BRs, neuropsychiatric or motor symptoms. Motor symptoms 
correlated negatively with striatal DAT BRs. 

Conclusions: DLB/AD+ patients may have lower SERT binding in limbic brain regions 
than DLB/AD- patients, possibly indicating faster neurodegeneration in mixed pathology.
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INTRODUCTION
After Alzheimer’s disease (AD), dementia with Lewy bodies (DLB) is a relatively common 
neurodegenerative dementia, with a high frequency of neuropsychiatric symptoms and 
extrapyramidal signs. [6]The pathological hallmark of DLB is the presence of cerebral 
Lewy bodies that contain alpha-synuclein. In addition, up to 50% of DLB-patients 
have concomitant AD-pathology (amyloid plaques and neurofibrillary tangles). This 
pathological overlap complicates the differential diagnosis of AD versus DLB. Patients 
with mixed pathology may be less likely to express core DLB symptoms [22, 140]and 
abnormal AD-biomarkers (such as cerebrospinal fluid (CSF) or amyloid positron emission 
tomography (PET)) may lead to a misdiagnosis of AD. Furthermore, DLB patients with 
mixed pathology seem to have a worse prognosis, and possibly more neuropsychiatric 
symptoms, such as hallucinations. [22]

123I-N-ω-fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane (123I-FP-CIT) 
single photon emission computed tomography (SPECT) studies have demonstrated 
reduced striatal dopamine transporter (DAT) binding in DLB and Parkinson’s disease 
(PD)—an in-vivo proxy of nigrostriatal degeneration - but not in AD. 123I-FP-CIT SPECT 
has shown good diagnostic accuracy for DLB and is included in the diagnostic criteria 
as an indicative biomarker.[6]

In addition to its high affinity to the DAT, 123I-FP-CIT binds also with modest affinity 
to the serotonin transporter (SERT). [33] Serotonin is a neurotransmitter that regulates 
the neuroendocrine system as well as cognitive functions and mood. Serotonergic 
deficits have been related to symptoms of depression and psychosis in both DLB and 
AD. [28] DAT and SERT display a different distribution in subcortical structures, which 
makes it possible to simultaneously assess the striatal dopaminergic and extrastriatal 
serotonergic system with one 123I-FP-CIT SPECT scan. [33]

The influence of concomitant AD-pathology on 123I-FP-CIT binding is still unknown. 
We aimed to study if concomitant AD-pathology influences 123I-FP-CIT binding (both 
striatal DAT and extrastriatal SERT). We compared DAT and SERT binding between 
DLB with concomitant AD-pathology (DLB/AD+) and ‘pure DLB’ (DLB/AD-). Based on 
previously described differences in clinical symptoms [22, 140] we hypothesized 
that DLB/AD+ patients may have lower SERT binding and DLB/AD- patients may have 
lower DAT binding. We aimed to relate the findings to motor, cognitive and psychiatric 
symptoms.
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MATERIAL AND METHODS
Patient selection
From our memory clinic population, the Amsterdam Dementia Cohort, we selected 55 
patients with probable DLB[6] with an available 123I-FP-CIT SPECT scan, a T1-weighted 
magnetic resonance imaging (MRI) scan and CSF. One patient was excluded due to 
use of a serotonin reuptake inhibitor (possible interference with 123I-FP-CIT SERT-
binding) and two due to segmentation failures. Fifty-two patients were divided, based 
on their CSF tau/ ab-42 ratio [57] into DLB/AD+ (tau/ ab-42 ratio>0.52, n=15) or DLB/
AD- (tau/ ab-42 ratio£0.52 (n=37)). All patients had given written informed consent to 
use their clinical and imaging data. All patients provided informed consent to enter their 
clinical and imaging data, obtained as part of routine patient care, in a pseudonymised 
database for research purposes. This procedure was approved by the local Medical 
Ethics Committee.

Clinical data were collected prospectively: Neuropsychiatric symptoms were 
assessed by the Neuropsychiatric Inventory (NPI). The relevant subscales were 
delusions, hallucinations, agitation/aggression, dysphoria/depression, anxiety, apathy, 
disinhibition, aberrant motor activity, and nighttime behavioral disturbances. Presence 
of symptoms was defined as a subscale score>0. In addition to the NPI, depression 
was assessed by the short form of the Geriatric Depression Scale (GDS-S), presence 
of depressive symptoms was defined as a score>4. Parkinsonism was assessed by a 
preformatted checklist based on neurological examination including the presence of 
bradykinesia, hypokinesia, tremor and/or rigidity.

123I-FP-CIT SPECT analysis
We performed imaging according to the guidelines of the European Association of 
Nuclear Medicine: 123I-FP-CIT was administered intravenously in a dose of approximately 
185 MBq (specific activity >185 MBq/nmol; radiochemical purity >99%; produced as 
DaTSCAN™ at GE Healthcare, Eindhoven, The Netherlands). After 3 hours, static images 
were obtained for 30 minutes using a dual-head gamma camera (E.Cam; Siemens, 
Munich, Germany) with a fan-beam collimator. We used Chang’s attenuation correction 
[141] with an attenuation coefficient of 0.15, and then reconstructed and reoriented the 
scans to the anterior-posterior commissural plane in Statistical Parametric Mapping 12 
software (SPM 12; Wellcome Trust Centre for Neuroimaging, London, UK).

Regions of interest (ROIs) were defined using FreeSurfer 6.0 (Athinoula A. 
Martinos Center for Biomedical Imaging, Boston, MA, USA) with default settings on 
the T1-weighted MRI scans to individually segment the ROIs per subject. We obtained 
intracranial volumes in FreeSurfer to be able to correct individual ROI volumes. All ROIs 
were visually inspected for segmentation errors. The bilateral DAT-rich striatal ROIs 
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consisted of the nucleus accumbens and caudate nucleus as a combined region (to 
avoid spill-over effects) and the posterior putamen. The bilateral SERT-rich extrastriatal 
ROIs were: amygdala, hippocampus, thalamus, midbrain and pons. The 123I-FP-CIT 
SPECT scans were co-registered with the individual T1-weighted MRI scans within 
SPM 12 according to the previously described method.[33] We calculated BRs with the 
cerebellum as the reference region (REF; WFU Pickatlas, AAL; bilateral Crus 2), since 
it is relatively free from DAT and SERT, using the following formula: [BR = (ROI – REF) / 
REF]. [4]

Statistical analysis
Clinical variables were compared with t-tests or Mann–Whitney U tests, depending on 
the distribution, dichotomous measures with c2 or Fisher’s exacts test. BRs in each ROI 
were compared using linear regression analysis, corrected for age and (intracranial 
volume corrected) ROI volume. Pearson or Spearman correlations between BRs (DAT 
and SERT) and clinical measures were calculated. Statistical significance was set at p 
< 0.05, with Bonferroni correction (p < 0.05/ number of tests) to correct for multiple 
testing.

RESULTS
Table 1 shows the demographic and clinical characteristics of both groups. DLB/AD+ 
patients (n=15, 28.8%) were older (p = 0.02) than DLB/AD- patients and showed more 
right hemispheric medial temporal lobe atrophy (p = 0.02). There were no differences 
in the presence of parkinsonism, depressive or other neuropsychiatric symptoms.

TABLE 1. Demographic and Clinical Characteristics

Characteristic DLB/AD+
(N=15)

DLB/AD-
(N=37)

Gender (f/m) 2/13 5/32
Age, mean (SD) 69.9 (4.4) 65.8 (6.0)*
CAMCOG, mean (SD) 81.9 (8.3) 79.3 (10.9)
CDR, median [IQR] 1 [0.5-1] 0.5 [0.5-1]
GDS, median [IQR] 4 [3-6] 3 [2-5.5]
GDS >4, n(%) 4 (30.8%) 12 (32.4%)
MMSE, median [IQR] 24 [21-27] 24 [22-26.5]
Symptom duration (yrs), mean (SD) 3.9(2.6) 4.0(3.1)

Parkinsonism 66.7% 62.2%

MTA_R, median [IQR] 1 [0.75-2] 1 [0-1]*
MTA_L, median [IQR] 1 [0-2] 1 [0-1]
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TABLE 1. Demographic and Clinical Characteristics (continued)

Characteristic DLB/AD+
(N=15)

DLB/AD-
(N=37)

NPI total score, median [IQR], N 7[6-24], 9 10 [5-15], 26
NPI_delusion, n (%) 1 (11.1%) 0%
NPI_hallucination, n (%) 4 (44.4%) 6 (23.1%)
NPI_agitation/aggression, n (%) 1 (11.1%) 3 (11.5%)
NPI_depression, n (%) 3 (33.3%) 9 (34.6%)
NPI_anxiety, n (%) 5 (55.6%) 9 (34.6%)
NPI_apathy, n (%) 8 (88.9%) 21 (80.9%)
NPI_disinhibition, n (%) 0% 3 (11.5%)
NPI_aberrant motor activity, n (%) 1 (11.1%) 3 (11.5%)
NPI_sleep disturbances, n (%) 4 (44.4%) 9 (34.6%)

*p < 0.05
Abbreviations: DLB/AD+ = Dementia with Lewy bodies and concomitant Alzheimer-
pathology, DLB/AD- = Dementia with Lewy bodies without concomitant Alzheimer-
pathology, CAMCOG = Cambridge Cognitive Examination (values > 79 are considered 
normal), CDR = Clinical Dementia Rating (0 = Normal, 0.5 = Very Mild Dementia, 1 = Mild 
D., 2 = Moderate D., 3 = Severe D.), GDS = Geriatric Depression Scale (0-4 = not depressed, 
5-10 = mildly depressed, 11-15 = severely depressed), MMSE = Mini Mental State Examination 
(values >24 are considered normal), Parkinsonism = presence of motor signs (bradykinesia, 
rigidity and tremor) registered dichotomously, MTA_R = medial temporal lobe atrophy 
(score) right hemisphere, MTA_L = medial temporal lobe atrophy (score) left hemisphere, 
NPI = Neuropsychiatric Inventory subscales

We did not find significant differences between DLB/AD+ and DLB/AD- in striatal 123I-FP-
CIT BRs (Table 2). DLB/AD+ patients had statistically significant lower 123I-FP-CIT BRs 
than DLB/AD- patients for the left amygdala (p=0.002) and the right hippocampus 
(p=0.036) (figure 1). The difference for the left amygdala remained significant after 
Bonferroni correction (p<0.008). For the other extrastriatal regions, group differences 
did not reach statistical significance.

FIGURE 1 Distribution of 123I-FP-CIT binding ratios (BRs) in the amygdala and hippocampus of 
DLB-patients with (DLB/AD+) and without (DLB/AD-) concomitant Alzheimer-pathology
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TABLE 2. Striatal (DAT) and extrastriatal (SERT) 123I-FP-CIT binding ratios

DLB/AD+
(n=15)

DLB/AD-
(n=37)

Mean difference/
(SE)/p

DAT binding ratios

Left Nucleus Accumbens/
Caudate Nucleus combined

1.64(0.38) 1.95(0.50) .22/(.15)/.16

Right Nucleus Accumbens/
Caudate Nucleus combined

1.61(0.31) 1.87(0.49) .11/(.14)/.45

Left Putamen posterior 1.61(0.42) 1.92(0.64) .16/(.18)/.28

Right Putamen posterior 1.60(0.43) 1.97(0.67) .18/(.18)/.30

SERT binding ratios

Left Amygdala 0.55(0.20) 0.78(0.30) .30/(.09)/.002*

Right Amygdala 0.59(0.28) 0.69(0.28) .05/(.09)/.61

Left Hippocampus 0.45(0.12) 0.53(0.17) .07/(.05)/.18

Right Hippocampus 0.39(0.12) 0.51(0.18) .12/(.06)/.036*

Left Thalamus 0.56(0.16) 0.60(0.17) .019/(0.05)/.73

Right Thalamus 0.56(0.13) 0.60(0.16) .013/(0.05)/.79

Pons 0.36(0.11) 0.42(0.11) .052/(.04)/.16

Midbrain 0.53(0.11) 0.59(0.13) .037/(.04)/.37
Data are mean (SD) unless otherwise specified, *p < 0.05 corrected for age and ROI volume
Abbreviations: DLB/AD+ = Dementia with Lewy bodies and concomitant Alzheimer-
pathology, DLB/AD- = Dementia with Lewy bodies without concomitant Alzheimer-pathology, 
DAT = dopamine transporter, SERT= serotonin transporter, SE= standard error

In the total sample, motor symptoms correlated negatively with DAT BRs in striatal ROIs: 
Spearman’s rho left nucleus accumbens/caudate: r(df)=-0.27(50); p=0.05, right nucleus 
accumbens/caudate r(df)=-0.33(50); p=0.02, left putamen r(df)=-0.42(50); p=0.002, right 
putamen r(df)=-0.43(50); p=0.001).No significant correlations were found with MMSE 
or neuropsychiatric symptoms.

DISCUSSION
This study is the first to explore the influence of concomitant AD pathology in DLB on 
neurotransmitter systems by studying both striatal and extrastriatal 123I-FP-CIT binding. 
The main findings were a lower 123I-FP-CIT SERT binding in the left amygdala of DLB/
AD+-patients compared to DLB/AD-, and a trend towards a lower right hippocampal 
SERT binding in DLB/AD+. DAT binding was comparable between groups. In the overall 
sample, motor symptoms correlated negatively with striatal DAT binding as expected. 
[62] No correlations with neuropsychiatric symptoms were found.
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Strikingly, all mean 123I-FP-CIT binding ratios were lower in the DLB/AD+ group than in 
the DLB/AD- group (Table 1). However, only the difference in the left amygdala reached 
statistical significance, after Bonferroni correction. The relatively small size of the DLB/
AD+ group probably limited the study to detect other group differences. The overall 
lower BRs in the DLB/AD+ group, albeit not statistically significant, point in the direction 
of more extensive neurodegeneration, including the dopaminergic and serotonergic 
system, in mixed pathology, as has been shown by previous neuropathological and MRI 
research. [100, 103] Since we corrected for ROI volume, the low BRs in DLB/AD+ are 
unlikely to be caused only by atrophy. Our hypothesis that ‘pure DLB’ patients would 
have lower striatal binding than DLB/AD+ could not be confirmed.

Although compromised SERT binding in different brain regions (e.g., midbrain, 
thalamus and hypothalamus) has been shown in DLB, no consistent 123I-FP-CIT SERT 
binding-pattern has been demonstrated. [33, 142] In autopsy and animal studies, low 
concentrations of serotonin in amygdala and hippocampus, amongst other regions, 
have been shown in both DLB and AD. Degeneration of the Raphe nucleus even seemed 
more pronounced in DLB- compared to in AD-patients with a depression. [28] It is a 
possibility that DLB-pathology drives a major part of the serotonergic degeneration, 
but there may be a synergistic effect of the concomitant AD-pathology.

Serotonergic deficits may be associated with psychiatric symptoms in 
neurodegenerative disease. [28] In this study, we could not demonstrate the association 
between these symptoms and 123I-FP-CIT SERT binding. Possible explanations can be 
the relatively low occurrence of neuropsychiatric symptoms in our sample and the 
small sample size.

This study provides grounds for future studies on the serotonergic system in 
DLB, and particularly in DLB/AD+, ideally in larger samples with higher prevalence 
of neuropsychiatric symptoms.. A limitation of this study is that we used a non-
selective radiotracer to study SERT, which hampers assessment of SERT binding in 
the striatum and cortex. Therefore, confirmation of our findings using a selective SERT 
tracer, such as 11C-3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile (11C-
DASB), would be of interest. Insights in the role of serotonergic deficits could have 
implications for symptomatic therapy. Furthermore, although we corrected for atrophy, 
we cannot exclude that the trend for a lower 123I-FP-CIT binding in DLB/AD+ in the right 
hippocampus can be (partly) explained by partial volume effects. Finally, we did not 
assess parkinsonism with the widely used UPDRS motor score. However, extrapyramidal 
symptoms were assessed prospectively in a standardized manner in all patients.

In summary, this study provides a first exploration of the influence of mixed DLB 
and AD pathology on dopaminergic and serotonergic dysfunction, measured by 
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123I-FP-CIT SPECT. Our results advocate further research into the clinical significance of 
serotonergic deficits in DLB, and particularly in patients with concomitant AD-pathology.

Compliance with Ethical Standards
Funding: This study was funded by ZonMW/Memorabel (grant number #733050509) 
and Stichting Dioraphte.
Conflicts of interest: The authors declare that they have no conflicts of interest.
Ethical approval: All procedures performed in studies involving human participants 
were in accordance with the ethical standards of the institutional and/or national 
research committee and with the 1964 Helsinki declaration and its later amendments 
or comparable ethical standards.
Informed consent: Informed consent was obtained from all individual participants 
included in the study.
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ABSTRACT
Introduction Response to cholinesterase inhibitors (CHEIs) in dementia with Lewy 
bodies varies and is difficult to predict. We aimed to study if concomitant Alzheimer’s 
disease (AD) pathology distinguished between CHEI responders and non-responders.

Methods In a retrospective sample of 44 DLB-patients treated with CHEIs and with 
cerebrospinal fluid (CSF) or amyloid-PET available, we compared concomitant AD-
pathology, MRI and EEG results between responders (n=17) and non-responders (n=27). 
A cognitive response was defined as an increase in MMSE-score> 2 points after 1 year.

Results Cognitive responders had a lower baseline MMSE (mean 22 vs 24, p<0.01) and 
a higher slow-to-fast wave ratio on the pre-treatment EEG (0.78 vs 0.64, p = 0.02). No 
differences were found in AD-biomarkers or visual atrophy scores.

Discussion Cholinesterase inhibitor response after 1 year in DLB may not be influenced 
by concomitant AD-pathology. qEEG may be a useful marker of cholinergic deficiency 
and treatment response.
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INTRODUCTION
Dementia with Lewy bodies (DLB) is the second most common cause of dementia 
in the elderly population. [1] Clinically, DLB is defined as dementia with cognitive 
fluctuations, visual hallucinations, parkinsonism and/or rapid eye movement (REM) 
sleep behavior disorder (RBD). The pathological hallmark is alpha-synuclein inclusions 
(Lewy bodies and Lewy neurites)[6], but Alzheimer-pathology (amyloid plaques and 
neurofibrillary tangles) often co-exists in DLB. DLB-patients with concomitant AD-
pathology have a worse prognosis with more severe dementia and a shorter survival. 
[143]More (hippocampal) atrophy in patients with positive AD-biomarkers indicates 
faster neurodegeneration [144]and a synergistic effect of the two proteinopathies 
has been hypothesized. Cholinesterase inhibition(CHEIs) is still the most important 
symptomatic treatment in DLB, but response rates vary and predicting response prior 
to treatment remains difficult. A previous study has shown that DLB-patients with more 
cortical atrophy have a lower chance of response, and the authors suggested that this 
may be related to AD-pathology. [145]

We aimed to investigate this hypothesis in a larger sample with a known amyloid-
status (based on CSF AD-biomarkers). Next, we aimed to study if baseline MRI and EEG 
could distinguish between responders and non-responders.

METHODS
2.1 Patient selection
From the Amsterdam dementia cohort[54], we retrospectively selected patients 
with probable DLB [6] who visited the memory clinic between 2005 and 2018 with 
cerebrospinal fluid (CSF) and/or amyloid PET-scan available. The patients needed to be 
drug-naive at baseline, a cholinesterase-inhibitor had to be initiated within 6 months 
and follow-up after 1 year (+/- 3 months) should be available. We included 44 patients. 
The Mini Mental State Examination (MMSE) score [78]was used as a global cognitive 
measure. Hallucinations were scored at baseline, extrapyramidal signs according to 
a preformatted checklist. CHEIs were prescribed by the treating physician by clinical 
indication (rivastigmine tablets, dose range from 3 mg twice a day to 6-6-1.5 mg; 
rivastigmine patch, dose range 9.5-13.3/24 hours or galantamine tablets, dose range 
16-24 mg daily) .

A favorable response to CHEIs was defined as an improvement of the MMSE score 
of at least 2 points[146] after 1 year.
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2.2 Biomarker data
2.2.1 CSF
CSF was obtained via lumbar puncture (n=41). The procedure is described in more detail 
elsewhere.(van der Flier et al., 2014) Amyloid-β42, total tau and p-tau were measured by 
INNOTEST Double sandwich ELISAs. AD-pathology was defined as a tau/aβ-42 ratio>0.4. 
[147]

2.2.2 Amyloid PET
In a subset of patients(n=3) amyloid-PET scans were used to define AD-pathology in 
the absence of CSF. The procedures are described in more detail elsewhere. [148]
Scans were performed using [11C]PIB, [18F]flutemetamol, or [18F]florbetaben. Whole-
brain visual assessment (positive or negative for Aβ-pathology) was performed by an 
experienced nuclear medicine physician according to guidelines approved by the FDA.

2.2.3 MRI
Participants underwent a diagnostic multi-sequence MRI, according to a standardized 
protocol.[54] Visual assessment of atrophy was performed by an experienced 
neuroradiologist (without clinical information except for age and sex). The following 
visual rating scales were assessed: Medial temporal lobe atrophy (MTA), rated on the 
oblique coronal T1-weighted scan using the Scheltens 5-point scale (0–4). Posterior 
cortical atrophy (PCA) was rated on the combination of T1-weighted and FLAIR 
sequences using a 4-point scale (0–3). [108] Global cortical atrophy (GCA) was rated 
on axial FLAIR images using a 4-point scale (0–3), with 0 meaning no atrophy and 3 is 
the most atrophy.

2.2.4 EEG
All patients underwent a 20 minute resting-state 21-channel EEG. Visual assessment 
was carried out by a clinical neurophysiologist (without clinical information except for 
age, sex and medication use) according to a standardized 5-point scale of increasing 
abnormality[82]. Frontal intermittent rhythmic delta activity (FIRDA) was analyzed 
separately. Four artifact-free epochs per patient were visually selected for Fast Fourier 
transformation (FFT): relative power per frequency band (delta (0.5-4 Hz) theta (4-8 
Hz), alpha-1 (8-10 Hz), alpha-2 (10-13 Hz), beta (13-30 Hz) and peak frequency (means 
of all electrodes) were measured. To indicate the proportionality between slow-wave 
and fast-wave activity, we calculated the theta/alpha-ratio: theta/(theta+alpha1+alpha2).
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2.3 Statistical Analysis
Patient characteristics and biomarker outcome measures were compared with 
descriptive statistics. Group differences were assessed with χ2/Fisher’s exact tests 
or t-tests and in the case of non-normally distributed data, Mann Whitney U tests. A 
probability value of <0.05 was considered statistically significant. A logistic regression 
was performed to correct for baseline MMSE.

2.4 Ethics
All patients gave informed consent for use of their clinical data. The local medical ethics 
committee approved of the study.

3. RESULTS
We included 17 responders (39%) and 27 non-responders (61%). Patient characteristics 
and biomarker results are listed in table 1. Baseline MMSE was lower in responders 
compared to non-responders (22 vs 24, p<0.001), and differed at follow-up (26 vs 21, 
p<0.001).

Presence of AD-pathology did not differ between groups. Comparing CSF and MRI, 
we found no significant differences between groups. In responders, the EEG theta/alpha 
ratio was higher (.78 vs .64, p=0.02, figure 1) and we found a trend for a lower peak 
frequency (6.4 vs 7.0 Hz, p=0.05). In a logistic regression corrected for baseline MMSE, 
the effect of theta/alpha ratio was of borderline significance (Odds ratio for response 
2.8 per standard deviation, 95% CI 0.95-8.7), p=0.06).

TABLE 1 Patient characteristics and biomarkers

Responders
(n=17)

Non- responders
(n=27)

Age, yrs (SD) 66(6) 69(5)

Symptom duration, yrs 3[1] 2[3]

Sex, male (%) 17(100) 24(89)

APOE4 carrier (%) 8(53) 14(61)

Education, Verhage scale 5[2] 5[2]

Hallucinations (%) 7(50)(n=14) 7(27)(n=27)

Extrapyramidal signs (%) 9(64)(n=15) 16(62)(n=25)

MMSE (baseline)(SD) 22(3)* 24(3)

MMSE (1 year)(SD) 26(2)* 21(3)

CSF (n=17) (n=24)

Aβ-42 755[468] 766[200]

Tau 307[86] 299[101]
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TABLE 1 Patient characteristics and biomarkers (continued)

Responders
(n=17)

Non- responders
(n=27)

p-tau 51[15] 53[22]

AD pathology (CSF tau/aβ-42 ratio>0.4 or 
abnormal amyloid-PET(n=3))(%)

6(35) 15(56)

MRI (N=15) (N=22)

MTAa 2[3] 2[1]

PCA scorea 2[3] 2[2]

GCA score 1[1] 1[0]

EEG (n=16) (n=27)

Visual EEG severity score(1-5) 3[0] 3[0]

FIRDA (%) 6(38) 8(30)

qEEG (n=16) (n=24)

peak frequency 6.4[.56] 7.0[1.4]

delta power .57[.22] .31[.3]

theta power .30[.13] .25[.2]

alpha-1 power .06[.04] .09[.1]

alpha-2 power .03[.01] .05[.04]

beta power .05[.04] .08[.08]

theta/alpha-ratio .78[.06]* .64[.32]

Data are median [IQR] unless otherwise specified. * p<0.05 (χ2-test, t-test or Mann whitney U 
tests). asum score of both hemispheres

FIGURE 1 EEG Theta/alpha-ratio in non-responders and responders  
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4. DISCUSSION
Thirty-nine percent of DLB-patients cognitively improved one year after initiation of 
cholinesterase inhibitor therapy according to our responder criterion. In this exploratory 
study, we could not find significant differences in AD-biomarkers or atrophy between 
responders and non-responders. Responders had a lower baseline MMSE-score, and 
more slow-wave activity on the pre-treatment EEG.

To date, CHEIs are still the cornerstone of symptomatic treatment of dementia, 
with group effects on cognitive function, global clinical state, behavior and activities 
of daily living.[149] Response rates vary up to around one third of patients in AD. [150] 
In DLB, a key randomized controlled trial has shown response in ~38% of patients. 
[151]  To our knowledge, one previous study addressed concomitant AD-pathology in 
relation to CHEI-response in DLB: more cortical and hippocampal atrophy on MRI was 
found in non-responders. Corroborated by 7 amyloid-PET scans the authors suggested 
that concomitant AD-pathology may negatively influence CHEI-response. [145]  
We could not repeat these findings in the current study. Differences with previous 
work could be that we included patients relatively early in the disease course (with 
for example limited atrophy) and/or the outcome measure.  We defined at least 2 
MMSE-points as improvement to minimize the chance of measurement errors, 
although this definition can be considered strict in the context of a neurodegenerative 
disease. Cognitive fluctuations could have influenced the follow-up MMSE score. The 
baseline MMSE was lower in responders, in line with previous studies [145, 146]. 
However, the strict response definition and a possible ‘ceiling effect’ in the non-
responder group, could have led to under-estimation of the percentage of responders.  
Our data suggest that response to CHEIs after 1 year is not limited by mixed pathology. 
Although the sample size is comparable to the previous study [145], lack of statistical 
power could have limited our study to detect significant differences (AD-pathology 
in 56% of non-responders vs 35% of responders, p=0.19). The hypothesis that faster 
neurodegeneration in mixed pathology would limit the CHEI-response [145] may still 
be plausible when disease advances (in accordance with the limited benefits of CHEIs in 
advanced dementia[152]). It would be of interest to follow the duration of the response 
in patients with and without AD-pathology over a longer time-period.

We found a higher EEG theta/alpha ratio in responders. Degeneration of the 
cholinergic neurons of the nucleus basalis of Meynert seemed more pronounced and 
present earlier in DLB compared to AD. [153]Clinical signs of DLB (visual hallucinations 
and attentional deficits) and the pronounced EEG- abnormalities have been related to 
cholinergic deficiency. [146] A recent study from our center showed abnormal EEGs in 
DLB, irrespective of AD-pathology.[82] Kai et al demonstrated a decrease of theta and 
delta band power after initiation of Donezepil, while this decrease was not significant in 
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AD. [75] Together these findings support the hypotheses that LB-pathology ‘drives’ EEG 
abnormalities and that (q)EEG is a potential marker of cholinergic deficiency and CHEI-
response. It would be of interest to study EEG measures after initiation of CHEI [75], and 
in relation to cognitive functions, daily functioning and/or neuropsychiatric symptoms, 
as (q)EEG may be of use as an outcome measure for (cholinergic) drug trials in DLB.

Strength of this study is the use of a well-documented cohort of DLB-
patients with different biomarkers. Limitations are the sample size and the 
retrospective design: the study was not designed as a trial to measure drug 
effectiveness, but a retrospective exploration of possible predictors. It is debatable 
if MMSE is the most suitable outcome measure in DLB. Repeated measures 
of activities of daily living or neuropsychiatric symptoms were not available.  
In conclusion, we could not find proof that DLB-patients with concomitant AD-pathology 
are less likely to respond to cholinesterase inhibitors after 1 year, but we did find 
encouraging data to suggest that higher theta/alpha ratio on EEG may be predictive of 
a response. Based on our data, concomitant AD-pathology should not be a reason to 
withhold CHEIs in a DLB-patient.
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4.1 MAIN FINDINGS
Dementia with Lewy bodies is a common, but relatively understudied cause of dementia. 
Early diagnosis and disease mechanisms are relevant topics. In this thesis we studied 
several aspects of neurophysiological and imaging techniques that are commonly used 
in the diagnostic process of DLB. We aimed to contribute to a sharper image of both 
the diagnostic process and the pathophysiological mechanisms of DLB. 

The main findings of this thesis are:
 - A normal 123I-FP-CIT SPECT does not exclude the diagnosis DLB, and can become 

abnormal over time with as disease progresses
 - EEG shows good diagnostic performance to discriminate between DLB and AD, 

also in the prodromal (MCI) stage of the disease
 - EEG characteristics are related to progression from MCI to dementia in DLB
 - Concomitant AD-pathology in DLB probably worsens disease manifestation by 

more severe atrophy, especially in the hippocampus
 - Global and posterior cortical atrophy is seen in ‘pure’ DLB 
 - Concomitant AD-pathology does not influence 123I-FP-CIT DAT-binding and EEG 
 - EEG theta/alpha ratio may be predictive of cholinesterase inhibitor response

In this chapter, we will discuss these findings in the context of current literature and 
ongoing research. We will discuss possible underlying mechanisms and methodological 
considerations. We will formulate the potential clinical implications and implications 
for future research. 

4.2 DIAGNOSING DLB
Throughout this thesis the challenges of diagnosing DLB have been described, mainly 
caused by the heterogeneity of the disease and clinical and pathological overlap with 
other neurodegenerative disorders. [125, 140, 154, 155] The considerable overlap with 
PD(D) and AD has led to an interesting scientific discussion about a disease spectrum 
vs separate diseases. Should DLB even be considered a separate disease entity? [7]
(see[156] for a review) If in the future pathophysiological mechanisms may be fully 
elucidated and patients may be treated with targeted therapy based on individual 
biomarker profiles, these clinical syndrome diagnoses may eventually become less 
important. However, also todays’ patients and caregivers ask for as much clarity as 
possible about their diagnosis, disease course, supportive care and prognosis.[5, 157] 
DLB and PD share the (main) pathological substrate of alpha-synuclein aggregates, while 
differences in the spread of pathology and the degree of concomitant AD-pathology 
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may underlie the diversity within the Lewy body spectrum. In clinical practice, the 
course of the disease over time often suffices to distinguish between PD(D) and DLB. 
PDD is dementia in the course of established PD while DLB motor and cognitive usually 
occur in the same timeframe. While the cut-off may be arbitrary, the ‘one-year-rule’ 
remains a pragmatic way to make this discrimination for clinical or research purposes. 
[6] 

When a patient presents with dementia, the discrimination of DLB from AD (or less 
frequently other forms of dementia) is usually more of a challenge. [6, 154] (see [3] 
for a review) In particular patients who are not yet demented but have mild cognitive 
impairment (MCI) or non-cognitive symptoms (RBD, autonomic dysfunction) can be 
difficult to diagnose, since current diagnostic criteria do not apply to prodromal cases. [6] 
A direct biomarker for alpha-synuclein pathology would be very useful but is currently 
lacking. To date, CSF alpha-synuclein has not been proven reliable to discriminate DLB 
from AD[158], and no other fluid-marker or imaging tracer has yet been developed. 
[159] Indirect biomarkers that indicate effects of the alpha-synuclein pathology are 
available. The most recent diagnostic criteria[6] recognize indicative (well-studied, with 
good diagnostic performance) and supportive (less supportive evidence available) 
biomarkers: 123I-FP-CIT SPECT, cardial MIBG, polysomnography, structural MRI, EEG 
and FDG-PET (see introduction).

Other potential new biomarkers are under study, such as skin biopsy[160], and 
mesencephalic ultrasonography. Some of these tests are costly or not (yet) available 
in a clinical setting. In this thesis, we have studied several biomarkers that are already 
available for clinical use: 123I-FP-CIT SPECT, structural MRI and EEG.

4.2.1 The role of decreased striatal 123I-FP-CIT binding 
Decreased striatal 123I-FP-CIT binding, visualized with SPECT is currently the most 
frequently used and probably the most accurate indirect biomarker. In 2012 a meta-
analysis described a sensitivity of 86% and a specificity of 96% to discriminate DLB 
from AD. [51]A Cochrane review (2015) also describes good diagnostic performance 
(especially for semi-quantitative analysis with 100% sensitivity), however included only 
1 study. [31]It has been suggested that 123I-FP-CIT SPECT is in fact more sensitive than 
clinical diagnosis (1996 and 2005 diagnostic criteria) compared to the gold standard 
(pathological diagnosis), since in both PD and DLB 123I-FP-CIT SPECT may be abnormal 
before the patient expresses clinical symptoms.[52] Thus, ‘false positive’ 123I-FP-CIT 
SPECTs in a patient not meeting clinical criteria, may represent prodromal patients. 
However, abnormal scans are also seen in other neurodegenerative diseases with 
parkinsonism: PD, multisystem atrophy (MSA) and progressive supranuclear palsy 
(PSP) cannot be discriminated from DLB based on 123I-FP-CIT SPECT alone. [161] In 
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frontotemporal lobe degeneration (FTLD) an abnormal scan can sporadically occur, 
resulting in a lower specificity  to discriminate DLB from FTLD (67%).[162] Also in 
corticobasal degeneration (CBD) abnormal 123I-FP-CIT scans have been described. [163] 
It was long unclear if ‘false-negative’ 123I-FP-CIT SPECTs in DLB existed (or just 
represented wrong clinical diagnoses). Colloby et al. first described 2 pathologically 
confirmed DLB-patients with a normal (‘false negative’) 123I-FP-CIT SPECT: the patients 
had a normal or only slightly reduced neuronal density in the substantia nigra, but still 
expressed striatal and cortical LBD. [53] 

In chapter 2.1 we described the patients from our memory clinic with probable 
DLB and a normal 123I-FP-CIT SPECT. We added to existing literature with longitudinal 
follow-up of 5 cases, who had repeated scans (after an average of 1.5 years), that 
were all abnormal. This first description of initially normal 123I-FP-CIT SPECTs becoming 
abnormal over time has implications for the hypotheses about disease progression. 
Our results corroborated the findings of Colloby et al.[53], showing that in some 
DLB-cases the dopaminergic neurons of the substantia nigra are spared initially, 
but degenerate as the disease progresses. This could be evidence that the caudal-
to-rostral progression pattern of Lewy body disease described by Braak et al.[14], 
does not apply to all DLB-patients. A recent review summarizes different possible 
pathological staging systems in DLB [164], recognizing the following stages: olfactory 
only, brainstem predominant, amygdala/limbic predominant and neocortical. The 
authors describe that in the limbic predominant pathway, the brainstem may be 
(initially) ‘bypassed’, which could explain normal DAT-imaging early in the disease. [165]  
A recently published pathology study re-confirmed the diagnostic value of 123I-FP-CIT 
SPECT, but also recognized the presence of normal scans in 10% of autopsy confirmed 
DLB-patients.[166] 

The phenomenon of normal 123I-FP-CIT SPECTs has also been described in patients 
suspect of PD, known as ‘scans without evidence of dopaminergic deficits’(SWEDD)-
cases. However, in a large follow-up study SWEDD-patients showed minimal progression 
of extrapyramidal symptoms nor changes in DAT-uptake (in contrast to our DLB-cases 
described in chapter 2.1). Therefore, SWEDDs in idiopathic PD remain controversial [63], 
and alternative diagnoses such as essential tremor, dystonia or psychogenic tremor are 
common in the SWEDD-cohorts. [167] This reflects a potentially interesting difference 
between DLB and PD: the abovementioned ‘atypical’ pattern of spread may not exist in PD.  
Despite the small sample size, our study clinically implied that a negative 123I-FP-CIT 
SPECT does not exclude a diagnosis of DLB (if the patient still meets other criteria).  
Follow-up and repeating the scan can be considered in 123I-FP-CIT negative cases, when 
there still is diagnostic uncertainty. Another option is to perform additional diagnostic 
tests, such as EEG, FDG-PET or cardiac scintigraphy. Of the 5 patients with repeated 
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scans, at baseline 4 had an abnormal EEG. In one patient an FDG-PET was performed 
which showed a ‘posterior cingulate island sign’.[168] Although these diagnostic tests 
clearly cannot be compared based on these small numbers, the cases illustrate options 
for other diagnostic tests in the case of a normal 123I-FP-CIT SPECT.

In chapter 3.3 we aimed to study the influence of concomitant AD-pathology on 
neurotransmitter deficiencies and described 123I-FP-CIT SPECTs of DLB patients with 
and without concomitant AD-pathology and found no significant differences in striatal 
123I-FP-CIT binding. This is in line with the good discriminative value of striatal 123I-FP-CIT 
binding between AD and DLB, because Lewy body pathology drives the dopaminergic 
degeneration. [31, 166] Chung et al described that 18F-FP-CIT PET can discriminate 
DLB from AD (probable AD diagnoses confirmed with PIB- and FDG-PET) even if the 
AD-patients had mild parkinsonism.

However, the authors found the difference to be least in the caudate nucleus and
hypothesized that ‘overall’ slightly decreased DAT-binding (as opposed to a sharp 

rostro-caudal gradient with the putamen being more impaired than the caudate 
nucleus, as seen in PD) may be related to AD-pathology. [169] The overall slightly lower 
striatal 123I-FP-CIT BRs seen in our DLB/AD+ group (albeit not significantly difference 
from DLB/AD-) could be support for this hypothesis. 

A final consideration of 123I-FP-CIT SPECT studies may be the visual threshold/cut-off. 
In a study with SWEDDs a substantial proportion of scans was judged abnormal after 
a second careful re-examination. [167] Visual assessment may be less sensitive than 
(semi-)quantitative assessment to detect decreased DAT-binding. [167] In our study 
(chapter 2.1), scans were assessed by a second independent rater and in the case of 
a discrepancy binding ratios were taken into account. The presence of extrapyramidal 
symptoms in two of our 123I-FP-CIT SPECT-negative cases may raise suspicion of 
incorrect assessment of the initial scan. It has been suggested that age-corrected 
reference-values for binding ratios, which are developed for PD (with a strong rostro-
caudal gradient), may be unfit for DLB.[170] 

4.2.2 The role of EEG 
As a diagnostic marker
EEG shows promise as a biomarker for DLB, since an increasing number of studies 
describe pronounced (visual and quantitative) EEG abnormalities (compared to both 
controls (with subjective cognitive decline) and other types of dementia). [45, 46, 74, 
75] Diagnostic performance for discrimination of DLB from AD varies with sensitivities 
between ~70 % [45, 46, 171] and >90% [73, 74, 85], with higher sensitivities for qEEG. In 
the diagnostic criteria, EEG (posterior slow wave activity with ‘fluctuations’) currently is 
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‘only’ a supportive biomarker.[6] Possible reasons may be the lack of validated objective 
visual measures, and possibly low specificity of visual EEG-assessment. ([45, 46]see [76] 
for a review) To date, only visual analysis is (sometimes) part of the diagnostic work-up 
of dementia. The use of different qEEG techniques and outcome measures in (single-
center) studies has resulted in non-uniformity of available evidence, until now making 
it difficult to implement qEEG into clinical practice. [73, 83, 127, 172] 

In chapter 2.2 and 2.3 we have found good diagnostic value of EEG to differentiate 
between DLB and AD/controls, even in the stage of MCI (chapter 2.3), while in chapter 
3.2 we found no differences in EEG characteristics between DLB patients with and 
without concomitant AD-pathology. We showed that in DLB (q)EEG is abnormal early 
in the disease, and is not influenced by mixed pathology.

In chapter 2.2 we have shown that relatively straightforward qEEG measures 
derived from the spectrum ( such as peak frequency, theta/alpha ratio) have higher 
diagnostic accuracy than measures of connectivity and networks (which may be of 
more value to study pathophysiological mechanisms). 

Variability of the dominant frequency (DFV) within a single recording is of interest, 
because of the hypothesis that a high variability may reflect clinical cognitive fluctuations. 
[173] Several studies have described a high DFV in DLB compared to AD[73, 74, 171], 
but others [85] and our study (chapter 2.2) could not confirm this. These conflicting 
results advocate collaborations and alignment of methods between different centers 
to further study the value of this qEEG marker.

For visual measures we found ‘diffuse abnormalities’ and FIRDA to be important 
measures. FIRDA is present in a substantial portion (˜20%) of (prodromal) DLB-patients, 
but only very rarely in AD (chapters 2.3 and 3.2). Although not very sensitive, the high 
specificity when compared to AD ( FIRDA was not found in MCI due to AD and only 
in 2% of AD dementia) would justify considering addition of FIRDA to the visual EEG 
abnormalities in the diagnostic criteria.

In chapter 2.3 we describe EEG-abnormalities in the vast majority of prodromal 
DLB-patients (in the stage of MCI) and good diagnostic performance for discrimination 
with MCI due to AD. In the prodromal stage of the disease, EEG differences between 
AD and DLB are probably more pronounced[77] than in dementia. Derived from the 
comparison of our EEG studies (chapters 2.2 and 2.3), the accuracy (AUC) of the 
discrimination is higher in MCI than the accuracy of an automatic classification between 
DLB and AD in the dementia stage. Keeping in mind the methodological difference 
between the two studies, this suggests that EEG becomes abnormal early in DLB, 
while in AD the abnormalities develop later in the disease. However, the percentage of 
visually normal EEGs (16%) is also higher in the prodromal DLB-cases (chapter 2.3), 
compared to 2.4 % in dementia (chapter 3.2, data not shown). The normal EEGs in 
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early disease stage could be due to heterogeneity in spread of the disease (relatively 
low disease load in the cortex and/or nucleus basalis of Meynert). Since no pathological 
confirmation was available, a wrong clinical diagnosis should also be considered, and 
follow-up of the cases with normal EEGs (analogous to chapter 2.1 with FP-CIT SPECT) 
would be of interest. Out of 5 patients with a normal baseline EEG, 3 converted to DLB 
after 2, 5 and 8 years.

In current clinical practice, EEG may be used more often in the diagnostic process, 
especially in prodromal disease (MCI) or cases with a normal FP-CIT SPECT. A study with 
an easily applicable EEG score or tool, with validation in an independent unselected 
cohort (preferably with pathology confirmation) could further facilitate the use of the 
EEG as a diagnostic marker of DLB, as would the use of standardized qEEG measures. 
At the time of the writing of this thesis, the criteria for prodromal DLB are being 
developed, and (q)EEG is considered as an indicative biomarker. We did not compare 
EEG to other types of dementia besides AD. Current literature describes negligible 
EEG abnormalities in frontotemporal dementia and psychiatric disease[84], suggesting 
that the discriminative value of EEG between DLB and these disorders would be in 
line with DLB vs controls (see results of chapter 2.2). Vascular dementia (VaD) would 
be interesting to study further, since EEG-abnormalities have been described in this 
disease. [174] However, in clinical practice, most of the time the differential diagnosis 
between VaD and DLB can be solved with structural imaging, since a diagnosis of VaD 
requires specific radiological abnormalities, which are generally not present in DLB. 
[175] Therefore the differentiation from AD remains the most important.  As mentioned, 
123I-FP-CIT SPECT is available for this purpose. However, cost-effectiveness can be an 
important reason to continue exploring the value of EEG. Furthermore, the value of 
123I-FP-CIT SPECT in the prodromal disease stage has not yet been established. One 
study has described that on a group level BRs of prodromal DLB lie in between DLB and 
normal controls, but the percentage of visually abnormal scans in prodromal DLB has 
not been described.[176] Our study (chapter 2.3) shows that 123I-FP-CIT SPECTs can 
become abnormal over time as the disease progresses, suggesting that the diagnostic 
accuracy is lower in the prodromal stage, where EEG could have added value.

A limitation of both EEG and 123I-FP-CIT SPECT studies (chapters 2 and 3) was the 
lack of pathological confirmation of the diagnosis, i.e. clinical diagnosis was used as 
gold standard. 

This limited our studies to make statements about the added value of biomarkers 
compared to clinical criteria. However, clinical follow-up was often available in addition 
to baseline diagnostic criteria (for example in chapter 2.1 describing repeated 123I-FP-
CIT SPECTs).
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Therefore we believe the clinical diagnoses in the studies presented in this thesis to 
be quite robust. Nonetheless, visual EEG was part of the diagnostic screening at the 
memory clinic[54] and the results were considered in the multidisciplinary diagnostic 
meetings. Hence the risk of the EEG having influence on diagnosis (‘circular reasoning’) 
needs to be noted. Since EEG is only a supportive biomarker in the diagnostic criteria 
we do not believe that this influence was of essential importance. Furthermore, qEEG 
measures were never considered in the diagnostic process (but generally correlates 
with visual EEG). Reproduction of the studies in an independent cohort is therefore 
necessary 
Another consideration is medication use, which could have had small effects on both 
EEG and 123I-FP-CIT SPECT, as described in the respective chapters. 

Automated classification: the future?
In chapter 2.2 a random forest machine learning algorithm based on clinical and 
(multimodal) biomarker data was studied to differentiate between DLB, AD and controls. 
Machine learning techniques have become an increasing topic of interest in medicine. 
With continuing developments, recognizing the applications and benefits of these 
techniques and critically appraising the results is probably going to become a task 
of the clinician. (see [177] for a review) In DLB-research, large samples sizes are not 
always available, limiting conventional statistical methods. Random forest is an example 
of a machine learning technique (explained in more detail in chapter 2.2) that uses 
(multiple) decision trees and ‘bagging’, which makes internal validation possible. This 
also allowed an unlimited number of variables being included in an analysis, while the 
algorithm ‘chooses’ the most valuable ones for the classifier. Another advantage was 
the output of a variable importance score (VIMP), quantifying the contribution of a 
given variable to the classification (correcting for the influence of all other variables).
Chapter 2.2 showed high accuracies for classification between DLB versus both AD 
(87%) and controls (94%), in line with our other studies (chapters 2.2 and 2.3). qEEG 
variables (beta power, theta power, theta/alpha ratio) had the highest VIMP scores out 
of all clinical and biomarker data (including CSF proteins and MRI visual atrophy scores). 
Using only EEG variables, discrimination of DLB and AD was possible with accuracy of 
85%, underlining the possible diagnostic value of (q)EEG for this purpose.
However, the method also had specific limitations (discussed elaborately in chapter 
2.2), of which the most important was that first missing values are not accepted and 
needed to be imputed. As a result not all potentially interesting biomarkers (e.g. 123I-FP-
CIT SPECT) could be included in this study. Out of the included variables, qEEG measures 
came out most important, while there was no risk of circularity, since qEEG was not a 
part of the clinical diagnostic process. Computerized decision support tools have shown 
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potential in other studies in dementia.[178] This tool has shown only modest accuracy 
for DLB. However, only neuropsychological tests, CSF and MRI were included. In line, 
these biomarkers showed modest performance in our study (probably as a result of 
concomitant AD-pathology in DLB). Addition of EEG and/or 123I-FP-CIT SPECT would be 
of interest. Without a direct marker for α-synuclein pathology, the use of multimodal 
biomarkers will probably achieve the best diagnostic performance [179, 180], however 
is not always feasible in a clinical setting. 

As a prognostic marker
In chapter 2.3 we found that EEG-abnormalities are related to time to progression 
from MCI to dementia. This is in line with a previous study in MCI due to DLB [77] and 
studies in PD and iRBD [87-89, 181], suggesting that EEG is related to cognition in the 
alpha-synucleinopathies. To our knowledge, in DLB only qEEG connectivity measures 
have been directly related to cognition[182] and variability of the peak frequency to 
cognitive fluctuations.[85, 173] In our study visual characteristics showed the strongest 
associations with progression to dementia, but peak frequency and theta/alpha ratio 
could provide a more detailed, objective measure to track disease progression or 
treatment response. In chapter 3.4 we found a higher theta-alpha ratio in responders 
to cholinesterase-inhibitors compared to non-responders, suggesting the EEG may 
be used to predict favorable response to CEIs. In the past, slow-wave EEG-activity has 
been linked to cholinergic dysfunction and diminished after initiation of cholinesterase 
inhibitors.[75, 137] It has been suggested that FIRDA may arise as a result of cholinergic 
deficiency in the anterior cingulate cortex. [97]

These previous studies combined with our findings suggest a role for EEG as a 
prognostic marker and also a possible outcome measure for trials (especially with 
cholinergic agents). For additional confirmation of EEG as a marker of cholinergic 
deficiency, comparing EEG with PET scans using cholinergic ligands[183] would be 
interesting.  Furthermore, a longitudinal study with repeated EEGs (after symptomatic 
treatment) to examine correlations with cognitive and functional outcome measures 
is ongoing at the time of writing of this thesis.

4.3 THE INFLUENCE OF CONCOMITANT AD PATHOLOGY
Mixed pathology in dementia and DLB
Mixed pathology in dementia has increasingly drawn scientific attention. In the ageing 
population, according to a recent large pathology study, ‘pure’ proteinopathies are 
in fact the exception. Possible hypotheses about the occurrence of mixed pathology 
include ageing, genetic factors, or a common causal link or synergistic effect where one 
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proteinopathy initiates or propagates the other. Across all neurodegenerative disorders 
(AD, DLB, FTLD, PD, CBD etc ) tau was the most frequent concomitant pathology (92-
100%), followed by amyloid (20-57%). α-synuclein was less common (41-55%) and 
TDP-43 the least frequent.

In DLB the percentage of concomitant amyloid-pathology was significantly higher: 
80%. [184] Other pathology studies confirm the high percentage of amyloid co-
pathology, and show that it is higher in DLB compared to PD and PDD. [18, 19, 126] 
DLB was the only neurodegenerative disease where concomitant Alzheimer-pathology 
(defined as both senile plaques (SP) and neurofibrillary tangles (NFT)) was associated 
with a faster cognitive decline. [184] Other evidence supports that DLB-patients with 
concomitant AD-pathology have an unfavorable disease course compared to ‘pure DLB’:  
the patients with mixed pathologies have a higher load of LBD [143, 185], more severe 
cognitive decline [126, 184, 185] and a shorter survival. [143, 186]

These studies suggest that the concomitant AD-pathology in DLB is not just 
incidental or age-related, and has clinical, and possibly therapeutic relevance. Common 
genetic underpinnings (mainly APOE4)[184] and high pathological correlations[184] 
support the hypothesis of common causal links or synergistic interactions between 
LB and AD-pathology. Different possible interactions between amyloid, tau and alpha-
synuclein have been described in (pre-clinical) studies, suggesting that the synergistic 
relation is bidirectional (see [156] for a review). 

AD biomarkers (CSF and PET) in DLB
Since post-mortem studies generally include patients at the end-stage of the disease, 
in this thesis, we relied on biomarkers to identify AD-pathology during life. For most 
papers we defined AD-pathology by the CSF tau/abeta-42 ratio[57][187] to take both 
types of pathology into account. CSF studies have shown an ‘AD-profile’ in ˜25% of DLB-
patients (higher percentages when ratios were used as opposed to individual cut-offs 
of abeta-42, tau and p-tau).  In line with pathology studies, DLB patients have abnormal 
AD-biomarkers more often compared to PDD and PD patients. [104] Older age is a risk 
factor and it is hypothesized that AD co-pathology develops over time in DLB, but only 
one study of 4 patients has shown this with repeated lumbar punctures. [188] The lower 
occurrence of concomitant AD-pathology in CSF compared to post-mortem studies is 
in line with this hypothesis. Post-mortem, more co-pathology is seen in patients with 
advanced age and disease-stage.[184]

The occurrence of only abnormal abeta-42 (as opposed to both abeta-42 and tau 
/p-tau) is higher in all studies, and it is debatable if this qualifies as true AD-pathology. 
A recent study described group differences with a low abeta-42 in DLB compared 
to controls, also in patients without cerebral amyloid pathology on obduction. The 
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authors hypothesize that alpha-synuclein pathology may influence CSF abeta-42 levels. 
[117] This is in line with recent study showing altered levels of 3 abeta-species in DLB, 
suggesting an alteration of amyloid metabolism in DLB. [104]

Abnormal CSF tau and p-tau (with a normal abeta-42) was seen less frequently, also 
in our samples (<10%).  This is still a topic of study since the first tau-PET studies have 
shown that pathological tau deposits can occur in DLB independent of amyloid, and 
are related to cognitive impairment. [118, 189] In our MRI study (chapter 3.1) we found 
a correlation between CSF tau and posterior and global atrophy.

The tau/abeta-42 ratio has been identified as a good correlation to consistent clinical 
AD diagnosis in a large cohort of patients[57], and recently a pathology study confirmed 
the value of this ratio in DLB with a high correlation to concomitant AD-pathology.[117] 

However, the use of this ratio might have caused some overinterpretation of the 
percentage of DLB-patients having concomitant AD-pathology, and possibly under 
interpretation of differences between DLB/AD+ and DLB/AD-.

4.3.1 Grey matter atrophy in ‘pure DLB’, more in mixed pathology
In chapter 3.1 we described the results of a study comparing visual ratings, cortical 
thickness and hippocampal volumes in DLB patients with and without a CSF AD-
biomarker profile, controls and AD-patients. We found a difference in MTA score 
between DLB/AD+ and DLB/AD-, and a (not statistically significant) stepwise decrease 
in (global, frontal, parietal, temporal and cingulate) cortical thickness from controls to 
DLB/AD-, to DLB/AD+ to AD. Furthermore, we found significant differences between 
‘pure DLB’ (DLB/AD-) and controls: higher PCA and GCA-scores and lower global, 
frontal, parietal and temporal cortical thickness. Our findings suggested that there is 
an effect of LB pathology on atrophy, independent of concomitant AD-pathology, but 
mixed pathology patients have additional (‘AD-type’ /mainly hippocampal) atrophy. 
The additional atrophy (i.e. faster neurodegeneration) in mixed pathology has been 
shown in other studies and these results are in line with the worse prognosis of DLB/
AD+ patients. [103, 105]

Our study was first to provide in vivo proof of atrophy in DLB independent of AD-
pathology, which was in contrast with previous studies [103, 105], but was very quickly 
followed by a study of Lee et al.[190], who found similar results. The authors describe 
fronto-basal, enthorinal and parieto-occipital atrophy in pure DLB. 

The significantly higher atrophy rate in DLB/AD+ described by Nedelska et al.[103] 
in an older patient group with longer disease duration is in line with the hypothesis 
that AD co-pathology increases over time, and possibly a synergistic effect of the 
pathologies facilitates faster neurodegeneration. The non-significant differences in 
regions outside the hippocampus between AD and DLB we found (chapter 3.1) in a 
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group with relatively short disease duration may become more pronounced over time. A 
longitudinal MRI study to further study this hypothesis is ongoing at the time of writing 
this thesis. For a longitudinal study it would also be of interest to study correlations of 
atrophy (of different regions) with cognitive decline, as has been done for hippocampal 
atrophy[115], to find out if this relation is different for pure DLB and mixed pathology.

To further study the mechanism behind atrophy in ‘pure’ DLB would be useful, since 
this is a different pattern than in AD. In AD and mixed pathology atrophy has been 
directly related to NFT pathology. [103]A relationship between cortical Lewy bodies and 
atrophy is presumed but not well-documented. The role of alpha-synuclein and tau in 
pure DLB is of interest, since there may be an interaction leading to neurodegeneration. 
We found a correlation between CSF tau and parietal and global atrophy scores. 
Furthermore 2 tau-PET studies have described pathological tau depositions in DLB, 
also independent of amyloid.[118, 189] At the time of writing this thesis a study with 
tau-PET and MRI is ongoing. 

For clinical diagnosis, our findings implicated that, while sparing of the hippocampus 
is a supportive biomarker in current criteria, hippocampal atrophy should not rule out 
the diagnosis of DLB, but could raise suspicion of mixed pathology. MRI is not a sufficient 
biomarker to differentiate between DLB and AD.

4.3.2 Neurotransmitter deficiencies
Synaptic dysfunction and neurotransmitter deficiencies seem particularly important 
disease mechanisms in DLB. The pronounced cholinergic deficiency and EEG as a 
possible marker for cholinergic deficiency have been discussed above and in chapters 
3.2 and 3.4.

Other neurotransmitter deficiencies besides acetylcholine have been shown to be 
profound in DLB (see [23, 28] for reviews). Dopamine deficiency underlies the abnormal 
123I-FP-CIT SPECT, and very relevant in relation to motor symptoms across the Lewy body 
spectrum. The difference in response to dopaminergic medication between DLB and 
PD is interesting in relation to the controversies about different disease mechanisms 
versus disease spectrum [156], but was not addressed specifically in this thesis.

Another example is serotonin, a neurotransmitter related to symptoms of 
depression and psychosis. In chapter 3.3 we described an exploratory study of 
presynaptic dopamine and serotonin transporters with 123I-FP-CIT SPECT, comparing 
DBL/AD+ and DLB/AD-. The dopaminergic deficits did not seem to be significantly 
influenced by AD pathology as described above. However some differences were found 
in limbic SERT binding (may be more pronounced in DLB/AD+), despite correction for 
atrophy (ROI volume). Still atrophy of the limbic system could have influenced the SERT 
binding. A larger study (when possible with a selective SERT tracer) would have to show 
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if AD pathology indeed influences serotonin activity, or if the deficit is mainly driven 
by DLB pathology.

Regarding the pronounced neurotransmitter deficiencies in DLB, Schulz-Schaeffer et 
al. published an interesting paper about presynaptic alpha-synuclein, in tiny aggregates, 
that could possibly induce synaptic dysfunction by means of impaired neurotransmitter 
release. The authors also visualized synaptic alpha-synuclein aggregates. Retracted 
dendrites were found, suggesting neurotransmitter deprivation as the first mechanism 
leading to neurodegeneration. [135] Neurotransmitter deprivation as an important early 
disease mechanism would be consistent with the pronounced early EEG abnormalities 
in DLB. In this perspective a PET tracer that indicates synapse loss[191] may be of 
particular interest for research in DLB. To be of use for therapeutic interventions, the link 
between synaptic dysfunction/neurotransmitter deficiencies and neurodegeneration 
needs to be found, in which there may be a role for α-synuclein pathology outside 
Lewy bodies (Lewy neurites, synaptic or extracellular α-synuclein). (see [23] and [192] 
for reviews)

4.4 FUTURE DIRECTIONS
Hopefully the findings of this thesis have made a contribution to ‘a sharper image’ of 
DLB, to help the clinician with interpretation of diagnostic test results and patients 
to be diagnosed early and accurately. Despite the absence of disease-modifying 
therapy, early diagnosis is of great importance to patients and caregivers in order to 
understand and receive recognition for their complaints and to receive appropriate 
care and symptomatic treatment. Several new research questions have arisen and been 
mentioned in the separate chapters and throughout the discussion. Development of a 
reliable alpha-synuclein biomarker (e.g. blood, csf or PET) would be a large contribution 
to the field of the Lewy body diseases. Until then, the indirect biomarkers are of value 
for diagnostic and research purposes. Multimodal and/or automated analysis may be 
of additional aid. Biomarkers for neurotransmitter deficiencies or synaptic function 
(e.g. EEG, nuclear imaging) are of importance in relation to clinical symptoms and 
(symptomatic) treatment response. 

Exact pathophysiological mechanisms and interactions between LB and AD-
pathology remain a bit ‘blurry’. Further pre-clinical and pathological research will be 
needed to unravel the contributions and interactions of different proteinopathies. 
AD-pathology has effects on the disease course of DLB and when disease-modifying 
therapy for AD is available, this medication should also be studied in DLB-patients with 
concomitant AD-pathology. Next to alpha-synuclein, preservation or regeneration of 
synapses may be a focus for therapy in DLB. 
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NEDERLANDSE SAMENVATTING
Dementie met Lewy-lichaampjes
Dementie is het achteruitgaan van cognitieve functies waardoor het dagelijks 
functioneren van een patiënt beperkt wordt. Dementie met Lewy-lichaampjes (Dementia 
with Lewy bodies, DLB) is na de ziekte van Alzheimer (Alzheimer’s disease, AD) de meest 
voorkomende oorzaak van dementie op oudere leeftijd, vooral bij mannen. DLB vormt 
een spectrum met zowel de ziekte van Alzheimer als de ziekte van Parkinson (Parkinson’s 
disease, PD) op het gebied van klinische symptomen én post-mortem bevindingen.  
Het pathologische kenmerk van DLB is inclusies van het eiwit alpha-synucleïne in 
zogenaamde Lewy bodies of Lewy-neurieten (dezelfde afwijkingen als bij PD), maar bij 
tenminste 50% van de DLB-patiënten worden bij autopsie ook amyloïde plaques en 
neurofibrillaire tangles gevonden (de afwijkingen bekend van AD). Deze bijkomende 
Alzheimer-pathologie lijkt van invloed op de prognose van de patiënt: studies 
hebben laten zien dat patiënten met ‘gemengde pathologie’ een snellere cognitieve 
achteruitgang, snellere opname in het verpleeghuis en een kortere overleving hebben. 
Tegenwoordig is Alzheimer-pathologie al tijdens het leven vrij betrouwbaar vast te 
stellen door middel van onderzoek van het hersenvocht (liquor).

Het stellen van de diagnose
De diagnose DLB kan alleen met zekerheid worden gesteld met post-mortem 
onderzoek. Tijdens het leven kan op grond van diagnostische criteria, die bestaan 
uit klinische kenmerken en biomarkers (objectief meetbare indicatoren van de ziekte, 
in dit geval aanvullende diagnostische testen) een ‘waarschijnlijke’ of ‘mogelijke’ DLB 
worden vastgesteld. De criteria zijn terug te vinden in hoofdstuk 1, box 1. De klinische 
kenmerken bestaan uit een dementie in combinatie met extrapiramidale verschijnselen 
(‘parkinsonisme’), een stoornis van de REM-slaap (‘REM sleep behaviour disorder’, 
RBD), sterke cognitieve fluctuaties en/of visuele hallucinaties. Ondersteunende 
kenmerken zijn onder andere autonome dysfunctie en psychiatrische verschijnselen.  
Biomarkers zijn op grond van het niveau van beschikbaar wetenschappelijk bewijs 
ingedeeld in indicatief (sensitiviteit en specificiteit >80%, onderzoek uit verschillende 
centra) en ondersteunend. De indicatieve biomarkers zijn: een afwijkende binding 
van 123I-FP-CIT aan dopamine-receptoren (te zien op SPECT scan), een afwijkend 
polysomnogram (slaaponderzoek) passend bij een RBD en een afwijkende autonome 
innervatie van het hart (te zien met behulp van myocardscintigrafie). Ondersteunende 
biomarkers; relatief weinig atrofie van de mediale temporaalkwab (op MRI/CT), een 
afwijkend elektro-encefalogram (EEG) met een overmaat aan trage hersenactiviteit en 
een afwijkende FDG-PET scan met occipitaal hypometabolisme. 
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DLB is een heterogeen ziektebeeld vanwege de diversiteit aan klinische symptomen, 
die niet bij elke patiënt allemaal (direct) aanwezig zijn. Ook is de cognitieve stoornis 
aanvankelijk vaak nog niet ernstig genoeg om te spreken van dementie. Onderzoek 
naar de gevoeligheid van de diagnostische criteria laat zien dat deze (vergeleken 
met weefselonderzoek) erg varieert, en dat DLB vaak ten onrechte niet wordt 
gediagnosticeerd. Hoewel er op het moment geen ziekte-modificerende therapie 
voorhanden is, blijkt het voor patiënten en naasten wel degelijk van belang  dat er een 
tijdige en juiste diagnose wordt gesteld. Ook voor onderzoek naar ziekte-modificerende 
therapie is vroege diagnose vereist. De waarde van bovengenoemde biomarkers in de 
prodromale fase is nog niet goed bekend.

De belangrijkste doelen van dit proefschrift waren het verbeteren van de diagnostiek 
naar DLB en meer inzicht krijgen in de pathofysiologie (door het bestuderen van de 
invloed van bijkomende Alzheimer-pathologie). Het eerste doel hebben we geprobeerd 
te bereiken door bekende diagnostische testen te bestuderen in een nieuwe toepassing 
(hoofdstuk 2.2) of in de vroege fase van de ziekte (hoofdstuk 2.3). Voor het tweede 
hebben we hersenactiviteit (EEG), neurotransmitterfunctie (123-I-FP-CIT SPECT) en 
neurodegeneratie/atrofie (MRI)  vergeleken tussen DLB patiënten met en zonder 
bijkomende Alzheimer-pathologie (gemeten in hersenvocht).

Nieuwe inzichten in diagnostiek bij DLB
In hoofdstuk 2.1 hebben we een serie patiënten beschreven met klinisch 
waarschijnlijke DLB, maar een normale (negatieve) 123I-FP-CIT scan. Degeneratie 
van de dopaminerge cellen in de substantia nigra is direct gerelateerd aan alpha-
synucleïne pathologie en zorgt voor afwijkende dopamine-scans bij DLB en PD. 
123-I-FP-CIT SPECT scan is het meest bestudeerde en gebruikte onderzoek om DLB 
van de ziekte van Alzheimer te onderscheiden, met een sensitiviteit van ongeveer 
90%. De betekenis van de normale 123-I-FP-CIT scan bij DLB was nog niet goed 
bekend. Bij follow-up onderzoek bij PD bleek in het geval van een negatieve scan 
meestal de klinische diagnose onjuist, of de scan verkeerd beoordeeld. In onze 
studie hebben we casus beschreven met een herhaalde 123I-FP-CIT scan en laten 
zien dat er DLB-patiënten bestaan met een aanvankelijk normale scan, bij wie 
na een gemiddelde follow-up duur van 1,5 jaar de scan toch wel afwijkend werd.  
Dit laat zien dat er bij sommige DLB –patiënten (aanvankelijk) weinig betrokkenheid van 
de substantia nigra is, wat mogelijk kan duiden op een ander verspreidingspatroon bij 
DLB dan bij Parkinson.

In hoofdstuk 2.2 hebben we een machine learning ’ model beschreven om 
patiënten te classificeren in de diagnostische groepen DLB, AD of controles, op basis 
van multimodale biomarkers (EEG, MRI en liquoreiwitten) en klinische kenmerken. Voor 
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alle geïncludeerde variabelen werd een VIMP (variable importance-) score bepaald, die 
de bijdrage van de variabele aan het model kwantificeert. Het algoritme kon de groepen 
onderscheiden met een accuraatheid van boven de 85%. Kwantitatieve EEG variabelen 
(beta power, theta/alpha ratio) hadden de hoogste VIMP-scores. Voordelen van deze 
‘random forest’-techniek zijn dat validatie kan plaatsvinden op dezelfde dataset en dat 
het risico op ‘overfitting ’ beperkt wordt, een belangrijk nadeel is dat het model niet met 
missende waarden kan omgaan. Computer gestuurde (diagnostische) hulpmiddelen 
zullen waarschijnlijk toenemend ingezet gaan worden voor wetenschappelijk onderzoek 
en op termijn wellicht ook voor de klinische praktijk.

In hoofdstuk 2.3 hebben we ons gericht op diagnostiek en prognose bij prodromale 
DLB (het stadium voor dementie). We selecteerden patiënten met milde cognitieve 
stoornissen (MCI) die óf een afwijkende 123I-FP-CIT scan hadden en/of DLB ontwikkelden 
bij klinische follow-up. We vonden significant tragere EEG’s bij deze MCI-DLB-patiënten 
vergeleken met MCI-patiënten met een voorstadium van de ziekte van Alzheimer. Een 
globale visuele score (1-5, 1= normaal, 5= zeer sterk afwijkend) was hoger bij MCI-DLB 
(>2 bij 60%, versus bij 8% van MCI-AD), en ook de kwantitatieve maten van het power 
spectrum waren meer afwijkend, bijv. de gemiddelde piekfrequentie 7.5 Hz (normaal>8 
Hz), vergeleken bij 8.8 Hz in de MCI-AD groep. Theta-power (trage activiteit: 4-8 Hz) liet 
het beste onderscheidend vermogen tussen de groepen zien. In een groep patiënten 
met MCI en tenminste één klinisch kenmerk van DLB werden de EEG-maten gerelateerd 
aan tijd tot progressie naar dementie, waarbij minder snelle activiteit (alpha-2: 10-13 Hz) 
en slechtere visuele beoordeling een verhoogd risico lieten zien op snelle progressie.  
EEG lijkt dus zowel prognostische als diagnostische waarde te hebben in de vroege 
fase van DLB.

Bijkomende Alzheimer-pathologie
In hoofdstuk 3.1 hebben we een MRI-studie beschreven naar visuele atrofiescores 
en corticale dikte en hippocampus volume bij DLB. We vergeleken DLB-patiënten 
met en zonder bijkomende Alzheimer-pathologie (DLB/AD+ en DLB/AD-) met 
controles en Alzheimerpatiënten van dezelfde leeftijd, met de hypothese dat 
bijkomende AD-pathologie zou leiden tot meer atrofie. De visuele MTA-score 
voor atrofie van mediale temporaalkwab (hippocampus) was significant hoger in 
de groep DLB/AD+ vergeleken met DLB/AD-. Er was een trend richting een kleiner 
hippocampus volume bij DLB/AD+. De visuele globale en pariëtale atrofiescore 
en globale corticale dikte lieten een verschil zien tussen DLB/AD- en controles.  
Deze studie liet zien dat bijkomende Alzheimer pathologie bij DLB gepaard gaat met 
meer hippocampusatrofie, maar dat globale en posterieure atrofie ook voorkomt bij 
‘pure DLB’. 
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In hoofdstuk 3.2 hebben we EEG’s vergeleken van DLB-patiënten met en 
zonder bijkomende Alzheimer-pathologie en Alzheimerpatiënten. We vonden 
geen verschillen tussen de twee DLB-groepen, maar deze beide groepen 
hadden vergeleken met Alzheimerpatiënten een meer afwijkende visuele 
score, meer frontale intermitterende ritmische delta-activiteit (FIRDA), een 
lagere piekfrequentie en meer afwijkingen in connectiviteits- en netwerkmaten.  
Dit laat zien dat het mechanisme achter de sterke EEG-afwijkingen bij DLB (meest 
waarschijnlijk een sterke deficiëntie van de neurotransmitter acetylcholine) niet 
wordt versterkt door de bijkomende Alzheimer-pathologie. Ook ondersteunt deze 
studie de diagnostische potentie van het EEG om DLB van de ziekte van Alzheimer te 
onderscheiden.

In hoofdstuk 3.3 hebben we gekeken naar de invloed van bijkomende Alzheimer-
pathologie op neurotransmittersystemen door middel van het vergelijken van 123I-FP-
CIT-binding. De hierboven beschreven binding aan de dopamine receptor is de meest 
bekende toepassing van de 123I-FP-CIT-scan. De tracer heeft ook een (minder sterke) 
affiniteit voor de serotonine-receptor (SERT), en zodoende kunnen met deze scans 
het striatale dopaminerge systeem en het serotonerge systeem (in de extrastriatale 
gebieden) worden bestudeerd. In de DLB/AD+ groep vonden we een lager SERT-
binding in de linker amygdala en een trend richting een lagere binding in de rechter 
hippocampus. Hoewel er gecorrigeerd is voor atrofie, kan niet helemaal worden 
uitgesloten dat meer atrofie in deze groep invloed op deze bevinding heeft gehad. 
Desondanks rechtvaardigt de studie verder onderzoek naar de rol van het serotonerge 
systeem bij DLB en de mogelijke relatie met psychiatrische symptomen.

Tot slot hebben we ons in hoofdstuk 3.4 gericht op de momenteel het meest 
toegepaste symptomatische therapie: cholinesterase-remmers. We onderzochten 
de hypothese dat de DLB/AD+ patiënten minder baat zouden hebben van deze 
medicijnen, gezien de waarschijnlijk snellere neurodegerenatie in deze groep. We 
verdeelden 44 DLB-patiënten die met deze medicijnen gingen starten op basis van 
een responscriterium: een stijging van de MMSE-score van tenminste 2 punten een 
jaar na starten van medicatie. We vonden geen significant verschil in de aanwezigheid 
van Alzheimer-biomarkers tussen ‘responders’ en ‘non-responders ’. Wel bleken 
responders een lagere uitgangs-MMSE-score en een hogere theta/alpha-ratio op het 
EEG te hebben. We konden niet aantonen dat deze medicijnen minder goed werken 
bij patiënten met gemengde pathologie, hoewel een aantal beperkingen aan het 
onderzoek (groepsgrootte, MMSE als enige maat voor respons) verder onderzoek 
noodzakelijk maken.
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Discussie en conclusies 
Een aantal methodologische overwegen speelden een rol bij verschillende studies van 
dit proefschrift, waarvan het ontbreken van pathologische bevestiging van de diagnose 
de belangrijkste was. Dit bemoeilijkt het doen van uitspraken over de toegevoegde 
waarde van biomarkers. Een aantal argumenten ondersteunt echter de robuustheid van 
onze klinische diagnoses: de hoge specificiteit van de klinische criteria, bevestiging door 
een gespecialiseerd multidisciplinair overleg, en waar mogelijk ook bevestiging door 
klinische follow-up (bijv. hoofdstuk 2.1). De mogelijke invloed van medicatie is steeds 
meegewogen in EEG- en 123I-FP-CIT-studies. Tot slot moet rekening worden gehouden 
met het feit dat de studies zijn gedaan bij geselecteerde patiëntengroepen, die zijn 
gezien op een gespecialiseerde geheugenpolikliniek. Dit maakt dat voorzichtigheid 
geboden is bij extrapolatie naar de algemene klinische praktijk. 
Rekening houdend met de beperkingen van het onderzoek, zijn de belangrijkste 
conclusies van dit proefschrift:
 - Een normale 123I-FP-CIT SPECT sluit de diagnose DLB niet uit, maar een follow-up 

scan kan in het beloop van de ziekte alsnog afwijkend worden.
 - (kwantitatief) EEG heeft een goede diagnostische waarde om DLB van AD te 

onderscheiden, ook in de vroege fase (MCI) van de ziekte.
 - EEG-afwijkingen zijn gerelateerd aan snellere progressie van milde cognitieve 

stoornissen naar DLB, maar mogelijk ook aan een betere respons op cholinesterase-
remmers.

 - De combinatie van DLB met Alzheimer-pathologie leidt waarschijnlijk tot snellere 
neurodegeneratie, te zien op MRI door meer atrofie in de hippocampus.

 - Bijkomende Alzheimer-pathologie heeft geen invloed op 123I-FP-CIT DAT-binding 
en het EEG. 

Een overzichtsartikel over de laatste update van de diagnostische criteria en de 
inzichten die bovenstaand onderzoek in het kader hiervan heeft opgeleverd, is terug 
te vinden in het Tijdschrift voor Neurologie en Neurochirurgie.  [193]
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