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General introduction and Outline

Genera! introduction and Outline

1.1 General introduction
1.1.1 Alzheimer's disease
Alzheimer's disease (AD) is the most common form of dementia and accounts for
50% to 80% of dementia cases. It affects roughly 30 million people worldwide, with
numbers tripling by 2050'. These findings point to an evolving worldwide epidemic
of AD. The annual costs of caring for AD are exceedingly high and continue to rise.
Recently, it has been shown that the worldwide financial burden of this disease
2
amounts to about 600 billion dollar per year . Unless effective therapies are developed
that can delay the onset or deflect the course of the disease, the toll of current level
of care for AD on the society and health-care systems will probably become
unbearable. Treatments so far have been disappointing, only able to temporarily
reduce some cognitive complaints, but not delaying or curing AD.
The early clinical presentation of AD includes disturbances in short-term
memory, attention and spatial orientation impairments, language difficulties,
and changes in personality'. Symptoms develop gradually and progress over time,
interfering with daily life. As AD advances increasingly severe symptoms develop,
including impairment of multiple cognitive and memory functions, communication
problems, erratic behaviour, mood and behavioural changes. Eventually dysfunction
of the motor system, with difficulty speaking, swallowing and walking will lead to
institutionalization and ultimately death. The average lifespan of the disease is
eight years after onset of symptoms, but can range from 4 to 20 years 4 .

Pathogenesis
Neuropathologically, AD is characterized by a progressive loss of neurons and
synapses, starting in the subcortical regions, especially the hippocampus, and
expanding to the cortex 5 . Microscopically, the two characteristic features of AD
pathology are senile plaques and neurofibrillary tangles.
In AD pathology two distinct forms of senile plaques are seen; neuritic phques with
a dense amyloid core and degeneration of nearby neuronal cell processes (neurites),
and diffuse plaques, which contain amyloid β peptides, but not in an overt fibrillar form,
and where neurites are absent 67 . Much of the fibrillar Aß found in the plaques is the
species ending at amino acid 42 (Aß)2), which is particularly prone to aggregation8.
Aß40 is produced at higher levels by cells than Aß42, but lacks two amino acids compared
to Aß42 and is less hydrophobic and thus less likely to aggregate. Aß40 is usually
co-localized with Aß42 in neuritic plaques. Aß is derived from its precursor protein
(APP) through sequential cleavage by two proteases; ß-secretase and Y-secretase9. APP is
a transmembrane protein that is post-translationally modified through the secretory
pathway. The function of Aß in neurophysiology remains unknown 7 , but APP is
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thought to be critical to neuron growth, survival and post-injury repair1'.
The second acknowledged neuropathological hallmark of AD is the presence
of neurofibrillary inclusions composed of abnormally phosphorylated and aggregated
tau protein10 ''. In healthy nerve cells, tau protein stabilizes microtubular components
of the neuronal cytoskeleton that are involved in transporting organelles between
cellular compartments. Hyper-phosphorylation of tau protein leads to decreased
tau binding to microtubules, which causes depolymerisation of microtubules with
impaired function, and aggregation of hyper-phosphorylated tau (p-tau) in the
cytoplasm called neurofibrillary tangles 11 . After cell death, the NFTs remain visible
in the tissue as a "ghost tangle". Neurofibrillary pathology is not unique to AD, but
is also seen in other diseases such as frontotemporal dementia, progressive
supranuclear palsy, and corticobasal degeneration, that are collectively designated
as "tauopathies" 14 .

Diagnostics
The recommended standard diagnostic assessment of a person suspected of
dementia consists of a careful medical interview with the patient and his or her
informal caregiver, a general physical, neurological and psychiatric examination,
and laboratory tests, in order to collect information on physical health, disorders
of cognition, mood and behaviour 1 \ Subsequently, preferably during a multidisciplinary expert consultation, a clinical problem analysis results in a diagnosis.
When the diagnosis remains uncertain, additional tests can be requested to back
up the diagnosis. Frequently requested additional tests are neuropsychological
tests (NPT), magnetic resonance imaging of the cerebrum (MRI), and cerebrospinal
fluid (CSI) biomarker analysis.
Since 1984 clinical criteria exist for assessing an AD diagnosis; the National
Institute of Neurological and Communicative Disorders and Stroke (N1NCDS) and
the Alzheimer's Disease and Related Disorders Association (ADRDA) criteria 16 .
These have been reliable for the diagnosis of probable AD, and across more than a
dozen clinical pathological studies, with neuropathological confirmation, have
resulted in a sensitivity of ± 80% and specificity of ± 70%17. The N1NCDS-ADRDA
criteria are also recommended in the Dutch dementia diagnostics and treatment
guideline115. In 2007 Dubois made propositions for research criteria, including the
use of more modern biomarkers, such as CSF and MRPMn 2011 the NINCDS-ADRDA
diagnostic criteria were renewed by the National Institute on Aging and the
Alzheimer's Association workgroup 1 ''. This research group proposed to divide the
diagnostic criteria in 3 separate working groups, according to the stages of the
disease. At present, a diagnosis of preclinical stage AD, where pathophysiological
changes are present but clinical symptoms are not, should only be used for
research purposes 20 . A diagnosis of Mild Cognitive Impairment is made when
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there are subjective cognitive complaints and objective cognitive impairment is
demonstrated in one or more domains on neuropsychological testing, but the
impairments do not interfere with daily life21. For the diagnosis of dementia due to
AD, the clinical stage of the disease, the working group maintains the original
definitions of probable or possible AD diagnosis 19 . Probable AD is diagnosed when
dementia is present, with insidious onset and gradual progression of symptoms,
and either amnestic or non-amnestic presentation of cognitive complaints. This
diagnosis can be adjusted to probable AD with evidence of the AD pathophysiologicui
process, when positive test results of additional biomarker testing is acquired.

1.1.2 Cerebrospinal fluid biomarkers of Alzheimer's pathophysiology
Biomarkers are parameters (physiological, biochemical or anatomical) that can be
measured in vivo and that indicate specific features of disease-related pathological
changes. Recently a biomarker model has been proposed based on a hypothetical
pathophysiological sequence of AD22. The most recognized biomarkers are divided
according to this model. Biomarkers of Aß accumulation, which become abnormal
first, are low CSF Aß42 and abnormal tracer retention on amyloid-binding Positron
Emission Tomography (PKT) imaging using PiBJJ. Biomaricers of neuronal degeneration
or injury are indicative of downstream pathophysiological processes and become
dynamic later. They include elevated CSF tau, decreased fluorodeoxyglucose
uptake on PET24, and structural MR! measures of cerebral atrophy 25 . For the
purpose of this thesis we will only elaborate further on the use of CSF biomarker
analysis for AD diagnostics.
AD biomarkers may serve several major purposes, both for clinical diagnostics
and for research purposes. Firstly, in clinical care they may facilitate reliable differentiation of AD from normal aging and from other neurodegenerative diseases
in the clinical phase of the disease, but also already in early clinical stages, in mild
cognitive impairment (MCI). Early diagnosis may give patients and care givers
more time to plan for the future, giving them a change to participate in decisions
about care, living options, financial and legal matters. Also, disclosure may lessen
anxiety of unknown problems, although there is no direct evidence to confirm
this 26 . However, we need to be aware that setting an early diagnosis, while no
treatment can be offered, may also be extremely burdensome for patients. Most
importantly, the patients perspective should be leading in selecting the diagnostic
procedures and disclosing diagnosis.
Secondly, AD biomarkers may also serve as research biomarkers in studies and
drug trials. They may be used as diagnostic markers to select a patient population
with pure AD, apply patient stratification, and detect and monitor the biochemical
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effects of a drug. Since the pathophysiology of AD may start already a decade or
more prior to the first clinical symptoms, biomarkers may facilitate research in
early and even in preclinical stages27. Research focuses on early diagnosis to study
effects of therapy in these earlier stages, to determine factors that may predict the
emergence of clinical impairment, and reveal a biomarker profile that will identify
individuals most likely to benefit from early interventions.

Cerebrospinal fluid biomarkers
Pathophysiological changes in the extracellular and interstitial environment of
the brain are thought to be reflected in concentrations of several proteins in the
CSF, making them suitable as biomarkers. Acknowledged candidate CSF· biomarkers
include Aß42 as a marker for Aß metabolism and plaque formation, total tau (t-tau)
as a marker for the neuronal degeneration, and phosphorylated tau (p-tau) as a
marker for lau hyperphosphorylation and formation of tangles 28 .
CSF can be obtained with a lumbar puncture (LP). This does make the
implementation of CSF analyses in AD diagnosis somewhat more difficult since a
LP may be regarded as invasive and has risks of complications such as post-LP
headache. However, the incidence of post-LP headache in elderly memory clinic
patients, both AD patients and individuals without dementia, is <2%, as was shown
by several large prospective studies 29 J1. The incidence of post-LP headache decreases
with aging, and also when small gauge needles and atraumatic techniques are
being used.

Analysis of cerebrospinal fluid biomarkers
In AD a marked increase in both CSF t-tau and p-tau is seen, accompanied by a
marked decrease in Aß4232 CSF t-tau in AD is around 300% of control levels, while
the increase in the most commonly evaluated p-tau variant, p-threonine 181, is
somewhat smaller-^' 4 . Both reflect the intensity of neuronal degeneration and the
tangle load in the brain. In contrast, there is a decrease in CSF Aß42 to approximately
50% of control levels35. The cause of this reduction in AD is not clear, but may
reflect the deposition of the peptide in plaques with lower levels diffusing to the
CSF36'37. The combination of these three CSF biomarkers provides an AD specific
profile.
At our laboratory the levels of CSF biomarkers Aß42, t-tau and p-tau are
measured, both for diagnostic and research purposes, using either ELISA or
xMAP-based Innobia assay (Innogenetics NV, Ghent, Belgium)38 and cut-offs for
clinical interpretation of ELISA are set at 500 pg/ml, 350 pg/ml, and 85 pg/ml, for
Aß42, t-tau, and p-tau, respectively.
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Diagnostics in clinical Alzheimer's disease
The diagnostic performance of the combination of these CSF biomarkers to
discriminate AD from non-demented controls is high, with sensitivity and
specificity between 80% and 90%28 •!9. A recent study with CSF samples taken during
life and with neuropathological follow-up also showed high predictive power of
these CSF biomarkers, with a sensitivity to detect AD of 96%40.
However, the real challenge lies in the differentiation of AD from other
disorders, such as other neurodegenerative diseases leading to dementia. The
combination of CSF t-tau and Aß42 concentrations for the distinction between AD,
dementia with Lewy bodies (DLB), vascular dementia (VAD) and frontotemporal
dementia (FTD) yields sensitivities of 67%, 48% and 85%, respectively41 " . When
comparing AD patients to DLB, p-tau(181) in particular aids to differentiation with
a sensitivity of 94% and a specificity of 64%41. Sensitivity levels between AD and
FTD are also raised by p-tau(231) with a sensitivity of 90.2% and a specificity of
92.3% 4 '. The best discrimination between VaD and AD was achieved by the
combination of all three biomarkers, with sensitivity and specificity over 85%44 4 \
Αβ40, the more abundant Aß peptide, may have additional value to the other 3
biomarkers, especially when the Aß42/Aß10 ratio is used for differentiation between
AD, VaD and DLB46. Nevertheless, almost all of these studies have been carried out
in retrospective (phase 1 or 2) validation studies, in expert referral clinics with
selected patient cohorts, and usually they are not based on predetermined cut-off
values47. All this allows for significant diagnostic bias48.

Diagnostics in early stages of Alzheimer's disease
Since the pathophysiology of AD is thought to start years before the onset of clinical
symptoms, with plaque and tangle load increasing, CSF biomarkers may be very
useful for early detection of disease27. In a multicentre study with memory clinics at
12 centres across Europe and the US, involving 750 patients with MCI, CSF biomarkers
Aß4i, p-tau and t-tau, with a-priori cut-offs, were able to identify patients with
incipient AD with a sensitivity of 83% and a specificity of 72%4'). Recent studies also
show that the combination of all three CSF biomarkers can predict progression from
MCI to AD with a sensitivity of 95% and a specificity of 83%50. More importantly, CSF
biomarkers can even be used to predict AD in the preclinical stage, i.e., in individuals
without any cognitive symptoms. In a population-based sample of 85-year-olds,
reduced levels of CSF Aß42 at base line were found in 7 of the 35 cases that developed
dementia during follow-up51. Similar results were seen in 55 non-demented older
women, where lower levels of CSF Aß42 were related to greater cognitive decline
during 8 years of follow-up". Low levels of baseline CSF Aß42 were also associated
with subjective memory impairment and a lower Mini Mental State Examination
score in 57 controls53. Either Aß42 alone, or the CSF t-tau/Aß42 ratio and the p-tau/Aß42
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ratio are able to predict cognitive decline in healthy older individuals (Odds ratio
2.24-8.2)54. These results show that CSF biomarkers may be promising in the
prediction of preclinical AD in cognitively normal individuals.

Variability of cerebrospinal fluid biomarker analysis
CSF biomarker studies show a high discrepancy in the reported concentrations of
these biomarkers, leading to different cut-off values in different centres, with the
highest variability shown for Aß^". Although such variability is common in the
development of new biomarkers, it does make it harder to compare CSF biomarkers
between centres and studies and hinders the implementation of these biomarkers
into clinical workup. This type of between-centre variability in analytical results
may be due to several causes; differences in preanalytical procedures for CSF
collection and sample processing, analytical procedures and techniques, batch-tobatch variation for the immunoassay kits, or even intra-individual variability.
Quality control programs have been set up to tackle this variability and standardize
analysis 56 . Although for now the exact origin of this variability remains unclear,
confounding factors such as the timing of LP, the collection of CSF, and individual
variability like diurnal rhythms and sleep, are being investigated.

1.1.3 Pathophysiology of Alzheimer's disease
Etiological hypotheses
Despite numerous studies on AD pathophysiology and the identification of the two
characteristic features of AD pathology, so far the aetiology of the disease remains
elusive. Several different hypotheses of the disease mechanism have been proposed
and researched. The most extensively documented of these remains the amyloid
cascade hypothesis 57 . This hypothesis proposes that an imbalance in Aß production
and clearance leads to an increase in Aß load and subsequent deposition, and that
this initiates tau pathology and neuronal degeneration which ultimately causes
dementia. The hypothesis is derived from cases affected by rare familial forms of
AD wherein mutations in the APP gene or in the presenilin-encoding (PSEN1 and
PSEN2) genes, which are involved in metabolizing the APP protein, invariably lead
to AD pathology. This cascade offers a hypothetical order of pathophysiological
impairments, as was also seen in the classification of biomarkers mentioned
before, and opens up possibilities for therapeutics- 2 .
Other hypotheses contrived over the years are the cholinergic hypothesis,
oxidative damage, inflammation, and the aging brain, as well as numerous other
hypotheses, all of which we will not further discuss here. Obviously, these hypotheses
do not necessarily rule each other out, moreover, many can be complementary.
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Risk factors in Alzheimer's disease
Epidemiological studies have uncovered factors that increase the risk of AD and
these predictors and risk factors have subsequently been thoroughly investigated.
The most important predictors for AD are age, a positive family history, and
genetic factors. Advancing age is the greatest known predictor for AD. Most
individuals with the disease are 65 years or older and the likelihood of developing
AD doubles about every five years after age 65, until reaching 20% after age 80 and
40% after age 90. Although it remains unclear why age is AD's greatest predictor,
this has also underlined a potential role for aging and aging-associated processes
in AD aetiology. Several hypotheses lead in that direction, stating that the cell
biology of the brain, weakened by normal aging, becomes susceptible for events
that divert the brain into the pathophysiology of Alzheimer's disease, namely
injury and subsequent inflammation and cell degeneration 58 .
Likewise, several gene polymorphisms have been discovered that are involved
in AD59. The best known genetic risk factor is carrying an apolipoprotein E-e4
(APOE-e4) allele, which confers a high risk for development of AD at an earlier age
than non-carriers. Between 40% and 80% of AD patients possess at least one APOE4
allele60. Recently, APOE dependent lifetime risks (LTRs) for AD have been
determined in 7351 cases and 10.132 controls from Caucasian ancestry using
Rochester (USA) incidence data61. LTR for AD of APOE4 homozygotes is 50-60%
versus 10% without APOE4, a risk being comparable lo BRCA1 in breast cancer.
Other genetic determinants are discussed in a recent publication 62 .
Risk factors for AD are life style-related factors of which some have the
advantage of being modifiable63. Meta-analyses have provided robust evidence that
cognitive reserve, physical activity and exercise, midlife obesity, alcohol intake
and smoking are the most important modifiable risk factors for AD. Many treatable
medical conditions are also risk factors of AD, including stroke, diabetes, midlife
hypertension, and midlife hypercholestoremia 6J . As the above predictors and risk
factors already imply, AD is far more complex than first thought and still more
risk factors are being discovered, adding both to potential early diagnosis and
pathophysiological knowledge.

Sleep and Alzheimer's disease
During the course of this thesis results from our own studies and other research
groups have pointed out a possible link between reduced sleep, sleep mechanisms
and AD. From a clinical view sleep and AD are closely related. Although sleep
disturbances are also common in normal aging, in AD these sleep disturbances are
more frequent and typical disturbances exist. Sleep disturbances in AD include
insomnia with decreased total sleep time, increased sleep latency, and nightly
awakenings. During the day many AD patients experience excessive daytime
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sleepiness, unintentional sleep episodes and increased napping. Next to these
purely sleep-related dysfunctions many AD patients also experience circadian
rhythm disturbances, with delayed sleep patterns and sundowning; a state of
behavioural disturbances during the late afternoon and early evening.
The relationship between sleep disturbances, circadian rhythm disruption and AD
is clearly under exposed, both from a clinical and a pathophysiological perspective.
In the clinical setting, at present, guidelines to diagnose these specific AD-relatcd
sleep disturbances are missing and treatment options and their effectiveness on
sleep disturbances in AD are unclear. In the meantime, these sleep disorders have
a major impact on the quality of life of both patients and care givers and they are
4 65
often the primary cause for institutionalization of AD patients'· · .
Furthermore, from a pathophysiological perspective the relation between
sleep and AD pathophysiology remains unclear. On the one hand, AD pathology
seems to bring on sleep disturbances and circadian rhythm disruptions, but on the
other hand, more and more studies suggest a causative role for sleep and sleeprelated mechanisms in the development of AD. A recent and remarkable study
describes a biochemical link between hypocretin, a sleep-related neurotransmit
ter and the amyloid β protein (Aß), the protein accumulating in senile plaques in
AD, suggesting that sleep disturbances may be closely related to the pathophysiology of AD. Unravelling the exact direction of this link and the sleep mechanisms
involved will definitely lead to progress in different areas of AD research.
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1.2 Outline
This introduction demonstrates that CSF biomarkers have a promising future as
core biomarkers, not only for clinical diagnosis setting, but also in research
settings; e.g. for monitoring of biochemical drug effects. However, standardization
of CSF analysis to minimize variability needs to be realized before guidelines, and
therefore also memory clinics, let go of their reservations to use CSF analysis as a
standard diagnostic measure. Investigating the possibilities and value of these
biomarkers thus is needed to increase our knowledge on the value of application of
CSF as biomarker in clinical practice, which may in turn also help us towards
better understanding of the disease pathophysiology.

Chapter 2
In the first part of this thesis we explored current use of CSF biomarker analysis in
the clinical setting. In chapter 2.1 the extent to which CSF biomarkers are collected
in memory clinics in Europe was investigated, in collaboration with the European
Alzheimer's Disease Consortium. We then demonstrated the added value of CSF
biomarker analysis in the individual patient from a clinical viewpoint by three
case reports in chapter 2.2.
As mentioned already in the introduction, diagnostic accuracy of CSF biomarkers
has mainly been proven in specific cohorts in research centres, and CSF analyses
have mostly been studied as single item test, while in clinical practice it is part of
a chain of diagnostic tests. Before CSF analysis can effectively be implemented in
local hospital memory clinics, studies exploring the added value of CSF analysis in
the complete diagnostic procedure of these clinics are needed. In chapter 2.3 we
investigated the use of CSF analysis in our own local hospital memory clinic,
where CSF analysis is part of ancillary clinical work up.
Chapter 3
In this part of the thesis, we aimed to analyze one potential confounder of CSF
biomarkers by assessing the intra-individual variability of these biomarkers,
namely variability over the day. A method to measure CSF biomarker values over
hours, by placing a spinal catheter and taking hourly samples, has been developed.
In chapter 3.1 the variability over 36 hours of Aß40, Aß42, t-tau and p-tau was
assessed with this serial CSF sampling method. Surprisingly, the results suggested
a circadian rhythm for Aß, most likely related to a sleep/wake or day/night effect.
This finding illustrated perfectly how validation research into CSF biomarkers can
lead to increased knowledge on disease physiology.
In chapter 3.2 we extended the use of this method to also look at the variability
of CSF o-synuclein, a potential biomarker for dementia with DLB and Parkinson
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disease. We hoped that the contradicting findings on the efficiency of this biomarker
could be explained by a circadian rhythm in CSF o-synuclein concentrations.
Chapter 4
The circadian rhythm that we detected in CSF Aß levels in chapter 3.1, together
with recent publications on the link between sleep pathophysiology and AD
pathophysiology, have led us to explore this link between sleep disturbance and
AD in the final part of this thesis. In chapter 4.1 a clinical overview of sleep
disturbances in AD is given, together with some insights on diagnostics and
treatment. Also, research demonstrating pathophysiology of sleep disturbances in
AD is discussed, but more importantly, evidence for a causative role of sleep
regulating systems in AD pathophysiology is explored. This offers a framework to
build further research on.
To further explore the circadian rhythm of Aß we found in chapter 3.1, in
chapter 4,2 we analysed in the serial CSF sampling dataset the hourly concentrations
of CSF hypocretin, an arousal related neurotransmitter. A correlation was found
between Aß and hypocretin.
In sum this thesis reports on a series of studies contributing to evidence based
practice of the application of CSF biomarkers in dementia diagnostics, while it also
displays the pathophysiologicaily relevant data that we acquired in this bench-tobeside and bedside-to-bench research.
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2.1.1 Introduction
Cerebrospinal fluid (CSF) biomarker analysis for dementia diagnostics (i.e., the
analysis of amyloid ß u , total tau and phosphorylatcd tau) is increasingly used in
clinical practice'. However, there is still debate among researchers and clinicians
about the sensitivity and specificity of various biomarker analyses, especially
when comparing dementia subtypes 2 .
The lack of consensus and heterogeneity for evidence on CSF biomarker use
and validity is likely to have resulted in variable practices: belief in the utility of
biomarker measurement has likely stimulated the use of CSF analysis in clinical
practice in some places whereas elsewhere this practice probably has not been
adopted at all. The extent of this variability in clinical practice is currently
unknown but hypothesised to be considerable 3 .
Aim
To investigate the extent to which CSF biomarkers are collected for clinical practice
and for research purposes in state of the art memory clinics across Europe, with
assessment of related consenting approaches.

2.1.2 Methods
We asked all 54 memory research centres from the European Alzheimer's Disease
Consortium (EADC) (http://eadc.alzheimer-curope.org/introduction.html) about
practical and ethical aspects of CSF biomarker collection in dementia diagnostics
as part of an online survey on medical and research practice in these centres. The
EADC includes centres from 18 countries. Centres have been selected as EADC
members because of their expertise in clinical and basic research on Alzheimer's
disease and related disorders. Most centres are leading centres on dementia care
and research in their countries.

2.1.3 Results
The survey had a 63% response rate. CSF was collected for routine clinical use in
56% and for scientific use in 87% of responding centres but while 56% of the centres
took CSF routinely, only 44% of all centres used the measurement of CSF biomarkers
as part of the diagnostic process. Although all centres reported that they obtained
informed consent before collecting CSF biomarkers, the scope of consent taking
was variable: 44% of the centres obtained separate consent for each biomarker to
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be collected whereas 85% obtained informed consent for all possible future
research use. Furthermore, in the case of biomarker research, 65% of the centres
retained the ability to relate biomarkers to patients. More than half of the centres
(59%) reported sending materials abroad for diagnostic and/or scientific reasons,
but no centres commercially sold their biomaterials.

2.1.4 Conclusion
From the centres surveyed here it seems that there is wide acceptance and practice
of obtaining informed consent for collecting CSF biomarkers across Europe.
However, there seem to be variable practices with regard to the acquisition of
these biomarkers for research and clinical use. Also, ethical procedures with
respect to handling of these materials, such as asking consent for future use,
shipment of materials and anonymisation of samples, varied between centres.
Despite the growing application of biomarkers in diagnostic criteria 14 , we are only
at the beginning of a potentially biomarker dominated era in dementia research
and memory clinics. The successful maturation of this era in Europe would be
facilitated by the development of practical and ethical guidelines for application of
CSF biomarkers in dementia care practice as well as in research^.
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2.2.1 Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized
by the accumulation of extracellular senile plaques and intracellular neurofibrillary
tangles. It is becoming increasingly important to accurately diagnose AD at an
early stage. An adequate diagnosis allows appropriate education, guidance, care
and treatment for patients and their informal caregivers. Occupational therapy
and caregiver support improve quality of life for AD patients, while treatment
with acetylcholinesterase inhibitors can improve cognitive function 1 . Moreover,
potentially neuroprotective therapies for AD, which arc currently under
development, are probably most beneficial when initiated at an early stage of the
disease 2 .
According to the current N1NCDS-ADRDA diagnostic guidelines', definite
diagnosis of AD can only be made post-mortem by histopathological examination
of the brain. However, by using different diagnostic tools, such as neuropsychological tests and imaging techniques, a probable diagnosis can be achieved with
reasonable sensitivity and specificity. Nowadays analysis of cerebrospinal fluid
(CSF) biomarkers amyloid P42 (Aß42), total tau (t-tau) and phosphorylated tau (p-tau)
is increasingly used to differentiate AD from other dementia disorders and
non-demented patients. AD patients show a typical pattern of decreased Aß42 and
increased p-tau and t-tau. The combination of decreased Aß42 and increased t-tau
has a sensitivity and specificity of more than 85% in differentiating AD from
healthy controls 45 . The addition of p-tau to Aß42 and t-tau further increases
specificity for AD5. Moreover, analysis of CSF biomarkers resulted in a correct
diagnosis in 82% of neuropathologically confirmed AD and non AD cases 6 . A high
NPV of 96% shows that normal CSF results make AD pathology very unlikely 7 . For
differentiating AD from VaD, both the ratio of Aß42/p-tau, and t-tau χ p-tau/ Αβ 42
yield sensitivities and specificities of more than 85% 810 . When CSF biomarkers are
used to differentiate AD from dementia syndromes such as frontotemporal
dementia (FTD) and dementia with Lewy bodies (DLB), discrimination is more
difficult. FTD can be discriminated from AD with reasonable sensitivity and
specificity, using the t-tau/Aß42 ratio, and especially using p-tau, which is not
elevated in FTD" 14 . DLB patients show normal p-tau levels and lower tau levels
compared to AD patients but overlap of values is still high, probably due to mixed
pathology in the DLB group 1516 .
The prevailing guidelines, N1NCDS-ADRDA and the DSM-1V-TR, do not include
CSF biomarkers in AD diagnostics, since the criteria were developed before these
biomarkers were described^. The dementia guidelines from the American Academy
of Neurology, which were last revised in 2001, mention CSF biomarkers but state
that they are not appropriate for routine use in clinical practice17. The more recent
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European Federation of Neurological Societies (EFNS) dementia guidelines (2006)
state that 'CSF Aß42, t-tau, and p-tau can be used as an adjunct in cases of diagnostic
doubt' 18 . Dutch guidelines state that CSF analysis of these biomarkers are not part
of the standard diagnostic work up but can be taken into consideration when a
higher diagnostic certainty is desired19. More specifically, they state that CSF
analysis can be of additional value in patients under 65 years of age whose
differential diagnosis is broad, or in patients in whom imaging techniques and
neuropsychological tests do not lead to a clear-cut diagnosis. In 2007 a proposition
was made for revising the research criteria for the diagnosis of AD2". This
proposition states that a probable diagnosis of AD should be made using the core
diagnostic criteria of early subjective memory impairments which gradually
progress over more than 6 months, with objective evidence of significant memory
impairment deficits supported by at least one of three abnormal biomarker values;
i.e. abnormal CSF biomarkers, abnormal PET/SPECT scanning, or abnormal MRI,
the latter two with the hallmarks of mediotemporal lobe hypoperfusion or
atrophy. The somewhat contradictory suggestions in the guidelines result in
inconsistency of routine diagnostics in clinical practice. We aim to clarify the
contribution of CSF biomarkers in clinical practice with three typical case reports,
and illustrate the need for an unambiguous guideline.
At the Radboud University Nijmegen Medical Centre (RUNMC) memory clinic
we currently use CSF analysis according to the latest Dutch and European
guidelines. The reference values for the age group over 50 years that we established
in our own laboratory using the sandwich ELlSAs by Innogenetics are: Aß42>500
ng/L, t-tau<350 ng/L, p-tau<85 ng/L'0 21. These values are largely in line with the
reference values proposed in previous publications 4 7. In the last 1.5 years CSF
analysis was performed in approximately 30 patients of the 200 patients that we
saw at our memory clinic. The following case reports were selected from this
patient group to exemplify the value of biomarker analysis in the standard
diagnostic workup for AD.

2.2.2 Case reports
Patient A
Patient A is a 67 year old woman, who had complaints about short term memory
loss. Her relatives noticed her repeatedly asking the same questions. She had
become insecure and started to double check her own actions. A friend had to help
her with administrative duties. Her complaints developed gradually over the last
one and a half year. She had a history of hypertension and osteoporosis. She
smoked 20 cigarettes a day from the age of 15. Neuropsychological tests indicated
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significant cognitive decline, with a Mini Mental State Examination (MMSE)
score of 22 out of 30, and a Cambridge Cognitive Examination (CAMCOG, a section
of the CAMDEX)" score of 81 out of 104 (a higher score indicates a better
performance; cut-off adjusted for age and education is 83). Mainly semantic
memory function, both verbal and visually, recognition and orientation in time
and place were affected, while visuoconstruction, attention, executive functioning
and cognitive speed were normal. Therefore AD was suspected, more than VaD.
The subsequent MR1 showed extensive white matter lesions (<25% of white matter),
probably of vascular-ischemic origin, next to distinct atrophy with broadening of
the ventricles, and hippocampal atrophy grade 1 according to Scheltens rating
24
scale . Because of these MR1 results and the patient's vascular risk factors, a
diagnosis of possible VaD was considered next to AD. A lumbar puncture and
further neuropsychological testing was performed to help clarify the diagnosis.
The CSF biomarker levels were: Αβ4> 424 ng/L, t-tau 634 ng/L and p-tau 117 ng/L. The
decreased level of Αβ 42 with a significantly elevated t-tau and p-tau and,
consequently, an Aß.,/p-tau ratio of 3.6, which is far below the cut-off ratio of 11.0
to discriminate VAD from AD, supported the diagnosis of AD over VaD, and
therefore we diagnosed probable AD with cerebrovascular morbidity' 0 . Treatment
with acetylcholinesterase inhibitors was initiated, which she tolerated well. 17
months after diagnosis the patient was stable without further deterioration in
cognition, behaviour or daily activities and no further vascular disease hallmarks
developed, supporting our initial diagnosis.
Patient Β
Patient Β is a 63 year old woman who was referred to our clinic for a second
opinion. The past two years she had become increasingly anxious about new
situations. She was having difficulty finding words and engaging in conversations.
In 2007 a neurologist could not identify a cognitive disorder. At that time, she was
diagnosed as having a dysthymic disorder and post-traumatic stress disorder by a
psychiatrist and treated with venlafaxine 75 mg, once daily. However, when she
came to our memory clinic 9 months later, her complaints had not disappeared.
She still had difficulty engaging in conversations and could not finish her chores
because she kept forgetting what she was doing. Due to anxiety she stopped
driving, internet banking and using the phone and video recorder, and there was
a severe loss of initiative. She had a MMSE score of 21 out of 30, a CAMCOG score
of 68 out of 104 (cut-off adjusted for age and education is 83) and a geriatric
depression scale (GDS) score of 2 out of 15 (a score above 7 indicates depression) 25 .
These results suggested cognitive decline, possibly AD, since no other underlying
disease was apparent, and history taking and GDS score showed that her depressive
mood was in remission. The MR1. already made in 2007, was re-evaluated and
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showed asymmetrical frontotemporal atrophy without medial temporal lobe
atrophy (figure 1). A lumbar puncture was performed, because the neuropsychological assessment and the MR1 were not fully conclusive and still left the
possibility of AD diagnosis. CSF analysis showed normal levels of all biomarkers
(Aß42 560 ng/L, t-tau 335 ng/L and p-tau 77 ng/L). These results made an AD diagnosis
less likely and could be compatible with a diagnosis of FTD. Further specific neuropsychological testing was done, which showed below average learning curves
with unimpaired delayed recall and recognition, decline in attention and
executive functions with reduced information processing speed and apathy. Apart
from a below average word fluency there were no language disorders. The
combination of MRI, CSF biomarker results and neuropsychological examination
added to the likelihood of FTD. 15 months later the patient had deteriorated mildly
with anMMSE nowof 18 out of 30. No behavioural problems had occurred and her
mood was stable. This clinical follow up still leaves room for AD.
Figure 1 MRI of patient B. Transversal T2-FLAIR showing frontal cortical and
asymmetrical left temporal lobe atrophy.

Patient C
Patient C is a 65 year old woman who visited our memory clinic with gradually
increasing memory problems over the past three years. Her medical history
revealed a subarachnoidal haemorrhage at the age of 33 due to an aneurysm of the
anterior communicating artery, and excision of a frontal meningeoma at the age
of 54. After examination we objectified both verbal and visual memory
dysfunctioning and disturbances in language, attention, visuoconstruction and
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executive functions, which influenced her daily activities. Her MMSE score was 21
out of 30 with a CAMCOG score of 80 out of 104 (cut-off adjusted for age and
education is 83). We suspected a diagnosis of AD, but because of complicated
history and young age, we wanted to support this diagnosis with biomarker
evidence. An MRI could not be performed because the patient had a metal clip on
the cerebral aneurysm. A CT scan showed left sided frontal atrophy and frontobasal
atrophy of both hemispheres. CSF analysis was done, showing an Aß42 concentration
of 431 ng/L, a t-tau concentration of 545 ng/L and a p-tau concentration of 118 ng/L.
The decreased level of Aß42 and elevated t-tau and p-tau confirmed our notion of
the diagnosis possible AD. Treatment with Cholinesterase inhibitors was initiated.
After 16 months mild deterioration in memory function was seen, compatible
with the diagnosis of AD.

2.2.3 Discussion
These case reports illustrate that CSF analysis may be a valuable addition to the
standard workup for AD, when used according to the latest Dutch diagnostic
guidelines and the Dubois criteria for Alzheimer type pathology, although the
latter are proposed as research criteria and await further validation 1920 . These
cases underline that in current clinical practice we already frequently refer to
these AD research criteria, relying on positive AD-hallmarks, instead of the
classical NINCDS-ADRDA criteria that only warrant AD diagnosis by exclusion of
other systemic or brain diseases.
The first case shows the affirmative value of CSF biomarkers, when the
combination of AP42 and p-tau indicates that a diagnosis of AD with vascular
disease is more likely than VaD. The second case report displays the use of CSF
biomarkers when the differential diagnosis is broader. In addition, more diagnostic
certainty was desired because the patient came for re-evaluation, and MRI had not
led to a clear-cut diagnosis. The third case shows an example of a patient group in
which MRI cannot be performed. Other conditions that exclude MRI scanning
include having a cardiac pacemaker or claustrophobia. As an alternative a CT-scan
can be performed to search for white matter lesions and to exclude a tumour, but
the diagnostic value of CT images is limited by the lower resolution and lower
sensitivity for vascular lesions. Moreover, visualization of the temporal horn
requires additional reconstruction and CT more often leads to scatter artefacts.
Therefore CSF analysis is regarded as a better alternative, when a lumbar puncture
is not contra-indicated, e.g. in case of structural lesions.
The latest guidelines state that CSF analysis can be valuable in AD diagnostic
work-up, only as an add-on diagnostic tool20. In certain cases the CSF biomarkers
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can be of help in the differential diagnosis, both for confirming and excluding a
diagnosis of AD. Due to practical and occasionally medical circumstances, CSF
analysis is not suitable to be used as primary diagnostic tool for all patients
investigated at a memory clinic. However, neither the invasiveness of lumbar
puncture nor post-puncture complaints are, any longer a serious concern with
modern techniques, especially in older patients. In large series with over 2000
patients zero complications have occurred, and the percentage of older patients
suffering from post lumbar puncture pain is low, ranging from 0.9% to 4.1%26'28.
It might be argued that CSF analysis is limited by the high inter-laboratory
coefficient of variation 2930 . Even though processing and storage conditions have
been standardized, inter-laboratory and intra-laboratory variation is still
considerable31. However, once reference values have been established within the
same laboratory, test results can be compared and reproduced. In a previously
performed retrospective diagnostic validation study of Aß42, t-tau and p-tau in
dementia we calculated optimal cut-offs for our population 32 , because applying
previously published criteria resulted in less optimal test results; e.g. for the
Hansson criteria a sensitivity of 69% and specificity of 61%7. Using these reference
values we can reliably generate CSF biomarker values with a sensitivity of 96% and
a specificity of 97%, and draw firm conclusions from them 21 .
So far, all CSF biomarkers studies have been carried out in selected patient
cohorts as part of retrospective case control studies or in expert referral clinics,
and predetermined cut-off values were usually not applied. Prospective studies
should further demonstrate the discriminative value of CSF analysis in clinical
practice. An example is a recent study showing the prognostic value of CSF
biomarkers in patients with mild cognitive impairment' 3 . We feel that, in spite of
its limitations, CSF analysis already is a valuable add-on diagnostic measure, as
illustrated by these case reports, in which predetermined cut-offs were used. The
prevailing guidelines, therefore, should be updated to ensure consensus on the
CSF application in clinical practice.
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2.3.1 Abstract
CSF biomarkers have obtained a supportive diagnostic role in the 2011 revised
Alzheimer's disease (AD) dementia criteria and a prominent role in the criteria for
mild cognitive impairment and preclinical stages of AD. Incorporation of CSF
biomarkers in these guidelines is based on diagnostic research in specialized
centres, yet little is known on how this test is used in clinical practice. We
investigated whether specific patient populations are selected for CSF analysis
when it is used in clinical practice and we explored how CSF results contribute to
the final diagnosis.
The diagnostic use of CSF biomarkers was examined in 518 consecutive memory
clinic patients who underwent additional diagnostic tests. An initial clinical
diagnosis was established after the patient's first visit, followed by a final diagnosis
which incorporated the interpretation of ancillary diagnostic tests. Patients selected
for CSF analysis (n=71) were compared to patients with other diagnostic tests but
without CSF analysis (n=447) for demographics, initial diagnosis and final
diagnosis. Agreement of CSF results with the final diagnosis was described. The
patients with CSF analysis included in the diagnostic workup were younger, had
less comorbidity, and better functional status. Adjustment of the initial diagnosis
after evaluation of the diagnostic tests occurred in a similar proportion for
patients who underwent CSF analysis compared to those who underwent other
tests. However, in 26% the final diagnosis conflicted with the diagnosis suggested
by CSF biomarkers.
Diagnostic use of CSF biomarkers is limited to selected patient groups in whom
the consequences are generally larger and the diagnosis more difficult. Moreover,
these results suggest that clinical data other than the CSF analysis prevails in the
final diagnosis. Better guidelines on the diagnostic use of CSF biomarkers are
warranted.
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2.3.2 Introduction
In the revised diagnostic criteria for Alzheimer's disease (AD), proposed by the
National Institute on Aging and the Alzheimer's Association (the NIA-AA criteria),
cerebrospinal fluid (CSF) biomarkers have gained a prominent position. In the
dementia phase of AD, clinical findings still constitute the core criteria, but
biomarkers are proposed to increase diagnostic certainty as they represent
1
evidence for AD pathophysiology . In the mild cognitive impairment (MCI) phase
2
of AD, a diagnosis relies importantly on supportive biomarkers . Based on recent
3
insights and hypothetical models , the NIA-AA criteria divide these AD biomarkers
1
into biomarkers of brain β amyloidosis and biomarkers of neuronal injury . Proposed brain
β amyloidosis biomarkers are 1) decreased concentration of amyloid ß42 (Aß42) in CSF,
and 2) increased brain uptake of amyloid ligands on nuclear imaging. Proposed
biomarkers of neuronal injury are 1) increased CSF concentrations of total tau (t-tau)
and hyper-phosphorylated tau (p-tau) and 2) brain atrophy on imaging. In addition
to their clinical use, the NIA-AA criteria also propose to use these biomarkers to
identify preclinical AD for research purposes 4 ; a similar stance is taken in a
European Medicines Agency draft opinion 5 .
These guidelines are based on results of Phase I and II diagnostic research 6 . For
example, CSF biomarkers correlate with AD pathology in post-mortem studies 78 ,
effectively discriminate AD from normal aging with sensitivity and specificity
levels of 80-90%910, and aid in the differentiation between AD and non-AD
dementia 1115 . These diagnostic characteristics were, however, obtained in highly
specialized centres and in selected patient populations. Test performance and thus
the diagnostic outcome in clinical practice may be influenced by patient selection
and interpretation of results within the context of other diagnostic information.
In our memory clinic, an initial clinical diagnosis is established following clinical
diagnostic evaluation, but before any further diagnostic tests have been ordered.
The clinical diagnosis is then followed by a final diagnosis that integrates the
clinical evaluation with the results of all completed diagnostic tests. This strict
approach allowed us to address the following questions with regard to the clinical
diagnostic use of CSF biomarkers: 1) For which clinical diagnosis is CSF analysis
performed? 2) How do patients who get CSF analysis differ from patients who do
not? 3) Does the final diagnosis follow the diagnostic outcome of the CSF analysis?

2.3.3 Methods
All patients visiting the memory clinic of the department of geriatric medicine of
the Radboud University Nijmegen Medical Centre (RUNMC) from 1 January 2007 to
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31 December 2010 were included in this study, and their results were recorded in
a memory clinic database.

Diagnostic evaluation
The RUNMC memory clinic is an outpatient care setting that uses a multidiscipli
nary approach to diagnose cognitive disorders. The standard diagnostic assessment
consists of history taking (with the patient and a separate history with the formal
caregiver), a general physical, neurological and psychiatric examination, laboratory
tests and electrocardiogram (ECG), and assessment of visual and auditory function.
In addition, an initial cognitive screening is performed: Mini-Mental State
Examination (MMSE)16; cognitive part of the 'Cambridge Mental disorders of the
elderly examination' (CAMCOG-r)17; Auditory-Verbal learning test (AVLT)18; Trail
Making Test A (TMT A)19; and digit span test (DST)20. Further clinimetrical
evaluation of functional status, mobility and mood is performed using the
Geriatric Depression Scale-15 (GDS-15)21, the Barthel scale of performance in basic
activities of daily living (ADL)" and Lawton scale of performance in instrumental
activities of daily living (IADL)2 ! . All these assessments are performed by a resident
in geriatric medicine and a geriatric nurse and are supervised by a geriatrician.
The subsequent multidisciplinary consultation (MDC) is presided by one of the
authors (JC), a geriatrician specialized in dementia and consists of a multidisciplinary
team of other geriatricians, two neuropsychologists, an occupational therapist,
and the residents that were involved in the assessment of the patient. During the
first MDC (MDC 1) an initial diagnosis is agreed upon and the need for additional
diagnostics, such as brain magnetic resonance imaging (MRI), an extensive neuro
psychological assessment (NPA), and CSF biomarker analysis, is discussed. After
additional tests have been performed, the final diagnosis is construed during a
second MDC (MDC 2) by the same team.

Cerebrospinal fluid analysis
CSF was obtained by a lumbar puncture, at the L3/L4 or L4/L5 interspace, using a
25 Gauge Tuohy needle, and CSF was collected in polypropylene tubes. All samples
were immediately transported to the adjacent laboratory and, after routine
analysis, centrifuged at 880 χ g for 5 minutes to eliminate cells and other insoluble
material. These procedures are in line with current international guidelines 2 4 .
Aliquots were stored at -80"C within 120 minutes after withdrawal until
biochemical analysis 25 . CSF Aß42, t-tau and p-tau were determined using
enzyme-linked immunosorbent assay (Innogenetics NV, Ghent, Belgium). Cut-off
values at our laboratory department are set at 500 pg/ml, 350 pg/ml, and 85 pg/ml,
for Aß42, t-tau, and p-tau, respectively.
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To be able to identify whether the final diagnosis followed the diagnostic
outcome of the CSF analysis, CSF results were interpreted blindly and independently
by a panel consisting of a expert geriatrician (JC) and an laboratory expert on CSF
analysis (MV), according to our laboratory cut-off values and their expertise.
Experts were able to chose from the following diagnoses; consistent with AD
(dementia or AD in MCI stage), consistent with non-AD dementia, or not consistent
with AD or non-AD dementia.

Data collection
Initial and final diagnosis collected from the memory clinic database were
categorized into four groups: 1) AD dementia, including possible and probable AD,
mixed AD with vascular disease, and posterior cortical atrophy; 2) MCI, including
multidomain MCI and amnestic MCI; 3) non-AD dementia, including possible and
probable VaD, dementia with Lewy bodies, frontotemporal dementia, Parkinson
dementia, semantic dementia, primary progressive aphasia, Creutzfeldt Jacob disease,
and dementia not otherwise specified; and 4) no AD/no MCI/no other dementia; this
group includes vascular cognitive impairment, neurological (e.g. epilepsy) and
psychiatric (e.g. depression) conditions, and no disease (e.g. worried well).
Background characteristics drawn from the database included socio-demographic characteristics, information on the presence or absence of relevant
comorbidity, and the results of the neuropsychological examination. The
educational level of the participants was assessed based on the Dutch educational
system, using seven categories (1 = less than primary school, 7 = university
degree)26. Patients diagnosed with dementia were rated according to the Clinical
Dementia Rating (CDR) scale for their dementia stage27.

Statistical analysis
In order to analyze the differences in patient characteristics, patients were
classified into subgroups according to the presence or absence of CSF analysis as an
additional test. Socio-demographic characteristics, comorbidity, neuropsychological test results, and diagnosis for these groups were presented using the appropriate
summary statistics. To analyze differences between patient characteristics an
independent t-test was used for numerical variables, and the chi-square test for
categorical variables.
To assess if and how the initial clinical diagnosis changed, how frequently it
changed, and how often CSF biomarkers supported these changes, three-dimensional
contingency tables were made containing the initial diagnosis, presence or absence
of additional tests and/or CSF analysis, and the final diagnosis. By means of chisquare test differences in change rates between groups were assessed. A two-sided
p-valuc of 0.05 was considered statistically significant.
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2.3.4 Results
From January 2007 to December 2010, 767 individual patients were referred to our
memory clinic (figure 1). For 15 patients, the MDCl diagnosis was not noted in the
database, therefore 752 patients were analyzed. In 234 patients no additional
diagnostic tests were performed. 518 patients underwent additional diagnostic
tests and had both an initial diagnosis set at MDCl after the standard diagnostic
workup and a final diagnosis after ancillary tests were performed set at MDC2.
13.7% (n=71) of 518 patients with additional tests underwent lumbar puncture for
CSF analysis of AD specific biomarkers. In comparison; 66.8% (n=346) had brain
MR1 and 44.8% (n=232) had NPA. Of the 71 patients who underwent CSF analysis,
in only 7 patients (9.9%) was CSF analysis the only test that was performed. CSF was
combined with MRI in 71.8% (n=51) and with NPA in 66.2% (n=47) of cases.
F i g u r e 1 Flow diagram of patients included in the study.

767 Records between 01-01-2007 and 31-12-2010

15 First visits with missing MDC 1 diagnosis

752 First visits with MDC 1 diagnosis

518 First visits with additional tests

234 First visits with no additional tests

71 patients had CSF analysis
346 patients had MRIc
232 patients had NET

Patient characteristics
Before we investigated the difference in characteristics between patients selected
for CSF analysis (including other tests) versus other tests only, we first looked at the
selection imposed by the perceived need to perform additional testing per se.
Patients with additional tests were more likely to be diagnosed with dementia or
MCI (71% vs. 39%, p<0.001) and less likely to be diagnosed as cognitively normal or
having a mood disorder. Among patients with an initial diagnosis of MCI or
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dementia (n=457), 366 received additional testing. These patients were younger
(75.5 (8.0) vs. 78.1 (7.9) years, p=0.006), and had better functional status (Barthel
IADL score 18.7 (2.5) vs. 17.3 (4.1) p=0.002; Lawton ADL score 4.5 (2.4) vs. 3.6 (2.0)
p=0.004) than patients not receiving additional tests, but cognitive scores were
comparable, as was CDR (1.8).
152 of the 295 patients with a diagnosis in the category "no AD, no MCI, no
other dementia" had additional tests. This group had lower scores on cognitive
tests: MMSE 26 (3.1) vs. 27 (SD 2.9), p=0.03; CAMGOG 103 (14.9) vs. 108 (16.2), p=0.004;
AVLT total (T score) 33 (11.5) vs. 39 (13.2), AVLT recall (T score) 34 (12.4) vs. 42 (12,8),
p=0.0001; TMT A (T score) 41 (15.9) vs. 45 (13.4), p=0.006). CDR scores were slightly
higher: 0.4 (0.3) vs. 0.3 (0.4), p=0.01, and CDS scores were lower: 3.8 (3.1) vs. 4.8 (3.6),
p=0.02.
In summary, patients with an initial clinical diagnosis of MCI or dementia, in
whom the multidisciplinary team decided to perform additional diagnostic tests,
were younger and had better functional status. Patients in whom the initial
clinical evaluation ruled out neurodegenerative disease and who did not undergo
additional tests, had better cognitive test scores or had higher GDS scores,
indicative of underlying mood disorder.
We investigated which patients were selected for CSF analysis. Because CSF
was only rarely (n=7) used without other diagnostic tests, we compared patients in
whom additional testing included CSF analysis with patients in whom CSF was not
performed (table 2). Patients who underwent CSF analysis were younger, had a
higher level of education, better functional status (a higher Barthel index), and
were more often referred for a second opinion. They had less cardiovascular disease
and less often were diagnosed with a mood disorder at MDC 1. With regard to
neuropsychological tests results, overall test performance was similar, but recall
score in the AVLT was lower (24.6 vs. 28.6, p=0.02). Patients who underwent CSF
analysis more often had an initial "non-AD dementia" diagnosis and less often a
"no AD, MCI, nor other dementia" diagnosis. There was no difference however for
an initial AD or MCI diagnosis (table 1). In summary, the choice for CSF analysis is
associated with the selection of a patient group that is younger, with less
comorbidity, has a more prominent episodic memory disorder, and contains a
higher proportion with an initial clinical diagnosis of non-AD dementia.

Adjustment of initial diagnosis after additional tests
To investigate if and how the initial diagnosis was changed following additional
diagnostic tests, we compared the final (MDC 2) diagnosis with the initial (MDC 1)
diagnosis, and differentiated between patients with and without CSF as part of
their additional tests (table 2). Despite the differences in patient characteristics of
patients selected to undergo CSF analysis, the proportion of diagnostic adjustment
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Table 1 Socio-demographic characteristics, comorbidity, and neuropsychological
test results of patients with additional tests including CSF analysis compared
to patients with additional tests without CSF analysis.
Variable

Patients w i t h a d d i t i o n a l
tests w i t h CSF analysis
N=71

Patients w i t h
a d d i t i o n a l tests
w i t h o u t CSF analysis
N=447

p-value

Age (yrs)

69.6 ± 9.2

74.4 ± 10.1

o.oor

Female

3 4 (47.9)

240 (60.4)

0.36"

Education

4.7 ± 1.4

4.2 ± 1 . 6

0.02'

Second o p i n i o n

10 (14.3)

25 (5.6)

0.01"

Hypertension

27 (38.0)

209 (46.8)

0.17"

Diabetes

11 (15.5)

86(19.2)

0.45"

Overweight

7(9.9)

76(17.0)

0.14"

Hypercholesterolemia/
hypertriglyceridemia

11 (15.5)

74(16.6)

0.82"

Cardiovascular disease

10(14.1)

113 (25.3)

0.04"

3(4.2)

50(11.2)

0.07"

23.4 ± 4 . 2

22.9 ± 5 . 4

0.35'

92.5 ± 1 9 . 3

87.1 ± 23.6

0.07·

CDS

2.8 ± 2 . 3

3.2 ± 2 . 9

0.28"

Barthel i n d e x

19.3 ± 1.4

18.7 ± 2 . 7

oor

Lawton score

5.3 ± 2 . 2

4.8 ± 2 . 8

0.18-

AVLT total

25.2 ±11.2

27.2 ± 13.1

0.21·

AVLT recall

24.6 ± 10.4

28.6 ± 1 3 . 1

0.02"

TMTA t score

Depression
MMSE
CAMCOG

36.2 ± 18.8

37.6 ± 18.0

0.59·

DST A

7.6 ± 1.8

7.4 ± 1.9

0.59·

DST Β

4.3 ± 1 . 8

4.2 ± 1 . 9

0.56'

CDR

0.7 ± 0 . 4

0.9 ± 0.6

D i a g n o s i s MDC1
AD

27 (38.0)

183 (40.9)

MCI

15(21.1)

85 (19.0)

Non-AD d e m e n t i a

12 (16.9)

44 (9.8)

No AD/MCI/dementia

17(23.9)

135(30.2)

AD

35 (49.3)

196 (43.8)

MCI

13(18.3)

69(15.4)

D i a g n o s i s MDC2

Non-AD d e m e n t i a
No AD/MCI/dementia

0.01 •
<0.001"

<0.001"

6(8.5)

39 (8.7)

17(23.9)

143 (32.0)

Results are displayed av number of patients (percentage) or mean ± standard deviation. Differences are
calculated using either independent t-tesf or chisquare test".
Abbreviations: LP. lumbar puncture; MMSF. Mini-Mental State Examination; CAMCOG. cognitive part of
the 'Cambridge Mental disorders of the elderly examination': GDS15. Geriatric Depression Scale-15:
ALVT. Auditory-Verbal learning test: TMT A. Trail Making Test A: DST. digit span test: CDR. Clinical
Dementia Rate. A low score is abnormal: MMSE. CAMCOG. Barthel. Lawton. AVLT score. AVLT recall score.
TMTA t-score. DST A and B. A high score is abnormal: CDS.
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was similar whether or not CSF was part of the additional tests. 22 out of 71
patients (31.0%) who had CSF analysis performed and 118 out of 447 (26.4%) without
CSF analysis had a change in their diagnosis.
Additional tests had very little effect when the initial diagnosis was AD: this
diagnosis was maintained as the final diagnosis in approximately 90% of patients
(table 3). However, an initial diagnosis of non-AD dementia or of MCI was retained
in only half of patients; in nearly 50% of these patients the diagnosis changed
importantly after additional diagnostic tests, e.g. to AD dementia or to no cognitive
disorder. Finally, the initial diagnosis "no AD, MCI, nor other dementia" was
preserved in 70% of patients, whereas 30% changed to AD or MCI.
Table 2 Comparison of diagnosis before and after additional tests in patients with
and without CSF analysis.
Initial Diagnosis

Final diagnosis

AD

Additional tests
with CSF analysis
N=71

Additional tests
without CSF analysis
N=447

27

183

25 (92.6)
0

161 (88.0)

NonAD

1 (3.7)

No AD/MCI/dementia

1 (3.7)

11 (6.0)
7(3.8)

IS
4(26.7)

11 (12.9)

8(53.3)

47(55.3)

No AD/MCI/dementia

0
3 (20.0)
12

27(31.8)
44

AD

5(41.6)

AD
MCI

MCI
AD
MCI
Non-AD
Non-AD dementia
MCI
Non-AD

0

4(2.2)

85

0

12 (27.3)
2(4.5)

No AD/MCI/dementia

5(41.6)
2(16.7)
17

21 (47.7)
9(20.5)

AD
MCI

1 (5.9)
5 (29.4)

12 (8.8)

No AD/MCI/dementia

Non-AD
No AD/MCI/dcmcnlia

135
16(11.9)

0

7(5.2)

11 (64.7)

100 (74.1)

Results are displayed as: Number of patients (percentage).
Abbreviations: CSF. cerebrospinal fluid: AD, Alzheimer's disease: MCI, Mild Cognitive Impairment.
No significant differences, groups are too small.
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Table 3 Mean CSF biomarker concentrations of patients receiving a CSF analysis with different diagnoses, as well as the number
of patients diagnosed by the expert panel.
Interpretation by p a n e l

CSF b i o m a r k e r results
Nrof
pts

Aß«

t-tau

Non-AD

(Pg/ml)

p-tau
(Pg/ml)

AD

(Pg/ml)

No AD/MCI/
dementia

No
consensus

AD

25

509(198)

741(533)

114(580)

18

1

2

4

MCI

0

-

-

Non-AD

1

597

193

54

0

0

1

0

No AD/MCI/dementia

1

918

259

64

I)

0

1

0

AD

4

464(85)

499 (168)

90(15)

3

0

0

1

MCI

8

767 (437)

429 (158)

86 (20)

4

1

1

2

Non-AD

0

No AD/MCI/dementia

3

643 (323)

455(347)

76 (48)

1

0

2

«

0

0

1

Initial
Diagnosis

Final d i a g n o s i s

AD
(n=27)

MCI
|n=15)

Non-AD
dementia
(11=12)

No AD/MCI/
dementia (n=171

-

-

467(137)

933 (612)

126(58)

4

5

615 (267)

265(159)

45(6)

0

1

2

2

No AD/MCI/dementia

2

372(25)

363 (45)

68(4)

2

0

0

0

AD

1

485

348

77

1

0

0

0

MCI

5

585 (154)

592 (363)

98 (47)

2

1

1

1

Non-AD

0

No AD/MCI/dementia

11

761 (324)

263(109)

55(18)

1

1

6

3

AD

5

MCI

0

Non-AD

CSF biomarkers are displayed as: mean (SD), Aß42 levels below 500 pg/ml, t-tau levels above 350 pg/ml and p-tau levels above 85 pg/ml are indicative for AD pathophysiology. Abbreviations: CSF, cerebrospinal fluid; AD, Alzheimer's disease; AP42, amyloid-P 4 ,; t-tau, total tau; p-tau. hyper phosphorylated tau. Significance levels.
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Agreement between CSF analysis results and final diagnosis
To further understand how CSF was used in the diagnostic process, we investigated
the results of the three CSF biomarkers and how their interpretation by an expert
panel supported or contradicted the diagnosis (table 3). In 57 of 71 cases, the
interpretation of CSF results by the panel concurred. In 14 out of 71 cases however
the interpretation of CSF results was ambiguous. According to the expert panel's
interpretation, CSF biomarkers were consistent with the final (MDC 2) diagnosis of
AD dementia in 26 out of 35 cases. In 6 of 35 cases the CSF interpretation was
ambiguous and in 3 of 35 cases the outcome conflicted with the final diagnosis.
Confirmed AD diagnoses (initial diagnosis AD dementia became final diagnosis
AD dementia) were supported by CSF biomarkers in 18 of 25 cases, whereas a
change in diagnosis (a different initial diagnosis became AD dementia) was
supported by CSF biomarkers in 8 of 10 cases. CSF biomarkers were consistent with
a final diagnosis of no dementia or MCI in only 9 out of 17 cases. Also, CSF
biomarkers were not supportive of a final diagnosis of non-AD in 5 out of 6 cases.
Altogether, the interpretation of CSF biomarker results concurred with the
diagnosis at MDC 2 in 43 of 71 cases (60.6%). When this diagnosis at MDC 2 was the
same as the initial clinical diagnosis at MDC 1, CSF results supported this diagnosis
in 33 of 49 (67.3%) cases. Finally, a change in diagnosis between MDC 1 and MDC 2
was supported by CSF results in 14 of 22 cases (63.6%). Of 36 patients with a CSF
biomarker profile consistent with AD (according to the panel), 32 patients had a
final (MDC 2) diagnosis of AD (AD-MC1 or AD dementia) while in only 4 patients the
final diagnosis excluded AD. Vice versa, of 16 patients with a normal CSF biomarker
profile only 9 patients had a final diagnosis at MDC 2 that ruled out neurodegenerative disease (i.e. no AD, no MCI, no other dementia).

2.3.5 Discussion
We have evaluated the diagnostic use of CSF biomarkers of AD in clinical practice,
i.e. beyond the limits of a phase 1 or phase II diagnostic research setting 6 . In
summary, younger patients with less comorbidity and better functional status
were more likely to be selected for CSF analysis. These patients are also more likely
to exhibit a pronounced neuropsychological AD profile, with a predominant
episodic memory disorder.
When CSF results are integrated with clinical findings and results of other
diagnostic tests to come to a final diagnosis, we found that in at least a third of
patients the initial clinical diagnosis or other diagnostic test results seemed to
overrule the diagnosis that was suggested by the CSF biomarker results. This was
most clear when this initial clinical diagnosis was "AD dementia", or when the
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initial clinical diagnosis did not suspect neurodegenerative disease (i.e. no MCI or
dementia).

Patient characteristics
CSF analysis was selected as additional test in 13.7% of patients. The referral rate
for CSF biomarker analysis in our memory clinic at an academic centre was, as can
be expected, somewhat higher than the average of all memory clinics in the
Netherlands, where CSF analysis is estimated to be used in 5% of patients (median,
range 0.01-75%)28.
The profile of patients who received CSF analysis as additional diagnostic test
was clearly distinct from patients who did not. Patients who underwent CSF
diagnostics more often had a non-AD dementia diagnosis, and less often had no
neurodegenerative disorder. This indicates that CSF analysis was more often
chosen to differentiate between dementia types, whereas in patients with a low
suspicion for neurodegenerative disease, clinicians were more reserved to request
CSF biomarker analysis.
Patients selected for CSF analysis were also younger, better educated, had less
cardiovascular disease and had better functional status. Relative to performance
on all other cognitive tests, their performance on the AVLT recall score was
substantially lower. This test of episodic memory is known to be especially sensitive
for AD29. Altogether, the profile seen here was that of a relatively young, well
educated patient with memory complaints, who scored within normal range on
most cognitive tests due to compensation, except for the AVLT recall score. In these
patients with limited objective evidence for abnormal performance, proof of the
AD pathophysiological process may be especially desirable to raise the clinician's
confidence to establish an AD diagnosis. Moreover, when a patient visited the
memory clinic for a second opinion, this was in itself a reason to request CSF
analysis as additional testing, further suggesting that CSF analysis is often used to
reduce diagnostic uncertainty.
Patients selected to undergo additional tests were less often depressed, even
less so in the group selected for CSF analysis. This indicates that a diagnosis of
depression is seen as sufficient explanation for cognitive complaints and symptoms
and therefore reduces the suspicion of a neurodegenerative disorder.
In most phase 1 and 2 studies on diagnostic accuracy of CSF biomarkers, the
only reported patient characteristics are age, gender and MMSE score. These data
provide insufficient information to determine selection effects. Compared to these
studies, patients at our memory clinic selected for CSF analysis were of similar
age715. MMSE scores were higher, however, which could indicate less cognitive
impairment in our CSF population.
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Adjustment of initial diagnosis after additional tests
An earlier study on CSF analysis in memory clinics reported no actual change
rates, but clinicians were asked how CSF biomarkers changed their diagnosis by
means of a questionnaire 28 . Clinicians stated that CSF biomarkers mostly confirmed
their diagnosis (68.4%), which is indeed close to our observation that CSF results
are confirmatory in to the initial diagnosis in 67.3%.
Another study looked at the individual contribution of CSF biomarkers to
diagnosis. CSF biomarkers changed an initial diagnosis in 10% of cases30. This
initial diagnosis however was not only based on clinical evaluation, but also on
additional tests (NPA and MRI) and therefore may have been less likely to change.
We showed here that the initial clinical diagnosis changed frequently due to these
additional tests, but that these changes were not different whether or not CSF was
part of the additional tests.

Agreement between CSF analysis results and final diagnosis
Initial diagnoses of MCI and non-AD dementia were most likely to change. In
contrast, when the multidisciplinary team initially believed that a patient had AD
dementia, this diagnosis changed in only 2 out of 27 (10%). However, in 3 out of these
25 patients with an unchanged AD diagnosis, the expert panel found that the CSF
biomarkers indicated a diagnosis other than AD, and in 4 other cases interpretation
of CSF results was ambiguous. In these 4 cases the panel mostly thought of non-AD
dementia.
When the multidisciplinary team initially did not suspect a neurodegenerative disorder, this was also not likely to change after CSF analysis (11 out of 17
cases). However, in half of these patients (5 out of 11) the panel could not agree that
the CSF profile ruled out neurodegenerative disease. Moreover, in 5 cases where an
initial diagnosis of non-AD dementia was confirmed after CSF, only one case had a
CSF biomarker profile that indicated non-AD dementia. These data show that there
is no strict interpretation of the results of CSF biomarkers.
Finally, in 80% (57 of 71) the expert panel were unanimous in their interpretation
of CSF results, suggesting that in those cases the biomarker results could easily be
classified within one of the three diagnostic categories. However, in 20% the panel
disagreed, and in these cases the diagnostic contribution of CSF biomarkers may
have been limited.

Limitations
This study was not intended as a study of diagnostic accuracy, and verification of
the final diagnosis was not available. Therefore, in those cases where the final
diagnosis disagreed with results of CSF biomarkers, we do not know which was in
fact correct. This however reflects clinical reality, where there is no certainty beyond
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the diagnosis that is based on clinical findings and additional tests. Confirmation
of this diagnosis, if any, comes from follow-up observations during progression of
disease.
Because of the study design, effects of CSF on diagnosis could not be disentangled
from those of concurrent MRI and NPA. Analyses were limited to comparing patients
with and without CSF as part of additional testing.
Additional tests, and specifically CSF, may increase diagnostic confidence or
narrow differential diagnosis without actually changing diagnosis. However, we
had no information on diagnostic uncertainty at MDC 1 or MDC 2. Finally, this study
was performed in a patient group selected from a memory clinic at an academic
centre where additional tests are more easily accessible than in general care.

Conclusion
This study describes when and how CSF biomarkers are used, alongside other
biomarkers, in a memory clinic. At present, guidelines do not specify the diagnostic
use of CSF, i.e. there is no diagnostic algorithm to inform the clinician in which
patient and in what constellation of clinical and additional findings to perform
CSF diagnostics. Equally, guidelines do not specify the interpretation of test
results. In our observational study, it becomes clear that younger patients with less
comorbidity and better functional status are more likely to be selected for CSF
analysis. Furthermore, although knowledge of the CSF biomarkers may often have
led to increased diagnostic confidence, CSF results also were often overruled by
other, and especially, clinical data. It is important to realize that clinical judgment
dominates the diagnosis, even with the advent of "objective" biomarkers of disease,
such as MRI and CSF. Guidelines on use and interpretation of CSF biomarkers are
needed before widespread clinical implementation ensues.
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3
Serial cerebrospinal fluid sampling,
a method for measuring biomarker
dynamics

Hourly variability of cerebrospinal fluid
biomarkers in Alzheimer's disease subjects and
healthy older volunteers
Diane Slats, Jürgen AHR Claassen, Petra E Spies, George Borm, Kees TC Besse,
William van Aalst, Jack Tseng, Magnus JC Sjögren, Marcel GM Okie Rikkert,
Marcel M Verbeek
Neurobiol Aging; 2012, 33{4):831.el-9.

3.1.1 Abstract
Large hour-to-hour variability has previously been demonstrated in the cerebrospinal
fluid (CSF) concentrations of Alzheimer's disease (AD) biomarkers amyloid \\2 (Aß42)
and Aß40 in healthy younger subjects. We investigated the within-subject variability
over 36 hours in CSF Aß and tau proteins, in older subjects and AD patients.
Six patients with mild stage AD (59-85 years, Mini Mental State Examination
(MMSE) 16-26) and 6 healthy older volunteers (64-77 years) received an intrathecal
catheter from which, during 36 hours, each hour 6 ml of CSF was drawn.
Concentrations of Aß42, Aß40, total tau, and phosphorylated tau were determined
and the variability was analyzed.
Within-subject variability within 3-hour periods was assessed as the coefficient
of variation, which was comparable for these 4 biomarkers in controls (4.2%-4.6%)
and AD (3.1%-5.8%). Variability over 12 hour periods was 5.3% to 9.5%.
These findings suggest that CSF biomarker variability is relatively low in
healthy older controls and AD patients. Furthermore, continuous sampling of CSF
proved to be a useful and robust method, which may also be used to investigate AD
pathogenesis and to evaluate pharmacotherapeutic interventions.
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3.1.2 Introduction
Cerebrospinal fluid (CSF) biomarker analysis has proven to be a useful additional
1
tool in Alzheimer's disease (AD) diagnostics ^. However, between-subject and be
tween-laboratory variability hinders the definition of clear cut-off values for
6
clinical practice across different institutes Λ Whether within-subject variability
also adds to these uncertainties remains unclear.
Although concentrations of CSF amyloid β protein (Aß) and tau proteins were
stable in longitudinally collected samples over a period of months 1012 , important
variability, a 1.5- to 4-fold difference between lowest and highest values of Aß40 and
Aß42, was demonstrated in a study performing hourly CSF sampling with an
intrathecal catheter over 12 to 36 hours 13 . Moreover, the pattern of variability
suggested a circadian rhythm. This method of continuous CSF sampling may be of
major value in studying both the pathophysiology of AD-related CSF biomarkers
and the acute effects of future therapies on these biomarkers, but further
explorative studies are needed. Until now, these data were obtained in mostly
young healthy volunteers (10 out of 15 volunteers were younger than 45 years) and,
therefore, this method of continuous CSF sampling should be extended to older
subjects and patients with AD, in order to determine daily variability in the relevant
age groups. Moreover, the within-subject variability of other AD biomarkers, i.e.,
total tau (t-tau) and phosphorylated tau (p-tau), have not been studied.
We hypothesized that AD patients and healthy older control subjects display
within-subject (circadian) variability of CSF biomarkers. We further hypothesized
that the magnitude and pattern of variability might be influenced by AD pathology
and therefore differ between patients and controls. In the present study, we
realized a safe and innovative methodology to longitudinally monitor and analyze
the within-subject variability of CSF Aß40, Aß42, t-tau, and p-tau levels up to 36
hours in AD patients and healthy older control subjects.

3.1.3 Material and Methods
Subjects
AD patients were recruited at the memory clinic of Radboud University Nijmegen
Medical Centre (RUNMC). They were diagnosed with "probable AD" in accordance
with the National Institute of Neurological and Communicative Disorders and
Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDSADRDA) criteria 14 . After careful assessment all AD patients were found competent
to consent 15 . The control group consisted of healthy older individuals over 50 years
of age, recruited from the population using advertisements in local newspapers.
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Table 1 Demographics and CSF biomarker Characteristics over 36 hrs of AD
patients and healthy older volunteers.
AD patients
1

2

'.

4

5

6

All

Age

77

67

69

71

64

75

71

Gender

M

F

M

M

Γ

F

3:3

36

36

36

29

36

36

Mean

136

87

79

137

102

124

110

Range

<41-178

<41-126

<41-99

70-171

43-126

<41-174

<41-178

Mean

9,164

8.296

7,975

8,014

6,509

10,576

8,447

Range

1,730-11,910 895-11,235

2,075-8,745

550-12,960

550-12,960

No. of samples

Aß.
Aß«
t-tau

p-tau

3,130-10,365 3,125-9,675

Mean

149

499

291

249

162

212

263*

Range

67-241

307-667

200-397

195-324

77-215

142-284

67-667

Mean

52

141

115

96

77

84

95"

Range

40-62

126-155

88-151

70-121

54-97

54-111

40-155

Αβ42, t-tau and p-tau were analyzed with an xMAP-based Innobia assay and A|i40 was analyzed
using ELISA. In the 3 first hours a lag phase was detected for Aß4;!and Aß4|), which was not
excluded in these results. All data are expressed as means, with range (min-max), in pg/ml.
'Significant differences between mean biomarker concentrations in AD and control group.
p<0.05. Key: Age is in years: AD. Alzheimer's disease: M, male: F, female; Aß. amyloid β protein:
t-tau, total tau: p-tau. hyperphosphorylated tau: <41.below detection range.

Their cognitive status was examined using the Mini Mental State Examination
(MMSE) and individuals with scores below 28 were excluded. All participants gave
written consent to participate in the study. They underwent a thorough clinical
investigation to ensure good clinical health and absence of neurological disease
other than AD. This included medical history, physical, neurological, and
psychiatric examination, and screening laboratory tests of blood and electrocar
diogram (ECG). Six patients with AD and 6 healthy older control subjects were
included in this study. There were no differences between the groups regarding
gender, age (table 1), or any of the routine laboratory tests (data not shown). The
median Mini Mental State Examination score in the AD group was 23 (range
16-26), compared with 30 (range 29-30, p=0.002) in the control group.

Study protocol
Participants were admitted to a specially designed research room on the evening
of day 1 to check general health, vital signs, and draw blood for laboratory tests.
Between 8:00 and 9:00 am on day 1 an intrathecal catheter was placed, and from
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Control group
Π

12

Ail

63

83

59

71

F

3:3

34

7

8

9

10

85

64

67

M

F

F

M

M

36

36

36

36

36

178

96

169

299

124

352

202

<41-290

<41-160

<41-276

<41-393

<41-140

90-519

<41-519

14,024

10,409

6,882

10,425

7,475

7,152

9,424

1,860-11,190

2,185-9,285

657-17,205

2,725-17,205

1,038-13,095

657-8,180

685-12,915

153

176

Kl Î

64

101

84

124*

135-173

127-255

118-204

47-88

74-123

69-107

47-255

46

72

6S

28

fi 7

28

52

36-68

51-87

56-79

20-38

56-83

24-34

20-87

10:00 am hourly CSF samples were collected. After 36 hours of sampling the
intrathecal catheter was removed and participants were observed for another 12
hours before they were discharged from the hospital. On day 7 participants
returned to the hospital for a check-up visit. On day 30 participants were contacted
by phone and checked for any adverse events. During the 36-hour measurement
period a research nurse was always present, assisting the participants and
continuously monitoring for adverse events. Motion and sleep were registered
every hour and meal times were standardized. Sleeping times, though, were not
standardized and before each CSF collection participants were briefly awoken to
ensure safe collection. All procedures and analyses were performed according to
the latest guidelines on Good Clinical Practice and Good Laboratory Practice.

Placement of intrathecal catheter
The indwelling intrathecal catheter, a Perifix Softtip Catheter G20/88 m m with
Perifix epidural filter 0.2 μηι (Braun Melsungcn AG, Melsungen, Germany), was
placed under local anesthesia and aseptic conditions in an operation room by an
experienced anesthesiologist 16 . A lumbar puncture was performed, using the L3-4
interspace, with a bore 18 gauge Tuohy needle. The catheter tip was advanced 10
cm into the intrathecal space. The catheter was connected to a covered bacterial
filter. A loop was made in the catheter to relieve tension, and the catheter was
taped over the participant's shoulder. The catheter was removed by the study
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physician immediately after the last sample had been taken. Subjects were
observed for 12 hours after removal to ensure proper sealing of the cannula
insertion point. There were no complications at the placement and after the
removal of the spinal catheter.

CSF analyses
Every hour 6 ml of CSF was collected in polypropylene tubes, resulting in 36
samples. In 1 AD patient the final 7 of the 36 samples are missing due to accidental
removal of the catheter, and in 1 control subject 2 nightly samples were not
collected, according to the subject's preference. All samples were immediately
transported to the adjacent laboratory and centrifuged at 2000g for 5 minutes to
eliminate cells and other insoluble material. All CSF samples contained clear fluid
and, upon visual inspection, did not contain blood. These procedures are in line
with current international guidelines". Aliquots were stored at -80 0C within 30
minutes after withdrawal until biochemical analysis18.
CSF Aß42, t-tau, and p-tau were determined using the xMAP-based Innobia
assay (Innogenetics NV, Ghent, Belgium) and CSF Aß40 was determined using
enzyme-linked immunosorbent assay (ELISA) (The Genetics Company, Schlieren,
Switzerland) according to the manufacturer's specifications. For validation of the
results, CSF Aß42, t-tau, and p-tau analyses were repeated at Merck Research
laboratories (Kenilworth, NJ, USA) using the xMAP-based Innobia assay
(Innogenetics NV), and CSF Aß42 and Aß40 were also repeated using an MSD
multiplex assay (Mesoscale Diagnostics, Gaithersburg, MD, USA) (table 2). Total
protein levels in CSF were analyzed using the Lowry method. All samples were
analyzed in duplicate (except for total protein) and, to minimize interassay
variation, all samples from a single participant were measured in the same plate
and all samples were analyzed using identical production batch numbers. The
analytical coefficients of variation (CV) for CSF analyses in this study, which were
assessed by including the same sample in different analytical runs, were 11.8% for
Aß40, 10.2% for Aß42, 9.3% for t-tau, and 8.3% for p-tau.
For validation Aß42, t-tau and p-tau were analyzed in duplo, with a luminex,
xMAP-based Innobia assay (Innogenetics NV, Ghent, Belgium) at the laboratory in
RUMCN in the Netherlands and at Merck Research Laboratories, NJ, USA. Aß40was
analyzed using ELISA (the Genetics Company, Schlieren, Switzerland) and both
Aß42 and Aß40 were also analyzed using a MSD multiplex assay (Meso Scale
Diagnostics, Maryland, USA). The first 3 hrs were excluded. The within-subject
variability for each group was calculated as the coefficient of variation, separately
for each analysis. All data are expressed as means, with range (min-max), in pg/ml.
Key: AD, Alzheimer's disease; CV, coefficient of variation; Aß, amyloid β protein;
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Table 2 CSF biomarker characteristics and coefficients of variation over 33 hrs of
AD patients and healthy older controls.
Control group

AD patients
Biomarker Analysis
Aß42

Ap40

t-tau

Luminex (RUMCN) 114

Mean

Range

CV(%)

11.1

210

83-519

14.4

242

115-812

11.8
12.3

Range

CV(%)

64-178

Luminex (Merck)

142

77-254

13.3

MSD

896

375-1247

10.7

1371

540-2456

ELISA

8798

4800-12960 10.9

9788

4380-17205 11.2

MSD

10328

4594-13427 11.4

11416

5617-17311

10.5

67-667

18.7

124

47-255

11.4

Luminex (RUNMC) 268
Luminex (Merck)

p-tau

Mean

178-1062

14.5

230

70-418

10.8

Luminex (RUNMC) 96

500

40-155

13.4

52

20-87

11.5

Luminex (Merck)

47-190

12.6

73

24-158

14.8

109

t-tau, total tau; p-tau, hyperphosphorylated tau; RUNMC, Radboud University
Nijmegen Medical Centre; MSD; Mesoscale Diagnostics.

Statistical analyses
Descriptive statistics of all biomarkers concentrations over 36 hours were
determined, both for individuals and by group. A lag phase was identified in the
first hourly measurements (see Results) and to correct for this the first 3 samples in
all subjects were excluded from further statistical analyses. CVs for all biomarkers
over 33 hours were calculated in both groups. To investigate within-subject
hour-to-hour fluctuations for shorter time periods, the CVs for biomarker
measurements were also calculated for time periods of 3 and 12 hours using a
mixed linear model with subject, time period (3- and 12-hour) and their interaction
as fixed factors. The dependent variable was the logarithm of the concentrations.
This resulted in an estimate of the pooled standard deviation of the logarithms of
the concentrations measured within 3-or 12-hour periods, and after back-transformation in an estimate of the CV. Of note, on the logarithmic scale, 95% of the
measurements differed by less than 4 standard deviations from each other.
Therefore, we can state that 95% of the concentrations that were measured within
a period of 3 or 12 hours varied less than approximately 4 times the CV. In this
sense, this CV represents an indication for the precision of the measurements.
Time trends in the biomarker levels were analyzed by means of a linear mixed
model with subject as random factor. To account for the longitudinal relationship
of samples a first-order autoregressive covariance structure was used. In order to
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remove heteroscedasticity, all biomarker values were first log transformed. The
results of the analyses were back-transformed and are presented as percentages. To
investigate the presence of circadian patterns we included a cosinar analysis in the
model (first order Fourier analysis). All analyses were performed using SPSS 16.0
(IBM, Armonk, NY, USA) and graphs were constructed using Sigmapiot 10.0 (Systat
Software Ine, San Jose, CA, USA).

3.1.4 Results
Individual and group means of CSF AP40, Aß42, t-tau, and p-tau for AD and controls
are shown in table 1. Aß40 and Aß42 concentrations were lower in AD than in
controls, although this did not reach statistical significance, while mean t-tau
(p=0.03) and p-tau (p=0.02) were significantly higher. Two healthy control subjects
had low Aß42 levels, which, in 1 of these subjects, was also accompanied by a high
t-tau and a slightly elevated p-tau.
In all subjects, in the first hours of sampling a lag phase was detected in Aß40
and Aß42, but not in t-tau and p-tau concentrations, with values far below the
36-houi· average. An example of this lag phase is depicted i n a typical curve of 1 AD
patient in figure 1A and B; CSF biomarker curves of all subjects are provided in
figure 2. We performed an in vitro experiment to determine the cause of this lag
phase. Through 2 catheters, 1 with and 1 without a bacterial filter attached, 8 CSF
samples of 6 ml were drawn. The results demonstrated that the presence of the
bacterial filter was responsible for an artificial reduction in Aß42 concentration of
nearly 100% in the initial samples (figure 3A). Therefore, to investigate whether the
bacterial filter could affect the assessment of variability, in a second experiment
we tested how this filter influenced the detection of high and low CSF biomarker
concentrations (figure 3B-D). Eight 6 ml aliquots were drawn alternately from 2
CSF pools, 1 with high and 1 with low concentrations of Aß42, t-tau, and p-tau.
Results demonstrated that the bacterial filter did not substantially attenuate the
differences between these high and low concentrations. More precisely, t-tau and
p-tau concentrations were not altered, and high Aß42 concentrations were
underestimated by 6% while low Aß42 concentrations were overestimated by 4%.
Variability between the high and low concentration Aß42 pools (± 200%) was
underestimated by 16% due to the filter.
Hour-to-hour variability of absolute CSF Aß40, Aß42, t-tau, and p-tau
concentrations over 36 hours is shown in figure 4. This graph illustrates significant
within-subject variability, but also large between-subject as well as between-group
variability. Variability can be expressed by the CV over 33 (36 minus lag phase)
hours (table 2). CVs in the AD group were 10.9% for Aß40, 11.1% for Aß42, 18.7% for
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Figure 1 Hourly fluctuations of cerebrospinal fluid (CSF) biomarkers over
36 hours in a single AD patient.
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AP40 (A). Aß4J (B|. t-tau (C). and p-tau (D). all presented in pg/ml. were analyzed from hourly CSF samples
of a single representative AD patient. The first sample was taken at 10 am. Abbreviations: Aß. amyloid
β protein; AD. Alzheimer's disease; p-tau. hyperphosphorylated tau; t-tau. total tau.

t-tau, and 13.4% for p-tau. In the control group CVs were 11.2% for Aß40, 14.4% for
Aß42, 11.4% for t-tau, and 11.5% for p-tau. This analysis, however, is confounded by
between-subject variability, as well as by the strong temporal relationship of
repeated measurements.
To account for this, we first analyzed time trends in these data by means of a
linear mixed model. In AD patients, but not in controls, a significant linear trend
in t-tau was observed with an increase of 1.1% per hour (p<0.001). The same linear
trend was observed in p-tau in AD, with an increase of 1.0% per hour (p<0.001).
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Figure 2 Hourly fluctuations of CSF biomarkers over 36 hours in all subjects.
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all subjects. The first sample was taken at 10 am. Key: Aß: amyloid β protein, t-tau: total tau. p-tau: hyperphosphorylated tau. Alzheimer patients: grey lines; controls: black line.

We then explored circadian patterns in these biomarkers using a cosinarfit,which
revealed a significant circadian fluctuation pattern in Aß40, with an amplitude of
517 pg/ml for the AD group and 358 pg/ml for the control group (p<0.001); in Aß42,
with an amplitude of 7.5 pg/ml for the AD group and 15.5 pg/ml for the control
group (p<0.005); and in p-tau, with an amplitude of 2.5 pg/ml for the AD group and
1.4 for the control group (p<0.01). No circadian pattern was seen for t-tau in either
group.
Next, we calculated the CVs for the repeated biomarker measurements within
3- and 12-hour periods throughout the 33 hours using mixed linear model analysis.
For measurements within 3 hours, these CVs were in AD 3.4% for Aß40, 3.1% for
Aß42, 4.7% for t-tau, and 5.8% for p-tau. In controls, these CVs were 4.6% for Aß40,
4.6% for Aß42, 4.2% for t-tau, and 4.5% for p-tau, which was not significantly
different from the AD group. For measurements within 12-hour periods these CVs
were in AD 5.5% for Aß40, 5.7% for Aß42,9.5% for t-tau, and 7.7% for p-tau. In controls,
these CVs were 5.4% for Aß40, 6.7% for Aß42, 5.4% for t-tau, and 5.3% for p-tau. To aid

74

Serial cerebrospinal fluid sampling, a mei hod lor measuring biomarker dynamics

F i g u r e 3 Hourly fluctuations of CSF biomarkers over 36 hours in all subjects.
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Two in vitro experiments investigating the influence of the bacterial filter on cerebrospinal fluid (CSF)
biomarkers measurements. (A) Eight 6-ml aliquots ol a CSF pool were drawn through 2 catheters, either
with (open circles) or without (closed circles) a bacterial Alter, at the indicated time intervals. A reference
sample was drawn directly from the CSF pool (dotted line). All samples were analyzed for Aß42 in duplicate
with an xMAP-based Innobia assay (Innogenetics NV, Ghent, Belgium). (B, C and D) Fight 6-ml aliquots
were drawn through a catheter with a bacterial filter, alternately from 2 CSF pools. 1 with high and 1
with low concentrations of Aß<2, t-tau, and p-tau. The high concentration of Aß42 in the CSI· pool was
created by addition of synthetic Aß42 to the pool, whereas the other CSF pool was used without additives.
Reference samples were directly drawn from both CSF pools (dotted lines). All samples were analyzed in
duplicate with an xMAP-based Innobia assay. Horizontal axes present sample numbers, uneven sample
numbers are from the high concentration CSF pool, even numbers from the low concentration pool.
Abbreviations: Aß, amyloid β protein; p-tau, hypcrphosphorylated tau; t-tau, total tau.

the interpretation of these 3- and 12-hour CV's, as discussed in the statistical
methods section, these results imply that any 2 measurements taken within a 3- or
12-hour period will not differ by more than 20%.
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Figure 4 Mean hourly fluctuations of cerebrospinal fluid (CSF) biomarkers over
33 hours in AD patients and healthy older volunteers.
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Mean concentrations of CSF biomarkers Afi^ (A), AP 1; (B), t-tau (C), and p-tau (D) were calculated per hour
for both groups. The first 3 hours were excluded, due to a lag phase. AD group results are shown in closed
circles, the healthy older volunteer group in open squares, ±95% confidence interval. Abbreviations: AD,
Alzheimer's disease; Ap, amyloid ρ protein; p-tau, hyperphosphorylatcd tau; t-tau, total tau.

3.1.5 Discussion
The method of hourly CSF sampling successfully measured variability of AD
biomarkers in both healthy older controls and AD patients, extending previously
published results of this method in young volunteers 1 '. The main findings are that,
overall, Ap variability was smaller than in these younger subjects, with low CV's
for samples taken 3 and 12 hours apart, and significant circadian patterns. For the
first time, variability in tau proteins is reported, demonstrating an as yet
unexplained linear increase (baseline drift) over 36 hours.
Within-subject CVs of samples taken 1-3 or 1-12 hours apart was between 3.1% and
9.5% for CSF Aß , Aß , t-tau, and p-tau in AD patients and healthy older control
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subjects, with no significant difference in variability between both groups. This
variability was lower than expected from previous work in younger subjects,
which reported large hour-to-hour fluctuations in CSF biomarkers, based on visual
assessment and calculation of the ratio between the maximum and minimum
values over 9,12, or 36 hours13. These ratios (2.5 for Aß, v 3.1 for Aß40, and 3.3 for Aß42)
were higher than ratios we calculated for comparison over 36 hours from our own
data; in the AD group 1.7 for Aß40, 1.7 for Aß42, 2.4 for t-tau, and 1.7 for p-tau, and in
the control group 1.7 for Aß40, 1.4 for Aß42, 1.6 for t-tau, and 1.6 for p-tau. We will
discuss 4 possible explanations for this difference in variability between the studies.
First, the difference may be partly explained by the lag phase that was observed
for Aß, but not for tau, in all subjects. We contemplated that this is an artifact due
to the bacterial filter, which was confirmed using an in vitro experiment in our
laboratory. That experiment demonstrated a lag phase in Aß4, concentration when
CSF was drawn through a catheter with filter, and the absence of such a lag phase
when the filter was left out. Aß peptides are known to stick to the walls of test
tubes made of glass or polystyrene, and therefore polypropylene test tubes are
recommended 19 . Aß peptides probably also stick to the filter material, which induces
a lag phase, until the filter is saturated and measurements become representative.
The lag phase resulted in inaccurately low Aß values in the first few samples, which
would have overestimated the 36-hour variability. Therefore these first samples
were excluded from our analysis. A similar lag phase can be identified in the study
with younger subjects11 and thus may have augmented variability, however that
study did not use the bacterial filter (Bateman, personal communication).
Second, adding to the first in vitro experiment which showed that CSF
concentrations were stable after the lag phase, our second in vitro experiment
investigated how alternate sampling of CSF samples with high and low biomarker
concentrations would be affected by the "sticky" bacterial filter. This experiment
showed that the filter had a small effect on Aß42, but not t-tau or p-tau. Likely,
saturation of the bacterial filter with Aß42 is a dynamic process during which new
Aß peptides bind to the material when CSF with a high concentration is drawn and
are released when CSF with a lower concentration is drawn. This "flattening effect"
on Aß concentrations however only resulted in modest underestimation of the in
vitro variability from 200% to 184%. Nonetheless, future studies using this design
of continuous CSF sampling should avoid using a filter, to ensure representative
variability.
Third, we used mixed modelling as a statistical method to assess CVs for the
CSF biomarkers. With this method we are able to correct for between-subject
variability, which is high for all biomarkers investigated here, but also to correct
for temporal trends that we identified in our study, which can be artificially
induced by the methodology of continuous sampling. However, also the unprocessed
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CVs and the ratios between maximum and minimum values yield lower variability
in our dataset than in the previously described study' '.
The fourth and most salient explanation for the difference in variability
between these studies is that the present work investigated older subjects and
older AD patients, suggesting that CSF biomarker variability is reduced with aging
and AD. Indeed, in the study with younger subjects a circadian pattern was
observed, based on peaks and troughs that were recognized in the averaged
36-hour recordings of CSF Aß1J. Using cosinar analysis, we were also able to detect
a statistically significant circadian pattern in CSF AP42 and Aß4(). However, the
amplitudes of these changes were much smaller, with the peak-trough difference
ranging from 3.8% to 7.7%.
Our study was not designed to account for circadian influences such as sleep;
moreover the study environment, including nightly sampling, will have affected
normal circadian physiology, therefore, further study is needed to explore the
nature and cause of circadian variability in Aß. As the mechanisms behind CSF Aß
variability remain unknown, we can only speculate why variability is reduced in
aging and AD. Fluctuations in the rate of neuronal production or clearance of Aß
may underlie short-term and circadian variability. However, thus far, studies that
have addressed Aß production and clearance rates, estimated by administering
stable isotope-labelled amino acids, found no evidence for hour-to-hour variability.
In 1 study early steady state levels of Aß were observed over a period of 15 hours 20 ,
while in another study hour-to-hour changes in production of Aß before and
during administration of a γ-secretase inhibitor showed no circadian pattern in Aß
production 21 . Aß production and clearance rates, and possible changes herein,
should be further characterized, as well as the influence of circadian rhythms on
these factors. At the same time other possible causes for hourly variability of CSF
biomarkers should be identified.
A linear increase in t-tau and p-tau concentrations over 36 hours was seen in
the AD group, but not in the control group. Such a linear trend suggested a
methodological artefact, likely to be caused by the catheter in vivo. This is the first
study in which hourly t-tau and p-tau concentrations were described. However,
previous studies have shown that these biomarkers remain stable over longer
periods of time, when CSF is sampled longitudinally via lumbar punctures" 22"23.
Therefore, we hypothesize that the increase seen here is a result of the substantial
drainage of CSF in this study; a hypothesis that is supported by a concomitant rise
in CSF total protein observed in AD but not in control subjects (figure 5). Apparently,
healthy volunteers can compensate for the withdrawal of a large volume of CSF,
while AD patients cannot. CSF production can be decreased in AD patients 24 . The
cause of this decrease may be found in pathological changes of the choroid plexus,
such as epithelial atrophy, basement membrane thickening, and amyloid
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deposition in choroidal blood vessels25 26. The steady and gradual increase of CSF
total protein, and the fact that this was only observed in AD patients, argues
against neuronal damage provoked by insertion of the intrathecal catheter. We
speculate that the reduction in CSF volume, induced by repeated sampling, may
have led to a larger than normal transfer of tau proteins from interstitial fluid
(possibly containing higher concentrations of t-tau and p-tau) to CSF, resulting in
a progressive rise in CSF t-tau and p-tau. Why Aß concentrations are not affected in
the same way as t-tau and p-tau by the reduction in CSF volume remains unclear.
Perhaps this is due to the fact that this protein is actively cleared and that its
clearance across the blood-brain barrier is still efficient. However, in a previous
study it was shown that Aß concentrations increased up to 200% of baseline over
36 hours 27 . This difference remains unexplained. Whatever may be the cause, it is
important to realize that repeated CSF sampling, especially if a large total volume
is withdrawn in a short period of time, apparently alters normal physiology and
may thus confound results. This is of relevance for the design and interpretation of
future studies that use repeated CSF sampling.
Figure 5 Mean hourly fluctuations of total protein in CSF over 33 hours in AD
patients (A) and healthy older volunteers (B).
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Gray lines represent the individual graphs. Black lines represent the mean concentrations of total
protein, calculated per hour.

Conclusion
In conclusion, short-term biological within-subject variability of CSF Aß and tau
concentrations was lower than expected, including a much less pronounced
circadian pattern compared with earlier observations in younger subjects. For a
practical implication, these results indicate that the time of day for a single
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diagnostic lumbar puncture in clinical practice does not have to be standardized.
However, our results require independent confirmation in more subjects and in
experiments with the use of catheters without bacterial filters. Furthermore,
unravelling the mechanisms behind both the rapid fluctuations in biomarkers
and their reduced variability in aging and AD, may yield important advances in
our understanding of the pathogenesis of sporadic AD. Moreover, the observed
differences in circadian rhythm of Aß may hold information about its physiology
and perhaps better understanding of the factors that influence Aß concentrations
may pave new ways toward treatment. Finally, these results demonstrate that,
after fine-tuning of the method, this technique of repeated CSF sampling with a
spinal catheter proves a very promising tool, not only for the study of Alzheimer
pathophysiology, but also for monitoring of drug treatments in intervention
studies.
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Cerebrospinal fluid α-synuclein concentrations
do not fluctuate over hours and are not correlated
to amyloid β in humans
Petra E Spies, Diane Slats, Marcel GM Olde Rikkert, Jack Tseng,
Jürgen AHR Claassen, Marcel M Verbeek
lifaT

3.2.1 Abstract
Reports on the value of cerebrospinal fluid (CSF) α-synuclein as a biomarker for
dementia with Lewy bodies and Parkinson disease are contradicting. This maybe
explained by fluctuating CSF α-synuclein concentrations over time. Such
fluctuations have been suggested for CSF amyloid β concentrations. Furthermore,
a physiological relationship between α-synuclein and amyloid β has been suggested
based on in vitro research. We performed repeated CSF sampling in healthy elderly
and AD patients and showed that sinusoidal fluctuations in CSF α-synuclein
concentrations were not present. Furthermore, we did not find evidence for an
interaction between amyloid β and α-synuclein concentrations in CSF.
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3.2.2. Introduction
Alpha-synuclein is an important component of the intraneuronal Lewy bodies
that accumulate in Parkinson's disease (PD) and dementia with Lewy bodies (DLB).
Cerebrospinal fluid (CSF) concentrations of «-synuclein have been advocated as a
biomarker for PD and DLB, although this suggestion may be challenged' '. In vitro
research has shown that o-synuclein increases cellular amyloid β (Aß) secretion
and that Aß may stimulate the aggregation of a-synuclein, suggesting a
physiological relationship between these proteins 56 . It is therefore conceivable
that the CSF concentrations of these proteins correlate. Furthermore, recent data
demonstrated sinusoidal fluctuations in CSF Aß42 and Aß40 concentrations that
may result from a circadian rhythm, 7 8 which implies that CSF a-synuclein
concentrations may follow a circadian or sinusoidal rhythm as well. Such
fluctuations in CSF α-synuclein concentrations could explain the contradicting
results regarding the value of CSF α-synuclein as a biomarker for PD and DLB.
We aimed to investigate 1) the correlation between CSF α-synuclein and Aß
concentrations in healthy elderly, Alzheimer's disease (AD) patients and DLB patients;
2) the occurrence of sinusoidal fluctuations in CSF α-synuclein concentrations.

3.2.3 Material & Methods
To test for a correlation between CSF α-synuclein and Aß42 or Aß40, we performed a
cross-sectional analysis in 164 persons (n=17 neurological controls, n=113 AD
patients and n=34 DLB patients) diagnosed in our memory clinic. CSF was obtained
by lumbar puncture.

3.2.4 Results
In this part of the study, CSF α-synuclein was measured using a sandwich ELISA
based on a previously described procedure"1. Aß42 was measured using ELISA
(Innogenetics NV, Ghent, Belgium) and Aß40 was analyzed using xMAP technology
(BioSource, Invitrogen Ltd, Paisley, UK). The biomarkers were not normally
distributed and were log transformed. Pearson's correlation coefficient was
calculated. We did not observe a correlation between α-synuclein and Aß42 in the
entire group (r=-0.089, p=0.256) or in any of the subgroups (controls: r=0.070,
p=0.789; AD: r=-0.069, p=0.468; DLB: r=-0.195, p=0.268). Aß40 concentrations were
known of 65 persons (n=6 controls, n=45 AD patients, n=14 DLB patients). Again,
we did not observe a correlation between α-synuclein and Aß40 in the entire group
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(r=0.082, p=0.515) or in the AD and DLB subgroups (AD; r=0.206, p=0.174; DLB:
r=-0.225, p=0.439). The control group was considered too small to reliably perform
a subgroup analysis.
To investigate fluctuations in CSF u-synuclein concentrations, we analysed CSF
samples of 6 healthy controls (59-85 years old) and 6 AD patients (64-77 years old)
who underwent repeated CSF sampling from an indwelling intrathecal catheter
with 1 hour intervals 8 . The study was approved by the institutional review board
and informed consent was obtained from all participants. 26-33 samples were
available per participant. In this study, CSF α-synuclein concentrations were
measured by aforementioned ELISA"'. CSF Aß)0 was analyzed by ELISA (the Genetics
Company, Schlieren, Switzerland) and CSF Aß42 was measured using xMAP-based
technology (Innogenetics NV, Ghent, Belgium). As previously reported", the mean
coefficients of variation for Aß42 and Aß40 were 11.1% and 10.9% for AD patients and
14.4% and 11.2% for healthy controls. Sinusoidal fluctuations in Aß42 and Aß40
concentrations were observed, although much less pronounced compared to
observations in younger subjects7. The continuous rise in Aß levels that has been
reported in some studies ,0 was not identified in this study". In the present study,
the mean coefficient of variation for u-synuclein was 21.5% for AD patients and
23.6% for healthy controls, while the intra-assay coefficient of variation was
3.5-14.9%, depending on the u-synuclein concentration''. Time trends in u-synuclein
concentrations were analysed with linear mixed model analysis with subject as
random factor. To account for the longitudinal relationship of samples a first-order
autoregressive covariance structure was used. No linear trend in u-synuclein
concentrations over 33 hours was observed. To investigate the presence of a
sinusoidal pattern we included a cosinar analysis in the model. This analysis did
not identify sinusoidal variation in CSF u-synuclein concentrations (figure 1).
These results did not change when AD patients and healthy controls were analysed
separately.
To detect a potential temporal delay in the interaction between CSF u-synuclein
and Aß, which cannot be assessed by cross-sectional measurements, we also
investigated the correlation between u-synuclein and Aß in the repeated CSF
samples of these persons (figure 2). We examined Pearson's correlation coefficients
per individual between u-synuclein and Aß4, at different time lags, by correlating
the u-synuclein concentration of each time point to the Aß42 concentration 0 to 6
hours from that time point. This time period was arbitrarily chosen as a period in
which an effect should be detectable. We also performed these analyses for
u-synuclein and Aß40, for Aß42 and u-synuclein and for Aß40 and u-synuclein. A
significance level of 0.01 was used in order to maintain sensitivity despite multiple
comparisons. Twenty-five out of 336 tested correlations were significant at this
level, 23 in four AD patients and 2 in one healthy control. Coefficients ranged
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Figure 1 Mean concentrations of CSF o-synuclein over 33 hours in AD patients
(n=6) and healthy elderly controls (n=6).
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Figure 2 Mean concentrations of CSF α-synuclein, Aß42 and Aß4() over 33 hours in
12 persons (n=6 AD patients and n=6 healthy elderly controls).
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between -0.66 and -0.46 except for 3 in one AD patient that ranged between 0.54
and 0.66. These correlations were found between all combinations of proteins and
at all time lags and no consistent pattern in any combination of two proteins or at
any time lag could be identified. Therefore, these findings were interpreted to
result from chance.

3.2.5 Conclusion
In summary, this study demonstrated that CSF u-synuclein concentrations do not
show sinusoidal fluctuations over a 33-hours period. Therefore, sinusoidal
fluctuations in the CSF α-synuclein concentrations are unlikely to be the
explanation for the conflicting reports regarding the value of CSF α-synuclein as
biomarker for PD or DLB14. Other causes that may explain the discrepancies
between these reports may comprise differences in assays and patient characteris
tics. Furthermore, this study revealed that the interaction between Aß and
α-synuclein as observed in vitro is not reflected in a correlation in their CSF
concentrations. However, our observations are limited to soluble α-synuclein and
Aß^ and Aß40 as measured in CSF and leave open the possibility that intraneuronal
or aggregated forms of these proteins interact.

90

Serial cerebrospinal fluid sampling, a method for measuring biomarker d\ namics

References
1.

Aerts MB, Esselink RA, Abdo Wl, Bloem BR. Verbeek MM. CSF alpha-synuclein does not differentiate
between parkinsonian disorders. NeurohiolAging, 2011.

2.

HongZ. Shi M. Chung KA.QuinnJF. Peskind ER, Galasko D, et al.DJ-1 and alpha-synuclein i n h u m a n
cerebrospinal fluid as biomarkers of Parkinson's disease. Brain. 2010:133:713-26.

3.

Mollenhauer Β, Locaselo JJ. SciitiIz-SchaefferW, Sixel-Doring F. Tren kwalder C, Schlossmacher MG.
alpha-Synuclein and tau concentrations in cerebrospinal fluid of patients presenting with
parkinsonism: a cohort study. Lancet Neurol. 2011;10:230-40.

4.

Spies PE, Melis RJ, Sjogren MJ, Rikkert MG, Verbeek MM. Cerebrospinal lluid alpha-synuclein does
not discriminate between dementia disorders.J AlzliennersDis, 2009:16:363-9.

5.

Kazmierczak A. Strosznajder JB. Adamczyk A. alpha-Synuclein enhances secretion and toxicity of
amyloid beta peptides in PC12 cells. Neurochcm Int. 2008:53:263-9.

6.

Mandai PK. Pettegrew JW. Masliah F, Hamilton RL. Mandai R. Interaction between Abeta peptide
and alpha synuclein: molecular mechanisms in overlapping pathology of Alzheimer's and
Parkinson's in dementia with Lewy body disease. Neurocliem Res, 2006:31:1153-62.

7.

Bateman RJ. Wen G. Morris JC. Holtzman DM. Fluctuations of CSF amyloid-beta levels: implications

8.

Slats D. Ciaassen JA, Spies PE. Bonn G. Besse KT, Aalst WV, et al. Hourly variability of cerebrospinal

9.

Geel van WJ. Abdo Wf. Melis R.Williams S. Bloem BR. Verbeek MM. A more efficient enzyme-linked

for a diagnostic and therapeutic biomarker. Neurology, 2007;68:666-69.
fluid biomarkers in Alzheimer's disease subjects and healthy older volunteers. Neurobiol Aging. 2011.
immunosorbent assay for measurement of alpha-synuclein in cerebrospinal lluid.J Neurosci Methods,
2008:168:182-85.
10.

Waring J, Slats D. Gonzales C, Dean R, Lee D, Siemers E, et al. An assessment of variability in CSF
biomarkers in clinical experimental models: a meta-analysis. Alzheimer's Dement, 2011;7:S100.

91

4
Sleep disorders in Alzheimer's disease,
consequence or a causal factor?

Reciprocal interactions between sleep,
circadian rhythms and Alzheimer's disease:
focus on the role of hypocretin and melatonin
•

Diane Slats, Jürgen AHR Claassen, Marcel M Verbeek, Sebastiaan Overeem
Ageing Research Reviews, in press

4.1.1 Abstract
AD, sleep and circadian rhythm physiology display an intricate relationship. On
the one hand, AD pathology leads to sleep and circadian disturbances, with a clear
negative influence on quality of life. On the other hand, there is increasing
evidence that both sleep and circadian regulating systems exert an influence on
AD pathology. In this review we describe the impairments of both sleep regulating
systems and circadian rhythms in AD and their link to clinical symptoms, as this
may increase knowledge on appropriate diagnosis and adequate treatment of sleep
problems in AD. Furthermore we discuss how sleep regulating systems, and
especially neurotransmitters such as melatonin and hypocretin, may affect AD
pathophysiology, as this may provide a role for lack of sleep and circadian rhythm
deterioration in the onset of AD.
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4.1.2 Introduction
Alzheimer's disease (AD) is a neurodegenerative disorder expected to evolve into a
disastrous worldwide epidemic within the next 40 years, unless treatment options
delaying or curing the disease are found'. Epidemiological studies have discovered
many potential risk factors for AD, including modifiable life style factors, and still
2
more risk factors are being discovered . There is growing evidence that one of
these factors is sleep.
Clinical AD is often complicated by both circadian rhythm disruptions and
sleep disturbances, which have a major impact on the quality of life of patients
34
and their caregivers . Interestingly, circadian and sleep disorders may in turn
have a causal role in the pathophysiology of AD. Remarkable new data points to a
link between hypocretin, a sleep-related neurotransmitter, and the amyloid β
protein (Aß), the protein accumulating in senile plaques in ADS. A similar relation
has been demonstrated for the circadian rhythm regulating hormone melatonin,
and AD pathophysiology 6 .
In this review we describe the current knowledge on the -possibly reciprocalinteractions between sleep and circadian disturbances and AD. After a description
of the physiology of sleep and circadian regulatory systems, we discuss the
impairments of these systems in clinical AD and provide a clinical overview on
diagnosis and treatment of homeostatic sleep disorders in AD. Finally, we discuss
the possible link between sleep and circadian rhythms and the onset of AD.

4.1.3 Sleep physiology
Sleep regulating systems
Sleep is a complex physiological state characterized by reduced or absent
consciousness, relatively suspended sensory activity, and inactivity of nearly all
voluntary muscles. The purpose and mechanisms of sleep are only partially clear
and are subject of intense research 7 .
Sleep and wakefulness are regulated by an intricate network of several separate
brain mechanisms. The main 'building blocks' are 2 pathways, generating sleep
and wakefulness respectively (figure 1). The brain circuitry that produces
wakefulness, including the ascending arousal system (AAS), consists of several
monoaminergic cell groups in the brainstem, hypothalamus and basal forebrain.
The brain mechanisms active during sleep is primarily activated by the
ventrolateral preoptic nucleus (VLPO) of the hypothalamus 8 . Interestingly, the
sleep and arousal pathways have reciprocal inhibitory connections 910 . This
network results in a bistable switching system, which is called a 'flip-flop', resulting
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in rapid changes between states of consciousness, and avoiding intermediate states
(figure 2)11"'2. The hypothalamic hypocretin neuropeptides, also known as orexins,
form an important regulating system acting on the sleep-wake flip-flop121-1.
In AD several of these sleep related mechanisms are known to become impaired,
as we will discuss in chapter 3. Recently, exciting new data suggest a relation
between hypocretin neurotransmission and AD pathophysiology. Therefore we
will further elaborate on this neurotransmitter below.
Figure 1 Schematic representations of the anatomical brain structures and
their projections involved in sleep and waking.

A. Arousal pathway

B. Sleep pathway

Originally published and reprinted with permission from Saper et al'4.
A) Arousal pathway. The cholinergic pathway originates from cholinergic (ACh)cell groups in the upper
pons, the pedunculopontine (PPT) and laterodorsal tegmental nuclei (LDT). A second pathway activates
the cerebral cortex and arises from neurons in the monoaminergic cell groups, including the tuberomammillary nucleus (TMN) containing histamine (His), the AIO cell group containing dopamine (DA),
the dorsal and median raphe nuclei containing serotonin (5-HT). and the locus coeruleus (l.C) containing
noradrenaline (NA). This pathway also receives contributions from peptidergic neurons in the lateral
hypothalamus (I.HA) containing hypocretin/orexin (ORX) or melanin-concentrating hormone (MCH).
and from basal forebrain (BF) neurons that contain-aminobutyric acid (GABA)or ACh.
B) Sleep pathway. The ventrolateral preoptic nucleus (Vl.PO) inhibits the mono-aminergic cell groups
such as the tuberomammillary nucleus (TMN), the AIO cell group, the raphe cell groups and the locus
coeruleus (l.C). It also innervates neurons in the lateral hypothalamus (LHA), including the perifornical
(Pel·) orexin (ORX) neurons, and interneurons in the cholinergic (ACh) cell groups, the pedunculopontine
(PPT) and laterodorsal tegmental nuclei (LDT).
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The role of hypocretin
The neurotransmitters hypocretin-l and -2 are exclusively produced by a cluster of
neurons in the posterior lateral hypothalamus 1516 . These neurons project diffusely
throughout the central nervous system with particularly dense innervations in
regions related to wakefulness, such as the AAS1217 ".The actions of hypocretin on
postsynaptic neurons are mediated by two G protein-coupled receptors, Hcrt
receptors 1 and 220. Hypocretin neurons receive input from multiple specific brains
regions, including several nuclei in the hypothalamus; the posterior and
dorsomedial hypothalamus, the medial preoptic nucleus, and the VLPO2122. During
wakefulness, they project to cell groups of the arousal systems, the AAS12, while
during sleep they are inhibited by the VLPO, on which they have no influence23.
The hypocretin system acts as a stabilizing factor on the sleep-wake flip-flop,
keeping it in the wake state (figure 2)14.
Figure 2 The hypocretin regulated 'flip-flop' switch that stabilizes the
transition between sleep and wake stages.

Originally published and reprinted with permission from Fronczek et al". The 2 circuits generating
sleep and wakefulness, the VLPO and the AAS (TMN, DR and LC), respectively, have reciprocal inhibitory
connections which form a bistable switching system, a 'flip-flop', allowing rapid transitions. Hypocretin
neurons stabilize this switch. During wakefulness, hypocretin neurons project to cell groups of the
arousal systems, while during sleep they are inhibited by the VLPO. on which they have no influence.
Abbreviations: VLPO, ventrolateral preoptic area: TMN, tuberomammillary nucleus; DR. dorsal raphe;
LC, locus coeruleus; HCRT. hypocretin.
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Besides sleep regulation, the hypocretins play a role in a wide variety of physiological
functions, such as the control of the cardiovascular system, neuroendocrine
regulation, locomotor activity, energy homeostasis, pain and stress19 25. The
importance of hypocretin in sleep/wake regulation is demonstrated by the
discovery that the sleep disorder narcolepsy is caused by hypocretin deficiency in
both humans and animals 2627 . CSF hypocretin-1 is undetectable in up to 95% of
narcolepsy-cataplexy patients 28 and in post-mortem brains of narcolepsy-cataplexy
patients drastic reductions of hypocretin mRNA and immunoreactivity was
shown26'27.
Several other studies further implicate the role of hypocretin regulation in
sleep. Intracerebroventricular injections of hypocretin increase time spent awake
and decrease time spent in slow-wave and REM sleep29. Repeated stimulation of
hypocretin neurons increases the number of wakefulness transitions 10 , and
hypocretin induces wakefulness from sleep15. Thus -fitting with the neuronal
projections- hypocretins have a direct role in arousal, but also exert a delicate
stabilizing influence on sleep/wake switching.

Circadian rhythm regulating systems
The circadian regulation of sleep and wakefulness mechanisms is organized by a
pacemaker located in the suprachiasmatic nucleus (SCN) which serves as a master
clockJ1 J2. The SCN is most active during the day and resets on a daily basis by light
input from the retina and during the dark cycle by melatonin secretion from the
pineal gland 13 ^ The SCN projects mainly via an indirect route on the VLPO and
hypocretin neurons, through which the SCN influences the wake-sleep-regulatory
system 1 " 6 (figure 2). It inhibits the VLPO and activates hypocretin, promoting
wakefulness. One of the major regulators through which the SCN influences the
circadian rhythm, is the hormone melatonin. An important body of data supports
a role for melatonin in AD pathophysiology, which is described later in this review.
The role of melatonin
Melatonin, N-acetyl-5-methoxytryptamine, is one of the most important timing
signals generated by the SCN. It is synthesized from serotonin, which is converted
into N-acetylserotonin and then into melatonin by the enzyme hydroxyl-indole-Omethyltransferase. This synthesis occurs mainly in the pineal gland during the dark
phase of the circadian cycle. Once formed, it is released both into capillaries1728 and
via the third ventricle into the CSF39"40. The SCN connects to the pineal gland via an
indirect inhibitory pathway. During the light phase, when the SCN is active,
melatonin production is inhibited. During the dark phase, SCN activity is inhibited
allowing the pineal gland to produce melatonin'". As melatonin is influenced by the
light and dark cycle, its production follows a circadian rhythm, with the onset of
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night time melatonin secretion 2 hours before an individual's habitual bedtime 42 .
On a cellular level this circadian rhythmicity of the SCN and the pineal gland is
regulated by a the complex interaction between various transcription factors,
commonly described as CLOCK genes, which represent an internal timekeeping
system41.
Melatonin has a wide variety of physiological functions among which regulation
of body temperature, sexual maturation, mood, immune function, antioxidant
mechanisms, and cardiovascular functions 44 . However, it is mostly known for its
relation to circadian rhythms and sleep. The exact sleep promoting effects of
melatonin are unknown, but several interactions have been discovered, due to
their relation to the two subtypes of human melatonin binding receptors (MT1
and MT2). MT1 is particularly expressed in the SCN and involved in the inhibition
of a circadian wakefulness-generating mechanism in the SCN thereby promoting
sleep45. Next to this direct effect on sleep, melatonin also advances the endogenous
circadian rhythm in humans, by acting on the MT2 receptors in the SCN. Oral
administration induces sleepiness and on EEG it increases theta and delta waves,
and spindle bursts 46 . However, the circadian shifting effect of melatonin is
dependent on the phase of the circadian cycle. Melatonin administered during the
evening and early night phase-advances the circadian clock, while melatonin
administered in the second half of the night or at early day time delays the
circadian rhythm 474 ". These studies indicate that melatonin exerts a complex
influence on sleep, on the one hand through its effect on the circadian regulation
of sleep and wakefulness, and on the other hand by a direct, sleep promoting
effect49.

4.1.4 Impaired sleep physiology in AD
Impaired sleep regulating systems
Several anatomical elements of the AAS are affected in AD, including the nucleus
basalis of Meynert in the basal forebrain, the thalamus, and several nuclei in the
brainstem; the locus coeruleus, the upper raphe nuclei, and the tegmentopontine
reticular nuclei 50 . The thalamus itself, which is thought to be involved in arousal,
is severely affected in AD as well; neurofibrillary changes occur in the anteroventral
nucleus of the thalamus and, to a lesser extent, in the adjoining reticular nucleus 5 '.
The impairments in the locus coeruleus, the tegmentopontine reticular nuclei,
and regions of superior and dorsal brainstem may lead to failing motor inhibition
during REM, causing RBD50 52. The locus coeruleus even loses about 70% of its
neurons in AD". These studies demonstrate impairments in the AAS in clinical
dementia stages of AD.
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Hypocretin impairments
A recent study on post-mortem hypothalami of AD patients and controls
demonstrated a significant decrease in the number of hypocretin-1 immunoreactive
neurons 54 (figure 3). Also, lower hypocretin-1 concentrations were found in
post-mortem ventricular CSF of AD patients. These findings have not been
replicated in lumbar CSF from living AD patients, where hypocretin-1 levels were
in the normal range in several studies 55 59. A comparable discrepancy in 'central
hypocretin levels' and measurements in lumbar CSF has been described in
Parkinson's disease60. Hypocretin is distributed in a circadian fashion61. In patients
with depression the amplitude of this circadian rhythm decreases, while in
Parkinson's disease this rhythm is completely absent 6263 . Our group assessed
diurnal hypocretin levels of AD patients using an indwelling spinal catheter (Slats
et al, in press). A hypocretin-1 circadian rhythm with an amplitude of 11,5 pg/ml
was found in clinical AD patients, which did not differ from the control group.
However, lower mean CSF Aß42 levels were related to lower hypocretin-1 levels and
a higher amplitude of the hypocretin circadian rhythm, suggesting a relationship
between AD pathology and hypocretin disturbance. Another study describes that
hypocretin-1 levels in CSF of 15 AD patients are significantly correlated with wake
fragmentation 57 . Thus, so far studies have found that hypocretin neurons decrease
in number, but total CSF hypocretin levels and diurnal rhythm do not. Hypocretin
disturbances in early AD have not been investigated yet.

Impaired circadian rhythm regulators
Impairments of circadian rhythm regulation, SCN function and melatonin
regulation in the pineal gland, have been extensively documented in AD.
SCN impairments
Extensive SCN pathology and impairment is seen in AD, deteriorating with
progression of the disease. Atrophy of the SCN with decrease in volume and total
cell count was demonstrated in post-mortem samples of patients with dementia
(n=4) versus healthy young and elderly controls 64 . The number and density of
vasopressin and neurotensin neurons, two important neuron types in the SCN, is
dramatically decreased in AD65 67, indicating a decreased SCN activity68. Vasopressin
levels are 3 times lower in AD than in age matched controls and its diurnal rhythm
disappears 66 . Vasopressin mRNA and gene expression levels are already decreased
in a preclinical stage of AD, although the total cell number of vasopressin-expressing cells is not66 69. In animal models similar changes are seen. A triple transgenic
mice model (3xTg line), generated to express three major gene mutations (APP,
PS-1, and tau) known to cause human AD, exhibited significant decreases in
vasoactive intestinal polypeptide and vasopressin containing cells within the SCN,
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Figure 3 The total number of hypocretin-1 immunoreactive neurons in
postmortem hypothalami of AD patients (N=10) and matched controls
(N-10).
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Originally published and reprinted with permission from Fronczek et aP 4 . The box plot shows the
median. 25th-75th percentiles, and the range of total number hypocretin-1 immunoreactive neurons in
controls and AD patients. Alzheimer's disease (AD) patients had a significant lower number of
hypocretin-1 immunoreactive neurons in their hypothalamus (median=12.935 (9972-19.050)) compared
with controls (median=21.002 (16.439-25.765); p=0.049).

prior to the onset of tau pathology, but after the onset of Aß neuropathology™. The
number of MTl-expressing neurons in the SCN decreases with aging and in late
stage AD, but not yet in early AD69. AD related neuropathological changes have also
been found in the SCN; pretangles 7173 , tangles 67 , and diffuse amyloid plaques 68 72.
Melatonin impairments
The pineal gland itself is not affected by AD pathology74. However, the expression
of CLOCK genes, under control of the pineal gland, does become impaired. In
clinical and preclinical AD the diurnal expression of these CLOCK genes and their
mutual correlations are lost69. This may be due to a decreased output of the SCN: in
rats, disruption of the functional connection between the SCN and the pineal
gland led to a complete disappearance of the day-night expression patterns of
these CLOCK genes69. These changes in the denervated rat pineal gland mirror the
changes in the CLOCK genes in AD, suggesting that the synchronization of the
pineal gland via output from the SCN is lost in both clinical and preclinical AD.
Noradrenergic regulation of the pineal gland by the SCN may also be disrupted,
because the rhythmic expression of the noradrenergic receptors in the pinealocy tes
is lost75. Another study found that in the earliest preclinical AD stages the
melatonin precursor serotonin is already depleted76.
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Total melatonin levels decrease during aging but patients with AD show more
profound reductions 7780 . Levels of lumbar CSF melatonin in AD are significantly
lower than in age matched controls 818 ', which is also seen in postmortem CSF
melatonin levels84. Lowest levels of the hormone occur in patients who are
homozygous for the APOE- 4/4 allele, the largest known genetic risk factor for
late-onset AD85. Although CSF melatonin levels are negatively correlated with
disease state 86 , total and nocturnal levels are already decreased in preclinical
stages75 87. The same is seen in the pineal gland 86 .
Strikingly, the circadian rhythm of melatonin disappears with progression of
the disease 75 78 85. With the disturbance of the circadian rhythm in AD patients
melatonin levels are not only reduced but its secretion also becomes highly
irregular 79 88. Altogether this means that the pineal gland becomes affected,
probably through an impaired SCN control, with melatonin levels becoming
decreased early in the disease, while its diurnal rhythm disappears at a later stage.

4.1.5 A causal role for sleep mechanisms in AD
pathophysiology?
So far, we have described pathophysiological evidence of impairments in sleep
regulating systems, caused by AD pathology. Interestingly, there are also indications
for a reciprocal relationship: several studies have shown an influence of sleep
and circadian related mechanisms on Aß dynamics, impairments and even AD
pathology.

Hypocretin and AD pathophysiology
A recent study provided evidence of effects of hypocretin signalling on Aß
metabolism in human and animal studies 5 . First of all, this study demonstrated a
circadian rhythm in human CSF Aß levels with mean peak levels between 7 pm
and 9 pm that were 28% higher than the mean trough levels, which occurred
between 9 am and 11 am. A similar rhythm was found in mice, with increased Aß
levels in brain interstitial fluid (ISF) while awake, compared to the sleep, both in
wild type C57BL6 mice and human APP transgenic mice, Tg25765. Hypocretin
release from hypothalamic hypocretin neurons showed a diurnal fluctuation
similar to that of ISF Aß in rats 22 .
Furthermore, when sleep deprivation was applied during the light period in
Tg2576 mice, ISF Aß levels were significantly higher compared to a light period
with unrestricted sleep5. Following sleep deprivation mice spent more time sleeping
and showed an immediate reduction in ISF Aß levels. This would imply that the
state of wakefulness, and not the time of day is associated with increased ISF Aß.
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Moreover, when a dual hypocretin receptor antagonist, Almorexant, was infused
in the ventricles, ISF Aß levels were suppressed and the natural diurnal variation
of Aß was abolished. Likewise, upon infusion of hypocretin, ISF Aß levels were
significantly increased. Finally, an effect on plaque formation was demonstrated
(figure 4). When chronic sleep restriction was implemented in APP transgenic
mice, significantly greater Aß plaque deposition in multiple sub-regions of the
Figure 4 Aß plaque deposition in brains of APP transgenic mice with and
without sleep deprivation.

Entorhinal cortex

Hippocampus

Entorhinal
cortex

Originally published and reprinted with permission from Rang et aP. Kang investigated whether chronic
sleep deprivation could ultimately affect Ap plaque deposition in the brain. APP transgenic mice of the
AFPswe/FSldE9 genothype were subjected to chronic sleep restriction for 20 hours daily for 21 days. (A)
Mice that underwent chronic sleep restriction showed significantly greater Aß plaque deposition in
multiple subrcgions of the cortex compared to age-matched control mice (••p<0.0008, •P<0.008, N=9-ll
per group, using Bonferroni-adjusted P<0.0083 for multiple t-tests. For hippocampus, P<0.009).
Representative photomicrographs of Aß plaques are shown in (B) control and (C) sleep restricted olfactory
bulb (D) control and (E) sleep restricted piriform cortex, (F) control and (G) sleep restricted entorhinal
cortex. Scale bar is 200 μιη. Abbreviations: OB, olfactory bulb; Cing, cingulate cortex; Piri, piriform
cortex; Ent, entorhinal cortex; Ctx, cortex (immediately dorsal to dorsal hippocampus); HC, hippocampus.
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cortex was seen. Even more remarkable, systemic treatment with Almorexant
once daily for 8 weeks decreased the Aß plaque formation in aged, sleep-deprived,
APP transgenic mice5. Altogether, this implies that the diurnal rhythm seen in Aß
is caused by sleep/wake regulation and that sleep deprivation increases Aß levels
and promotes subsequent deposition in transgenic mice.

Melatonin and AD pathophysiology
Effects of melatonin on Aß physiology
Several anti-amyloidogenic effects of melatonin have been demonstrated in vitro
and in animal studies. Melatonin reduces the secretion of soluble derivatives of
beta APP, cleaved by ß-secretase, by interfering with APP maturation. In cell lines
of different origins, levels of sAPP were analyzed by Western immunoblot of
conditioned media. Treatment of these cell lines with melatonin inhibited sAPP
secretion in conditioned media, and this inhibitory effect reversed after melatonin
was removed 89 90. In wild-type mice treated with melatonin a small reduction of
APP levels in cerebral cortical extracts was seen as well1".
In addition, melatonin inhibits the formation of ß-sheets and amyloid fibrils in
vitro. Interactions between melatonin and both Aß40 and Aß42 were demonstrated
by electron microscopy and nuclear magnetic resonance spectroscopy. In this way,
inhibition of the progressive formation of Aß beta-sheets and amyloid fibrils by
melatonin was demonstrated 92 . Moreover, addition of melatonin to Aß in the
presence of APOE resulted in a even more potent inhibition of amyloid fibril
formation 93 . It is thought that by maintaining Aß in a more protease sensitive, i.e.
non-amyloidogenic conformation, melatonin may facilitate removal of Aß from
the brain.
Finally, melatonin supplementation in mouse models can lead to reduced
cerebral Aß concentrations. In a study with wild-type mice melatonin treatment
led to a significant reduction in levels of cortical Aß40 and Aß4291. Moreover,
melatonin administration in Tg2576 mice (a transgenic mouse model of AD
amyloidosis) at 4 months of age partially inhibited the expected age-dependent
increase in Aß concentration and resulted in increased survival 94 . However, this
effect did not last throughout the lifespan of the mice, since amyloid deposition at
the age of 15.5 months was not alleviated. The same was seen in old, plaque bearing
Tg2576 mice that received chronic melatonin treatment, starting treatment at 14
months. Melatonin treatment failed to exert any effect on Aß or plaque formation
after 4 months of treatment 95 . Another study confirmed that early administration
of melatonin could be beneficial: APP + PS1 double transgenic mice treated with
melatonin were protected from cognitive impairment and Aß deposition was
significantly reduced (figure 5). However, soluble and oligomeric forms of Aß40 and
Aß42 in the hippocampus and cortex remained unchanged 96 .
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Next to these anti-amyloidgenic effects in the early phases of deposition, melatonin
also efficiently attenuates tau hyper-phosphorylation, both in vitro and in vivo.
Preincubation of neuroblastoma cells with melatonin attenuated tau hyperphosphorylation due to administration of wortmannin 9 7 . Calyculin A incubation
is also known to cause tau hyper-phosphorylation in neuroblastoma cells.
Figure 5 Immunoreactive Aß deposition in brains of AD transgenic mice with
and without long-term melatonin administration.

^iPWiormC«**

OB

Clng

Pin Em c u
Brain Regton

e

Β

HC

.

·

• *
«

*·

·

•
-

•
•

Originally published and reprinted with permission from Olcese et al'J6. To determine the potential for
long-term melatonin to protect AD transgenic mice against development of Α(5 neuropathology,
melatonin was administered in the drinking water of APP and PS1 double transgenic (Tg) mice from 2-2,5
months of age to their killing at age 7,5 months. Immunoreactive Aß deposition was reduced in both
hippocampus and entorhinal cortex. A. Photomicrographies show the clear reductions of Aß
immunostained plaques in both brain regions for animals given melatonin compared to Tg controls. B.
Quantification of Aß burden (percent of total area immunostained for Aß deposition) for Tg control and
Tg/Mel mice. All group data (N=9-10) are presented as mean ± S.E.M. •P<0.00001 versus Tg group.

107

Co-incubation with both calyculin A and melatonin attenuated tau hyperphosphorylation as well'58. In a rat study haloperidol injection into the lateral
ventricle and peritoneal cavity compromised spatial memory retention and
induced tau hyper-phosphorylation. Melatonin supplementation prior to and
during the haloperidol administration significantly improved memory retention
deficits and arrested tau hyper-phosphorylation'".
Thus, all these findings indicate that melatonin fundamentally has the ability
to regulate APP metabolism, reduce Aß levels and prevent Aß aggregation, and
influence tau hyper-phosphorylation, but fails to exert anti-amyloid or antioxidant
effects when provided after the onset of Aß deposition.
Protective effect of melatonin on AD-assodoted damage
Next to its effect on amyloid and tau pathology, melatonin has also demonstrated
a protective role against AD pathology related damage. Many studies have
investigated the general neuroprotective and antioxidant roles of melatonin 100102 .
Importantly, melatonin has an effect on Aß mediated oxidative injury, both in vitro
and in vivo103105. PC 12 cells, pheochromocytoma cells of a rat adrenal medulla that
function as a model for neuronal differentiation, exhibited marked oxidative
damage to mitochondrial DNA when they were exposed to Aß, but the simultaneous
addition of melatonin consistently prevented this Aß induced oxidative damage106.
Also, in 4 months old transgenic mice mimicking accumulation of senile plaques,
administration of melatonin led to a reduction of apoptosis related factors; Bax,
caspase-3 and Par-4, indicating inhibition of neuronal apoptosis107. Furthermore,
several in vitro studies demonstrated attenuated Aß-induced apoptosis due to
melatonin. Melatonin was remarkably effective in preventing death of cultured
neuroblastoma cells as well as oxidative damage and intracellular Ca2+ increases
induced by a cytotoxic fragment of Aß108. Melatonin also prevented apoptotic
morphological changes, inhibited apoptotic DNA degradation, and abolished Aß25
109110
. Mouse
35 -induced apoptosis of rat hippocampal cells and of PC12 cells
microglial cells treated with Aß exhibited several characteristic features of
apoptosis as well, while cells pre-treated with melatonin prior to exposure to Aß
showed a decrease in the occurrence of such apoptotic features 1 ".

Melatonin and hypocretin interactions
There is a relatively large body of evidence showing a relation between melatonin
and AD pathophysiology, and a recent indication for a role of hypocretin signalling.
In this context, possible interactions between melatonin and hypocretin would be
of interest, but data on this are still scarce. In rats and pigs, hypocretin neurons
innervate the pineal gland, suggesting a direct effect of hypocretin on melatonin
synthesis112113. A seasonal effect of hypocretin on the pineal gland was seen in
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ewes, activating melatonin on the long days while inhibiting its synthesis during
short days114. Hypocretin -/- mutant zebra fish exhibit reduced mRNA expression of
arylalkylamine-N-acetyltransferase, a key enzyme in the melatonin production
pathway, suggesting that melatonin secretion may be stimulated by hypocretin
signalling 115 " 6 . The same research group thereafter demonstrated a circadian
rhythm in synaptic plasticity of hypocretin neurons on the pineal gland117.

4.1.6 Sleep disorders in Alzheimer's disease
Alzheimer's disease
Clinically, AD is primarily manifested by progressive memory loss, initially
particularly memory for recent rather than remote episodes, and a gradual decline
in global cognitive function interfering with the functions of daily living.
Eventually the disease leads to death of the individual 3-9 years after diagnosis11".
Neuropathologically, AD is characterized by a dramatic loss of neurons and
synapses, especially in the hippocampus and cortex, with secondary enlargement
of the ventricles. Microscopically, the two identifying features of AD are plaques
and neurofibrillary tangles. Plaques are microscopic foci of extracellular Aß
deposition11!). Aß is a peptide with several isoforms, enzymatically cleaved from
the amyloid precursor protein (APP) by two proteases; ß-secretase and γ-secretase.
The isoform Aß4,, in particular, is the major component of plaques. Neurofibrillary
tangles are intra-neuronal accumulations composed of paired helical filaments of
hyper-phosphorylated tau protein. The intracellular deposition may cause
disruption of normal cytoskeletal architecture, with subsequent neuronal cell
death 120121 . Although it remains unknown what triggers the neuropathology in
the majority of patients, this review follows the widely held assumption that Aß42
constitutes the core pathology of AD, as it is proposed in the "amyloid cascade
hypothesis". This hypothesis states that an imbalance in Aß production and
clearance leads to an increase in Aß load (especially Aß42) and subsequent
deposition, which in turn initiates tau pathology and neuronal degeneration
which ultimately causes dementia.

Sleep and circadian rhythm disturbances in AD
Symptoms of impaired sleep and progressive disruption of circadian rhythms can
be seen in normal aging, these are strikingly more prevalent and exaggerated in
AD. Cross-sectional studies have revealed the prevalence of sleep problems in AD
to be as high as 40%U2. These symptoms, which increase with worsening of AD and
contribute to cognitive deterioration and functional disabilities of AD patients,
negatively affect the quality of life in AD patients and caregivers to a considerable
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extent 1 ·" '•". Furthermore, these symptoms are often the primary cause for institutionalization 3 4 and even associated with decreased survival125.
In the clinical approach towards an AD patient with a disturbance of the sleep
pattern, it is important to distinguish two different possible underlying
mechanisms; impairments of the sleep regulating systems causing disturbed
sleep, and impairments in the circadian rhythm of sleep. In clinical practice the
latter may also be described by patient and care giver as problems with sleeping,
but the underlying mechanisms are different.
Primary sleep disturbances
AD patients can experience a variety of primary sleep disturbances, not only night
time disorders such as insomnia, but excessive daytime sleepiness as well.
Insomnia can be defined as difficulties initiating and/or maintaining sleep,
associated with impairments in daytime functioning. In AD, sleep latency (the
time between going to bed and falling asleep) increases, while total sleep time
decreases126127. Patients also experience fragmented sleep with frequent
awakenings and longer wake periods during the night 128 . Early morning
awakenings are also more frequent, as reported by caregivers129.
AD patients often suffer from excessive daytime sleepiness, with increased
napping but also unintentional sleep episodes123131). The more the disease progresses,
the more fragmented sleep becomes, and the more naps are taken during the
day131132. These symptoms could be due to poor sleep efficiency at night but could
also be caused by deterioration of the circadian rhythm (see following paragraph).
The most distinct change seen with Polysomnographie recordings in AD is a
decrease of rapid eye movement (REM) sleep, which is typically not seen in normal
aging 123 133. Compared to control subjects, AD patients display shorter periods of
REM sleep, less total REM sleep and slowing of EEG index during REM sleep134.
Latency to the first episode of REM sleep has also been shown to be increased in
AD, but studies on this finding are conflicting135. In some instances, the
physiological muscle atonia of REM sleep disappears 136 .
Circadian rhythm disruptions
Circadian rhythm disruptions in AD patients can lead to phase delay of nocturnal
sleep, sundowning and eventually to a reversed sleep/wake pattern. Sundowning
is a behavioural disturbance in dementia patients, developing or increasing in the
late afternoon or early evening. 10-25% of AD patients experience behavioural
disorders such as nocturnal confusion, agitation, or wandering 131 ,37"138, of which
restlessness is the most common 139 . The specific timing of sundowning reflects the
deterioration of the circadian rhythm 140141 and is thought to be related to a phase
delay in the core body temperature rhythm 142 .
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The circadian rhythm disruptions of the sleep/wake cycle as observed in AD,
are accompanied by disturbances in the circadian rhythm of other body
mechanisms, such as body temperature, motor activity, arousal and several
hormones

1421

'"'. Reductions in the amplitude of circadian rhythms are perhaps the

most prominent changes, although for body temperature an increased amplitude
140

together with a delay in the endogenous circadian phase is seen .

Diagnosing primary sleep disturbances in AD
In 2003, criteria were proposed to aid the proper identification of sleep disturbances
that are associated with AD147. In short, the criteria state that an AD patient has AD
related sleep disorders when there is a complaint of insomnia and/or excessive
daytime sleepiness, which is subsequently confirmed by Polysomnographie,
actigraphic, or structured sleep log observation. The disturbance should entail at
least two of the following; increased wake after sleep onset, decreased total sleep
time, poor daytime wake continuity, and/or desynchronization of circadian
rhythm. Naturally, the sleep disturbances must be associated with AD and
although other disorders can be present, these should not account for the primary
sleep symptoms. Note that these criteria do not emphasize a separate appraisal of
primary disturbances of sleep versus a disrupted circadian rhythm. Such a
distinction is customary in general sleep medicine, and would facilitate a precise
diagnosis and subsequent treatment.
Differential diagnosis of primary sleep disturbances in AD
As we will discuss in detail later in this review, both sleep and circadian
disturbances can be a primary disease symptom in AD, caused by degeneration of
key regulating brain areas. However, secondary sleep disorders may occur as well.
For example, psychiatric disorders, such as depression or anxiety, which are
known to co-exist with AD, can contribute significantly to insomnia. External
influences may also contribute to sleep disturbances. Poor sleep hygiene, and
nightly noises or light input, especially in institutions and hospitals, but also lack
of physical and social activity during the day, can cause nocturnal sleep disruption.
So can excessive intake of stimulants such as coffee or tea, and the use of certain
medications. All these initiators of sleep disturbances should be ruled out when
diagnosing typical AD related sleep disorders.
Sometimes, sleep disturbances in AD are so prominent, they should be
classified as a primary, comorbid sleep disorder. For example, sleep disordered
breathing disorders may be more prevalent in AD patients than in normal aging 1 4 8 .
In some cases, excessive daytime sleepiness is very severe, and additional Polysom
nographie recordings show alterations otherwise seen in the primary hypersomnia
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Therapeutic options for sleep and circadian rhythm disturbances
in AD
Treatment can be directed either at promoting sleep or at improving the circadian
rhythm of sleep and waking. Sleep disturbances can be treated with nonpharmacological interventions, such as environmental changes, increased activity and
exercise, and with pharmacological interventions. Interventions improving
circadian rhythm include bright light therapy and melatonin suppletion. Despite
these treatment options, there is currently no treatment consensus for sleep
disturbances in AD.
Treatment of sleep disturbances
Nonpharmacological interventions include improving bed time routines, applying
bedtime restrictions, decreasing nightly noises and disturbances, limiting intake
of stimulants such as caffeine or tea, and increasing exercise, physical and social
activities. The efficacy of some of these interventions have been proven and, as
most are easy to implement, should be tried before moving on to pharmacological
treatments 129 . However, other possible nonpharmacological interventions, such as
increasing physical and social activity, shown to have a positive effect on nocturnal
sleep, may prove to be more challenging to implement in the daily setting of AD
patients 151 .
Several pharmacological interventions may help to relieve sleep disturbances
in AD patients. Commonly used drugs to promote sleep in case of insomnia include
sedating antidepressants, z-hypnotics such as Zolpidem, and sedating antipsychotics.
Benzodiazepines should be avoided because they may worsen cognitive function
in AD. Sometimes Cholinesterase inhibitors such as donepezil, rivastigmine and
galantamine may reduce nightly arousals and increase the amount of REM sleep,
as was demonstrated in healthy controls152153. Stimulants like methylphenidate or
modafinil are sometimes prescribed to prevent daytime sleepiness.
Systematic evidence for the efficacy of the drugs mentioned above has never
been collected in this specific patient group. For now, therefore, the best advice
would be to adjust the choice for and dosage of medication to the individual
patient and to the observed individual response to this treatment. The effect of
medication differs between patients, and co-medication and side effects should
always be screened for and taken into account. We refer to a previous review for
information on specific dosages to be used127.
Treatment of circadian rhythm disruptions
Because lack of daylight exposure contributes to circadian dysregulation 154155 , the
therapeutic value of bright light to improve the circadian rhythm of AD patients
has been extensively investigated. Randomized controlled trials report improvements
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of disturbed sleep and activity rhythms as positive effects of bright light therapy
in AD patients1"*16(). Two randomized controlled trials did not demonstrate a direct
effect on sleep, but did show an effect on stabilizing rest/activity rhythms 161162 . The
effects of bright light therapy on sundowning were less profound 1561 ". Some
studies have failed to show any effect of bright light therapy in AD patients,
although these were not randomized controlled and only included small numbers
of subjects82-163. Therefore, a systematic analysis of the effects of bright light
therapy would be desirable but difficult to accomplish due to the heterogeneity of
the studies. Still, these findings indicate that the circadian rhythm regulating
systems may preserve plasticity, even in AD. Stimulating this system as early as
possible by bright light therapy may be of great value in the treatment of AD-related
circadian rhythm disturbances.
Melatonin is used regularly for jet lags, shift work related sleep disorders,
delayed sleep phase syndrome and circadian disorders in blind people164. Several
studies have also tried treating circadian rhythm disorders in AD patients with
melatonin. Three double-blind, randomized controlled trials and several open
label studies and case reports in AD supported a possible effect of melatonin, with
improved sleep quality, reduced sundowning and even slowed progression of
cognitive impairment 76 165167. However, a multicenter, randomized, double-blind,
placebo-controlled clinical trial in 31 US AD centres showed no beneficial effects
of melatonin 2,5 or 10 mg on measures of sleep disturbance in (n=157) AD patients 168 .
Moreover, a meta-analysis on the use of melatonin for cognitive impairment did
not show any effect of melatonin 169 . Several double blind, randomized placebocontrolled trials have investigated the effect of melatonin treatment on cognitively
impaired non-AD patients. All these studies individually demonstrated positive
effects of melatonin on both sleep quality and cognitive impairment 76 160 170172.

4.1.7 Discussion
AD, sleep and circadian rhythm physiology display an intricate relationship. On
the one hand, AD pathology leads to sleep and circadian disturbances, with a clear
negative influence on quality of life. On the other hand, there is increasing
evidence that both sleep and circadian regulating systems exert an influence on
AD pathology.

Impaired sleep and circadian rhythm regulating systems in AD
AD patients have extensive impairments in the systems that regulate sleep and
circadian rhythms, in multiple domains and with different aspects at difference
stages of the disease. Examples of sleep and arousal regulating systems that are
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impaired in AD are the AAS, the VLPO and hypocretin neurons, and nuclei involved
in REM sleep such as the nucleus basalis of Meynert. Circadian rhythm regulating
systems that are impaired in AD are the SCN. its functional connection to the pineal
gland, and melatonin production. As a result many of the clinical sleep symptoms
can be traced back to impairments of these sleep regulating mechanisms.
Sleep fragmentation, with increased number and duration of nightly awakenings
has been demonstrated to be related to hypocretin impairment, the neurotransmitter involved in sleep/wake transitions". An imbalance of the sleep/wake switch
may cause patients to awake more easily during the night. A delay in sleep onset
may be due to the lower melatonin and perhaps hypocretin levels at night, which
normally cause sleepiness. Daytime sleepiness and increased napping may also be
compensatory to the lack of sleep at night, or a sign of a circadian rhythm
disturbance. Although suggestions of links between pathophysiology and clinical
symptoms are made here, studies investigating the clinical consequences of
impairments in these sleep regulating systems are lacking.
The clinical symptoms that are caused by circadian rhythm impairments may
be treatable with chronobiological interventions, yet it remains unclear whether
these treatments can effectively reactivate or substitute the involved sleep
mechanisms. Preferably, multicentre randomized controlled, placebo-controlled
trials should be set up to investigate the effects of both single and combination
chronobiological treatments, including bright light therapy, and melatonin
suppletion.

Pathophysiological mechanism causing sleep phenotype in AD
From research thus far, the earliest impairments in sleep regulating systems of AD
patients are demonstrated in circadian rhythm regulating systems, namely the
SCN function and impairment of its link to the pineal gland, and total and
nocturnal levels of melatonin. Meanwhile, for sleep regulating systems, such as
hypocretin neurons, early impairments are less evident.
Some studies state that the earliest impairments in sleep regulating systems of
AD patients are demonstrated in the SCN17J. It has been hypothesized that a
decrease of input to the SCN may underlie this 87 . Decreased input could originate
from reduced daytime light exposure'^ 4 , less outdoor and physical activity146 'S4 174,
as well as decreased light registration caused by increased occurrence of cataract,
macula degeneration, and optic nerve atrophy 1 "' 77 . Dysfunction of the SCN due to
lack of light input will have an inactivating effect on the SCN, its CLOCK genes,
and nuclei normally influenced by the SCN, diminishing circadian input to the
sleep/wake circuitry. However, decreased light input and less SCN activity are
thought to enhance melatonin piOduction7fi; therefore the link with decreased
melatonin here is unclear.
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Disturbed melatonin levels could be an alternative onset of sleep pathology, as
melatonin levels are known to decrease with aging and even more with AD, even
in preclinical stages. An imbalance in melatonin levels may subsequently trigger
the onset of SCN impairment, although the cause of such an imbalance is
unknown. Depletion of serotonin, from which melatonin is formed, could be
involved76. Furthermore, studies have shown that melatonin production is easily
inhibited, for example by light, and especially increased light exposure at night
may be important here178. Several drugs, such as NSAlDs, beta blockers, and benzodiazepines may inhibit melatonin production 179184 .

A causal role for sleep in AD pathophysiology
Exciting new data demonstrate that sleep-regulating systems have an effect on Aß
or even AD pathology. Melatonin has been shown to regulate APP metabolism,
prevent Aß pathology by reducing Aß levels and the formation of ß-sheets and
amyloid fibrils, and influence tau hyper-phosphorylation, while also decreasing
Aß mediated oxidative damage and attenuating Aß mediated apoptosis. In several
studies it was demonstrated that both hypocretin and sleep deprivation increased
Aß levels and subsequent deposition in transgenic mice.
Whereas melatonin has a protective effect on Aß pathophysiology, hypocretin
signalling may have an aggravating effect on Aß pathophysiology. Together with
the fact that hypocretin has a regulatory role in melatonin synthesis, this may
suggest that an increase or disturbance in hypocretin levels affects melatonin
levels and thus its protective effect on Aß pathophysiology. However, this would
imply that impairments in hypocretin regulation are already present in before
circadian rhythm disturbances and AD pathology, and evidence of this is thus far
lacking. The effect of hypocretin changes on AD pathology may also lie in the
resulting sleep deprivation, similar to sleep fragmentation and AD pathology in
obstructive sleep apnea syndrome. However, a recent study on sleep related
breathing disorders, which have an increased prevalence in AD, provides evidence
that hypoxia due to sleep apneas, and not sleep deprivation in itself, may be the
leading factor for cognitive decline in later life185. Other recent studies imply that
sustained neuronal activity and elevated glycolysis in brain areas such as the
default-mode network are linked to elevated abundance of Aß and augmented
formation of senile plaques186. These results suggest that prolonged periods of
neuronal activity, such as in insomnia or sleep deprivation, may accelerate
progression of Aß depositions.

Conclusion
Altogether there is substantial evidence of impairments in both sleep and circadian
regulating mechanisms in AD pathophysiology, which may be linked directly to

115

clinical symptoms in AD patients. Increasing knowledge on appropriate diagnosis
and adequate treatment of these sleep problems is of great importance, because
the impact of sleep disturbances and circadian rhythm disruption on the quality
of life of AD patients and care givers is immense3"4 l23124. Moreover, as treatments
curing or postponing AD remain elusive and its prevalence increases to epidemic
heights, prolonging patient independence may be a major option to limit costs of
clinical care.
Beside this, there is significant evidence from in vitro and animal studies for an
important role of both melatonin and hypocretin in modulating AD pathophysiology. Although the exact underlying mechanisms are unknown as of yet, examining
the role of lack of sleep and circadian rhythm deterioration as causative factors in
the onset of AD, especially in human studies, is promising for the development of
new treatment opportunities.
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4.2.1 Abstract
Alzheimer's disease is associated with sleep disorders. Recently, animal studies
demonstrated a link between hypocretin, a sleep-regulation neurotransmitter,
and AD pathology. In this study, we investigated the circadian rhythm of
hypocretin-1 in Alzheimer's disease (AD) patients and controls. Moreover, we
assessed the relation between CSF hypocretin-1 and amyloid-ß.
A serial CSF sampling study via indwelling intrathecal catheter was performed
to collect hourly CSF samples of six patients with AD (59-85 yrs, MMSE 16-26) and
six healthy volunteers (64-77 yrs). CSF hypocretin-1 and Aß42 concentrations were
determined at 8 time points over 24 hours. A circadian pattern was assessed by
fitting a 24 hour sine curve to the hypocretin-1 data using mixed model analysis.
Clinical diagnosis and Aß42 were entered into the model as time invariant
covariates to determine differences between AD and controls, and correlate Aß42 to
hypocretin-1 levels.
A hypocretin-1 circadian rhythm with an amplitude of 11.5 pg/ml was found
in clinical AD patients, which did not differ from the control group (7.15 pg/ml).
Lower mean CSF Aß42 levels were related to lower hypocretin-1 levels; 1.6 pg/ml
hypocretin-1 per 10 pg/ml Aß42 (p=0.03), and a higher amplitude of the hypocretin-1
circadian rhythm (0.4 pg/ml, p=0.03).
CSF hypocretin-1 has a circadian rhythm for which we could show no
difference between AD and controls. However, the association between mean Aß4)
levels and mean hypocretin-1 levels and amplitude suggests a relationship between
AD pathology and hypocretin disturbance, which may hold possibilities for
treatment of AD related sleep disorders.
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4.2.2 Introduction
Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the
accumulation of amyloid beta peptides (Aß) in extracellular senile plaques and tau
proteins in intracellular neurofibrillary tangles in cortical and limbic brain
regions 1 . In addition to typical clinical symptoms such as memory disturbances
and cognitive decline, sleep disturbances and disruptions of the normal sleep-wake
cycle are also often seen. AD patients present with more frequent and longer
awakenings at night, decreased amounts of slow-wave sleep. Rapid Eye Movement
(REM) sleep dysregulation and circadian rhythm disturbances 2 ^, Excessive daytime
sleepiness with unintentional sleep episodes and increased napping are frequently
seen as well. These sleep disorders are often a primary cause for institutionalization of AD patients 6 .
The sleep disturbances of AD resemble in part the symptoms of narcolepsy, a
primary sleep-wake disorder characterized by excessive daytime sleepiness,
cataplexy and other signs of REM-sleep dysregulation, and fragmented nighttime
sleep. Narcolepsy is caused by a loss of hypocretin (orexin) producing neurons,
reflected by undetectable CSF hypocretin-1 levels78. The hypocretin peptides are
produced in the tuberai hypothalamus, and form a neurotransmitter system
involved in the arousal pathway, maintaining wakefulness and stabilizing the
sleep-wake 'switch'9'10.
The resemblance in sleep disturbances between narcolepsy and AD, has lead to
the hypothesis that hypocretin disturbances may be involved in AD as well. The
studies that have investigated hypocretin levels in AD patients are conflicting
however. Most authors found CSF hypocretin-1 levels in AD patients comparable to
controls" 14 . One recent study in 24 advanced AD patients (braak stages 5 and 6)
found lower post-mortem ventricular hypocretin-1 levels, as well as a 40% decrease
in hypocretin immunoreactive neurons 1 ^.
Studies of CSF proteins in humans are mostly done with single lumbar
punctures or post-mortem CSF analysis. However, hypocretin-1 is known to have a
circadian rhythm and longitudinal CSF collection may be necessary to take this
into account. Disturbances in the hypocretin circadian rhythm have been
demonstrated in other diseases. In depression the amplitude of the hypocretin
circadian rhythm is decreased, while in Parkinson's disease it is flattened in
addition to decreased total hypocretin-1 levels11 1618. In AD, the hypocretin
circadian rhythm has not been investigated before, but using longitudinal CSF
collection, hypocretin disturbances in AD may be detectable. Longitudinal CSF
sampling studies have been performed in animal models of AD. In a study with
transgenic mice carrying a mutated form of human amyloid beta precursor
protein (APP) and therefore producing pathological Aß causing senile plaques.
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hypocretin was shown to have an effect on Aß levels19. Interestingly, administering
hypocretin during the sleep period of the mice affected Ap production, suggesting
a functional relationship between hypocretin levels and Ap related AD pathology.
In the present study at 8 individual time points CSF hypocretin-l was analyzed
in AD patients and healthy controls, to measure hypocretin-l levels and circadian
rhythmicity. An altered circadian pattern of hypocretin-l in AD patients may
point out a disease specific relationship between AD and hypocretin-l. Moreover,
to investigate the relationship between hypocretin-l and AD pathology, levels of
two Aß isotopes were correlated with hypocretin-l levels; CSF Aß40, the most
abundant peptide in the human brain and CSF AP42, the peptide which accumulates
in senile plaques and which is decreased in AD20.

4.2.3 Material and Methods
Study population
Previously, we performed an experimental hour-to-hour CSF collection study to
assess daily variability of CSF biomarkers at the Department of Geriatric Medicine
of the Radboud University Nijmegen Medical Centre (RUNMC), and approved by its
institutional review board 21 . Six patients with probable AD, diagnosed at the
memory clinic of RUNMC in accordance with the NINCDS-ADRDA criteria-, and 6
healthy older volunteers were recruited. All subjects underwent a thorough
clinical investigation to ensure good clinical health and absence of neurological
disease other than AD. Although the presence of severe primary sleep disorders
was ruled out in this fashion, information on more subtle sleep disturbances was
not known. None of the subjects took hypnotic sedatives. One AD patient used a
Cholinesterase inhibitor.

Study design
In the experimental hour-to-hour CSF collection study an intrathecal catheter was
placed (Perifix Softtip Catheter G20/88mm with Perifix epidural filter 0.2 pm,
Braun Meisungen AG, Germany) and CSF samples were collected during 36 hours.
For the present study, hypocretin and Ap levels were analyzed at 8 individual time
points (1 PM, 4 PM, 7 PM, 10 PM, 1 AM, 4 AM, 7 AM, and 10 AM) in all study subjects
to assess hypocretin circadian rhythms.
Subject mobility and sleep were observed and recorded every hour by research
personnel, and meal times were standardized. Subjects were allowed to sleep
freely. Before every CSF collection, participants were awoken briefly to ensure safe
collection.
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CSF analyses
Samples were collected in polypropylene tubes and after collection immediately
processed. Upon visual inspection all samples were clear and did not contain
blood. Samples were centrifuged and aliquots were stored at -80oC within 30
minutes after withdrawal until biochemical analysis.
CSF hypocretin-1 was measured using a commercially available RIA kit
(Phoenix Pharmaceuticals, Belmont, CA). All samples were measured in 2 RIA
runs, and a reference sample was included to correct for inter-assay variability.
CSF Aß42 was determined using the xMAP-based Innobia assay (Innogenctics NV,
Ghent, Belgium) and CSF Aß40 using ELISA (the Genetics Company, Schlieren,
Switzerland) according to the manufacturer's specifications. All samples were
measured in duplicate. Total protein level in CSF was analyzed using the Lowry
method.

Statistics
Descriptive statistics of hypocretin-1 levels were assessed per group (AD vs.
controls), per time point, and subdivided in daytime (1 PM, 4 PM, 7 PM) and
nighttime (1 AM, 4 AM, 7 AM) samples. Mean hypocretin-1 levels, and daytime and
nighttime hypocretin-1 levels of AD patients and older controls were compared
with an independent t-test. With the same test, the mean daytime hypocretin-1
levels were compared to the nighttime levels. The means per time point were
compared by ANOVA.
Next, the presence of a circadian rhythm in hypocrctin-1 levels was determined.
Because the actual onset of sleep varied from individual to individual, for each
patient the time point closest to sleep onset (time point at the intended nocturnal
sleep period, after which onset of sleep was recorded) was set as t=0. The best model
was estimated by consecutively fitting a means model, a linear slope, a quadratic
slope, and a sine model using mixed model analysis 21 ". Clinical diagnosis was
entered as a covariate to determine differences between the circadian rhythm of
hypocretin-1 in the AD and the control group. Mean CSF Aß40, Aß42, and total
protein levels were entered as covariates to assess the correlation between these
proteins and the hypocretin-1 circadian pattern and levels. Age, sex, MMSE and
BMI were entered as covariates in all models.

4.2.4 Results
Subject characteristics
Group characteristics and mean CSF hypocretin-1, Aß40, Aß42 and total protein
levels are shown in Table 1. There were no differences between AD and controls
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r e g a r d i n g sex, age, m e a n CSF Aß 42 a n d Aß 40 c o n c e n t r a t i o n . As e x p e c t e d , m e a n
MMSE scores w e r e lower i n AD, b u t t h e body m a s s i n d e x (BM1) w a s lower as well.
Mean t o t a l p r o t e i n c o n c e n t r a t i o n , w h i c h c a n be i n t e r p r e t e d as a m e a s u r e of CSF
c o n c e n t r a t i o n , s h o w e d a t r e n d t o w a r d s increased levels in t h e AD g r o u p (Table 1).
T a b l e 1 Descriptive characteristics a n d CSF b i o m a r k e r levels a t 8 t i m e p o i n t s over
24 h r s .
AD patients (n=6)

Control group
(n=6)

Characteristics

Mean

Range

Mean

Range

p-value

Age (years)

71

64-77

71

59-85

0.949

Gender (M:F)

3:3

-

3:3

-

-

MMSE

23

16-26

30

29-30

0.008

BMI

23.4

22.0-24.7 27.6

Biomarker

Mean

SD

Mean

Aß42(pg/ml)

11«

29.6

Aß40(pg/ml)

8667

1547

Total protein (pg/ml)

538

Hypocretin-l (pg/ml)

407

Ratio hypocretin-l/total protein (pg/pg) 0.77
0.77

25.1-29.8 0.001

SD

p-value

216

114

0.097

9538

2755

0.528

59.1

410

129

0.060

19.8

401

35.2

0.723

0.09

1.06

0.29

0.066

Hypocretin-l day (pg/ml)

397

17.9

395

35.3

0.839

Hypocretin-l night (pg/ml)

418*

17.9

408*

33.7

0.264

Hypocretin was analyzed with RIA kits. AP,, with an xMAP-based Innobia assay. AP10using ELISA, and total
protein using the Lowry method. All data are expressed as means, with range (min-max) or SD. and all
biomarkers in pg/ml. 'p-value of daytime versus night time hypocretin-l level was 0.009 in the AD group
and 0.264 in the control group. Key: AD. Alzheimer's disease: MMSE. mini mental state examination
ranges from 0-30: BMI. body mass index: A(5. amyloid β protein.

Hypocretin-l CSF levels, AD versus controls
Mean hypocretin-l levels were the same in AD and controls, when all samples were
averaged as well as at any individual time point. When hypocretin-l levels were
corrected for the difference in total protein by calculating the hypocretin/total
protein ratio (Table 1), this resulted in a trend towards a lower ratio for AD patients
compared to the control group. Total protein was stable over time; therefore the
ratio was not included in further analysis.
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Hypocretin-1 circadian rhythm, AD versus controls
Mean hypocretin-1 levels were lowest around midday and highest at night. In the
AD group hypocretin-1 levels were significantly higher by 5.4% at night (Table 1). In
the control group hypocretin-1 levels were also higher at night, by 3.3%, but this
difference was not significant (p=0.264).
A sine curve with an acrophase 3 hours after sleep time and an amplitude 9.3
pg/ml above the rhythm adjusted mean (p<0.001) demonstrated to be the optimal
model when AD and controls were combined. Next we studied whether clinical
diagnosis (AD versus controls), as a time invariant covariate, influenced the
amplitude and rhythm adjusted mean of the sine curve, thereby also comparing
the AD group to the control group. The amplitude of the hypocretin-1 sine curve
was somewhat higher in the AD group; 11.50 pg/ml (figure 1A). However, it did not
differ significantly from that of the control group, which was 7.15 pg/ml (figure
IB). When we only selected the control group and again fitted an optimal growth
model to this specific group, the sine curve with an acrophase 3 hours after sleep
time again came out as the optimal model. Age, sex, MMSE, and BMI did not
contribute to the model.

Hypocretin-1 CSF levels in relation to Aß levels
Mean CSF Aß42 levels of each individual (AD and controls combined), as a marker
for AD pathology, were entered into the sine model as a covariate, again using
mixed model analysis. On one hand, lower mean CSF Aß42 levels (increased AD
pathology) were related to lower hypocretin-1 levels; a decrease of 10 pg/ml CSF
Aß42 led to a decrease in rhythm adjusted mean hypocretin-1 level of 1.6 pg/ml
(p=0.033) (figure 2). On the other hand, lower mean CSF Aß42 levels increased the
amplitude of the fitted hypocretin-1 sine curve; a decrease of 10 pg/ml CSF Aß42 led
to an increased amplitude of 0.4 pg/ml (p=0.031). Correcting this model for age,
sex, MMSE, BMI, mean CSF Aß 40 and total protein did not have an influence on the
model. Mean CSF Aß40 levels were also entered in the sine model as a time invariant
covariate, but this did not have an effect on the hypocretin-1 circadian rhythm
amplitude or mean concentration.
When both mean CSF Aß42 concentration and clinical diagnosis (AD versus
controls) were included in the sine model, this had no effect on the amplitude of
the sine model for AD versus controls or the significant relation between
hypocretin-1 and Aß42 levels.
No sine curve could be fitted for the individual datasets of CSF Aß42, Aß40, and
total protein levels.
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Figure 1 Optimal sine curves of hypocretin-l levels, assessed with mixed linear
model analysis.
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A) The optimal sine curve in the AD group, with an amplitude of 11.50 pg/ml. depicted around the
hypocretin-l levels of subjects at the individual time points. B) The optimal sine curve in the control
group, with an amplitude of 7.15 pg/ml, depicted around the hypocretin-l levels of subjects at the
individual time points. t:0«bleep onset.

4.2.5 Discussion
In this serial CSF sampling study, we demonstrated a circadian rhythm of
hypocretin-l levels in both AD patients and healthy older controls, with the lowest
levels of hypocretin-l around midday and the highest at night. No difference in
circadian rhythm was found when groups based on clinical diagnosis were
compared. However, low CSF Aß42 levels-a marker for AD pathology-were correlated
with lower hypocretin-l levels, but a higher amplitude of its circadian rhythm.
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Figure 2 Mean Aß42 levels over 24 hrs per subject (all subjects included) are
related to rhythm adjusted mean hypocretin-1 levels.
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Mean CSF A|542 level was entered as a covariate into the optimal sine curve of hypocretin-1. A decrease of
mean Ap<2 was associated with a decrease in rhythm adjusted mean hypocretin levels. To visualize this
association between the mean AP42 and mean hypocretin-1 levels, they are depicted in this graph, per
individual (AD and controls combined). The line represents the magnitude of the association that was
found: 1.6 pg/ml hypocretin-1 per 10 pg/ml Aß42 (p=0.033). Key: A(i. amyloid β protein.

Hypocretin-l CSF levels, AD versus controls
Mean spinal CSF hypocretin-1 levels were not decreased in AD patients,
corresponding to other studies 1 2 1 4 24 . One recent study did find lower levels of
hypocretin-1 in a relatively large group of 24 advanced AD patients, but this was
measured in post-mortem ventricular CSF'5.
CSF total protein levels tended to be higher in AD patients, an unexpected
result that has not been described in literature before. It may reflect a more
concentrated CSF in AD patients, which could be due to perhaps a reduced CSF
flow, a disturbed blood-CSF barrier, a dysbalance in production and clearance of
CSF, or perhaps dehydration of AD patients 2 5 2 6 . Although all subjects were equally
encouraged to drink, fluid intake was not recorded. We can, therefore, not rule out
whether dehydration or altered CSF dynamics in AD have an influence on our
findings.

Hypocretin-1 circadian rhythm, AD versus controls
Hypocretin-1 levels were highest at night, confirming earlier studies in humans 1 6
" . However, in animal studies ventricular CSF hypocretin-1 levels are highest
towards the end of the waking period 2 8 30 , which correlates to its role in the arousal
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pathway and sleep state switching 10 . The temporal difference seen in human
studies may in part be caused by the delay in CSF flow, as radioisotope studies have
demonstrated that CSF flows from the third ventricle to the lumbosacral area in
60-90 minutes 16 .
The circadian rhythm of CSF hypocretin-l did not differ between AD patients
and healthy older controls. However, the variability of Aß 42 and hypocretin-l were
higher in the control group. This high variability might reflect different stages of
AD pathology in the control group, as nearly 30% of healthy older controls do have
some level of AD pathology 31 . This high variability may lead to difficulties in
developing a sensitive measure for early hypocretin function changes.
Moreover, a clinical AD diagnosis may not always directly relate to progression
of AP42 pathology 12 . The pathological process of AD is thought to begin many years
before the clinical diagnosis of AD dementia-13 and moreover, not all older
individuals with the process of pathological AD become symptomatic 34 . In the
transgenic APP mice model a link was seen between hypocretin and Aß19. Therefore,
the relationship between hypocretin disturbances and AD is likely to be more
distinct when pathophysiological biomarkers, such as Aß levels are studied.

Hypocretin-l CSF levels in relation to A levels
We found that lower mean levels of CSF Aß4, were associated with lower mean
hypocretin-l levels and although this does not prove a causal relationship it may
suggest that more severe pathology correlates with progression of hypocretin
disturbances. The direction of this possibly causal relationship between hypocretin
and AD pathology remains unsolved in our study. Moreover, we should bear in
mind that it is still unclear whether, CSF hypocretin levels reflect its neurotransmission, and if so, to what extent.
According to the amyloid hypothesis, AD pathology develops by increased Aß
which leads to its aggregation and plaque formation with subsequently strongly
reduced CSF levels of Aß. A study in human-APP transgenic (Tg2576) mice suggests
an effect of hypocretin on the increase of Aß19. At 3 months of age, before the onset
of Aß deposition, these mice display a circadian rhythm of interstitial fluid Aß
levels, with levels decreasing during their resting period. Hypocretin infusion
halted this decrease in Aß, which may advance Aß accumulation and aggregation.
This implies it is hypocretin that influences Aß. Therefore, hypocretin receptor
antagonists, which selectively block hypocretin-l signaling, may in humans
decrease Aß levels and indirectly its accumulation, next to their effect on sleep35.
We should note that a recent study verified the coexistence of narcolepsy and AD,
which demonstrates that AD pathology can also develop in the absence of
hypocretin 36 . This may suggest against a link between hypocretin and AD
pathology. Possibly other neuropeptides, such as melatonin, known as a sleep
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promoting protein and active during the night, may form such a crucial link, also
because melatonin may inhibit Aß42 production and amyloid fibril formation37'38
and it is decreased in AD39 40.
Lower mean levels of CSF Aß42 were also associated with an increased amplitude
of the hypocretin-1 circadian rhythm. This was unexpected, because in other
disorders only decreases in the amplitude of the hypocretin-1 circadian rhythm
have been found. In depression and Parkinson disease this decrease in amplitude 16 "
is thought to be caused by the loss of hypocretin producing neurons^ 1 . In AD these
neurons are also lost and therefore a decrease in amplitude would seem more
reasonable15. Moreover, in AD the amplitude of several other circadian rhythms
may decrease as well, e.g. melatonin, body temperature, and Cortisol4243. The
mechanism behind the increased hypocretin amplitude remains unclear and
should be confirmed in further studies, preferable with optimized sleep conditions.
For example, determining the hypocretin circadian rhythms of the transgenic
APP mice, which develop AD pathology but also display AD-like sleep disturbances,
will give insight into this mechanism 44 .
No correlation was found between hypocretin-1 and Aß40 levels. Since CSF Ap40
levels do not differ between AD and controls 45 , the lack of association between
hypocretin-1 and Aß40 was not unexpected. However, as Aß40 is the most abundant
Aß peptide in the CSF20, this result exemplifies that the relation between Aß^ and
hypocretin-1 is peptide-specific and therefore more likely to be AD pathology
specific.

Conclusion
In conclusion, this study demonstrates that with progressing AD pathology, the
hypocretin system seems to become affected, reflected in a decrease of mean
hypocretin-1 levels and an increase of the hypocretin-1 circadian rhythm
amplitude. This study is the first to relate CSF hypocretin-1 to Aß42 in humans,
although it is limited by the lack of sleep registration. Further studies, with more
precise sleep measurements, need to confirm these results. The relevance of such
further studies lie in the abnormally altered circadian hypocretin rhythmicity
which may be related to clinically relevant disorders such as disturbed sleep and
sundowning. This could hold possibilities for treatment of AD related sleep
disorders.
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5.1 Summary
Chapter 2 - CSF biomarkers for clinical diagnosis
The first chapter of this thesis focussed on the use of CSF biomarkers for AD
diagnosis in clinical practice. Therefore, the variability of CSF biomarker use
among different clinical settings across Europe was examined first. In chapter 2.1,
the study in 54 memory research centres from the EADC demonstrated that CSF
biomarker analysis has already wide acceptance, although it is not always used for
establishing a diagnosis. Moreover, there seem to be variable practices regarding
the ethical procedures with respect to handling of these materials and asking
consent for future use.
Next, in chapter 2.2 three case reports were discussed to illustrate the addition
of CSF biomarker analysis to the clinical work up of AD. The first case shows the
affirmative value of CSF biomarkers, when the combination of Aß42 and p-tau
indicates that a diagnosis of AD with vascular disease is more likely than VaD. The
second case report displays the use of CSF biomarkers when the differential
diagnosis is broader. In addition, more diagnostic certainty was desired because
the patient was referred for re-evaluation, and MRI had not led to a clear-cut
diagnosis. The third case shows an example of a patient group in which MRI
cannot be performed. Although these case reports were recorded prior to the
release of the 2011 Alzheimer criteria 1 , these cases demonstrated that the current
use of AD biomarkers in clinical practice is already considerably equivalent to
these new criteria.
Then, in chapter 2.3 the use of CSF biomarkers in clinical work up of a local
hospital memory clinic, alongside other biomarkers, was described. Conform recommendations of the AD dementia criteria, clinical criteria seem effective enough
to set an AD diagnosis and additional biomarkers mostly contribute to diagnostic
certainty. However, there are specific situations in which CSF biomarkers are very
helpful for a diagnosis of AD dementia or MCI, such as in young, educated patients
with complaints, who only display decreased AVLT recall scores. Ultimately, this
study underlines that the 2011 AD dementia criteria validly proclaim a dominant
role for clinical criteria and a supportive one for CSF biomarkers 1 .

Chapter 3 - Serial CSF sampling, a method for measuring
biomarker dynamics
After having assessed the current use of CSF biomarkers in clinical work up we
progressed to investigating whether confounding factors could explain the
variability of CSF AD biomarker analysis. The confounder that we explored was the
variation of CSF AD biomarker concentrations over the day. This was assessed in
chapter 3.1, using an especially developed method of serial CSF sampling. This
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method successfully measured daily variability of AD biomarkers in both healthy
older controls and AD patients. The variability over the day was lower than
expected from previous work in younger subjects. Several possible explanations
for this difference were discussed, such as the lag phase, the filter effect, statistical
methods, and the age of subjects investigated in our study. For a practical
implication, these results indicate that the time of day for a single diagnostic
lumbar puncture in clinical practice does not have to be standardized.
Using cosinar analysis, we were also able to detect a statistically significant
circadian pattern in CSF Aß42 and Aß40, with again lower amplitudes than expected
from earlier studies. As the mechanisms behind CSF Aß variability remain
unknown, we can only speculate why variability is reduced in aging and AD.
Also, a linear increase in t-tau and p-tau, but not Aß concentrations over 36
hours was seen in the AD group, but not in the control group. Such a linear trend
suggested a methodological artefact, likely to be caused by the catheter in vivo. This
is the first study in which hourly t-tau and p-tau concentrations were described.
Whatever may be the cause, it is important to realize that repeated CSF sampling,
especially if a large total volume is withdrawn in a short period of time, apparently
alters normal physiology and may thus confound results. This is of relevance for
the design and interpretation of future studies that use repeated CSF sampling.
As this method of continuous CSF collection was successful at demonstrating
daily rhythms of CSF biomarkers and thereby indicated that Aß levels follow a
circadian rhythm, in chapter 3.2 we extended the use of this dataset to assess
another potential biomarker; CSF α-synuclein. Concentrations of this biomarker
do not show sinusoidal fluctuations. Therefore, sinusoidal fluctuations in the CSF
α-synuclein concentrations are unlikely to be the explanation for the conflicting
reports regarding the value of CSF α-synuclein as biomarker for PD or DLB2 5. Other
causes that may explain the discrepancies between these reports may comprise
differences in assays and patient characteristics.

Chapter 4 - The role of sleep disorders in Alzheimer's disease
pathophysiology.
In the third part of this thesis the pathophysiological relationship between sleep
disturbances and AD is reviewed (chapter 4.1). Extensive impairments are seen in
the sleep regulating systems of AD patients. In spite of the clear impairments in
the sleep-wake cycle of AD patients, proof that any of the changes underlies the
onset of AD must still be found. The onset of this damage, however, already lies in
the earliest stages of AD, in the preclinical phase. Several of these sleep regulating
systems have been shown to be disturbed already in the early phases of AD.
Furthermore, several studies have indicated these sleep regulating systems have
an effect on Aß or even AD pathology. However, which system underlies the onset
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remains unclear. From a clinical point of view, a better knowledge of the major
factors involved may guide diagnostic and therapeutic strategies. Moreover,
improvement of circadian rhythm disorders may not only relieve sleep disorders
but also delay the progression of AD.
The circadian rhythm of Aß levels that was demonstrated in chapter 3.1 is not
only a potential confounder for the clinical use of this biomarker, but it also raises
important questions about the function of Aß in non-pathological circumstances.
Moreover, it may suggest possible influencers that affect this peptide in a pathophysiological setting, possibly even related to its aetiology. Around the time that
this study was conducted an important paper was published which demonstrated
a positive effect of hypocretin on Aß levels and even aggravating pathophysiology
of plaque formation 6 . The study in chapter 4.2 demonstrates that with progressing
AD pathology, the hypocretin system is increasingly affected, reflected in a
decrease of mean hypocretin-1 levels and an increase of the hypocretin-1 circadian
rhythm amplitude. This study is the first to relate CSF hypocretin-1 to Aß42 in
humans, although it is limited by the lack of sleep registration.
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5.2 General discussion
5.2.1 Introduction
The main topic of this thesis was the development of a method for continuous CSF
sampling to validate possible diurnal fluctuations of one of the currently used
biomarkers for AD; CSF analysis. The application of this new methodology is not
only limited to the validation of circadian rhythms in CSF biomarkers, but can be
extended as a rapid read-out for demonstrating the effect of AD drugs on CSF
biomarker dynamics. It is expected that in the near future interest in this
technology will increase for these reasons.
Like other biomarkers that are proposed for AD diagnostics, such as MRI and
PET, CSF analysis has its limitations, such as a suboptimal specificity, especially
when applied in an old population (age > 70 years). Besides, several questions
remain, especially concerning how the pathophysiology of AD translates into the
physiology of CSF, both its composition and its dynamics.
In this discussion I will not only focus on the current place for a CSF biomarker
in diagnostics and the lessons and limits of this continuous CSF sampling method,
but also on possibilities and lessons for pathophysiology in the present field of AD
research.

5.2.2 Methodological considerations
In chapter 3 we focussed on the method of serial CSF sampling to evaluate possible
fluctuations in CSF biomarkers that are applied in AD diagnostics. We continuously
measured CSF biomarkers over 36 hours in AD patients and a healthy control
group. Although this method was successful in sampling CSF over hours, and
intriguing results could be retrieved, we were also faced with some unexpected
results and drawbacks, which 1 will discuss below.

Linear increases over time of t-tau and p-tau levels
In the group of six AD patients an unexpected linear increase of t-tau and p-tau
levels, but not Aß levels was observed. This linear increase could not be
demonstrated in the control group, consisting of six healthy older subjects. We
concluded that, most likely, these increases in a short time frame were an artefact
of the sampling method, since these results would otherwise imply that t-tau and
p-tau levels increase indefinitely. The cause of this increase is unclear, but this
effect and especially the fact that it was not seen in the healthy control group
make this finding important as it may have a pathophysiological origin.
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In chapter 3.1 we suggested that this linear increase may be related to the
substantial drainage of CSF volume by the spinal catheter CSF sampling. Because
CSF production can be decreased in AD patients they may lose the ability to
compensate for the drainage of CSF. Remarkably, we did not see a linear increase
in the other two CSF AD biomarkers, Aß42 and Aß40. In contrast, in a recent publication
which also presented continuous CSF measurements, a linear increase over time
was described in exactly these two biomarkers; Aß42 and Aß407. This increase was,
however, most pronounced in the young control group, while far less in the older
amyloid-negative and amyloid-positive groups. They concluded that the linear
increase in Aß attenuates with the increase of amyloid depositions and they
propose two possible explanations for this linear increase. The increase may be
caused by lack of sleep and increased stress, that are both thought to increase Aß
levels6 8, yet there is no proof that these were less profound in the older subjects. As
an alternative they also propose that the drainage via the spinal catheter could
have caused this linear increase, but then due to altered CSF circulation by this
drainage. CSF is produced predominantly in the choroid plexus of the brain and
moves in a pulsatile manner throughout the CSF system. Substantial drainage of
CSF from the subarachnoid space may cause the CSF circulation to alter, although
this has not been demonstrated. These alterations may cause lumbar CSF Aß levels
to increase towards the far higher brain or ventricular levels, explaining the linear
increase. If this occurrence is the cause for linear increase in Aß levels, it cannot
explain why this increase is much less present in AD patients and healthy older
subjects. Neither can it explain why we saw a linear increase of t-tau and p-tau
levels only in AD patients and not in healthy older subjects. Unfortunately in the
previous study 7 t-tau and p-tau results are not presented, making comparison
impossible.
Altogether, the results from our study and other recent CSF collection studies
demonstrate that pathophysiological changes in AD may affect CSF Aß dynamics
and flow, but that we lack knowledge on the physiology of CSF flow in AD7. Recently,
the method of magnetic resonance velocity (MRV) mapping was used to map CSF
flow dynamics in hydrocephalus patients 910 . Comparing the CSF flow of amyloid
negative subjects to that of amyloid positive subjects using MRV mapping will
provide crucial information on the changes in CSF flow and therefore also on Aß
dynamics.
As the method of continuous CSF sampling for AD biomarker analysis is still
in an initial stage, being performed by only a few research groups, and the number
of subjects undergoing this procedure are still low, collaborations with other
research groups may aid to solve some of the methodological question marks. At
this time we have joined a subgroup of the Alzheimer's Disease Neuroimaging
Initiative' (ADNI), aimed at combining results on continuous CSF measurements of
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AD specific biomarkers Aß42 and Ap40. A meta-analysis is momentarily constructed
which may provide us with some answers.

Prevalence of post spinal headache
During the continuous CSF measurements with a spinal catheter 4 healthy older
volunteers and 5 AD patients experienced some level of headache during the study.
Of these, 4 were classified as light headaches during hospital stay and 5 were
typical post spinal headache (PSH) with variable intensity lasting between 3-8 days.
PSH is a well-known complication of lumbar punctures and spinal anaesthesia,
most likely caused by CSF leakage through the puncture hole in the durai sac. A
shortage of CSF is then thought to cause traction of pain sensitive brain structures
when a subject is in a vertical position". Clinically PSH leads to a typical posture
related headache, which disappears in a horizontal position, and can be accompanied
by multiple other symptoms, such as; vertigo, tinnitus, photophobia, and in rare
cases a subdural hematoma. The incidence of PSH after lumbar puncture in the age
group 50-60 years is 8%, but over the age of 60 it is rarely seen" 12. However, much less
is known about the incidence of PSH after spinal catheterization. It is thought to be
between 0-9.2%12, with an inverse relation with duration of the catheter in situ.
Management of PSH mostly comprises conservative treatment such as; bed
rest, hydration, analgesics and anti-emetics, or conventional invasive treatment,
namely an epidural blood patch. A blood patch is widely used and has proven to be
efficient in the treatment of PSH UH .
It is important to be aware of this complication when performing continuous
CSF sampling studies. In future studies the risk of PSH should at all times be
considered, weighed against the advantages and communicated to the study
subjects. Adjustments to the spinal catheter procedure, such as minimizing the
amount of CSF to be drawn, use of smaller needles, administering sufficient fluids
and immobilization of the patient should in all cases be considered, as they may
decrease complications. However, the chances of decreasing the incidence PSH
with this adjustments are minimal.

Statistical analysis of longitudinal data and circadian rhythms
With developing a method for collecting longitudinal data of CSF biomarker levels
we also investigated a method for measuring this longitudinal data. For
determining variability in biomarker levels other researchers 15 , reporting large
hour-to-hour fluctuations in CSF biomarkers, chose to analyze data by calculating
the ratio between the maximum and minimum values over 9, 12, or 36 hours. In
our study, time trends in the biomarker levels were analyzed by means of a linear
mixed model with subject as random factor. We find this method preferable over
calculating ratios because this analysis adjusts for between-subject variability.
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which is considerable in these biomarkers. Also, to account for strong temporal
relationship of repeated measurements a first-order autoregressive covariance
structure can be used.
Beside the assessment of variability we were also interested in the assessment
of circadian patterns. For this we chose to include cosinar analysis in the linear
mixed model (chapter 3.1, 3.2 and 4.2). The best model was estimated by
consecutively fitting a means model, a linear slope, a quadratic slope, and a sine
model using mixed model analysis16. The sine model we fitted was a 24 hr rhythm,
since this is the most likely rhythm. In chapter 4.2 we extended this method when
clinical diagnosis was entered as a covariate to determine differences between the
circadian rhythm of hypocretin-1 in the AD and the control group. Another
advantage of this method is that the linear trends that were found, and which are
likely artefacts, can be removed to exemplify the circadian rhythm.
The possibilities of linear mixed modelling, as demonstrated above, and also
used by other research groups 7 , make this the most optimal statistical analysis
method for assessing variability and circadian patterns in longitudinal data of CSF
collection studies.

Possibilities for serial CSF measurements method in research
In this thesis serial CSF sampling by spinal catheter has demonstrated to be useful
for a variety of research fields. Originally, it was used by us to assess the daily
variability of CSF biomarkers for AD, and thereby contribute to standardization
and validation of CSF biomarkers in AD diagnostics. Possibly this method can also
be used to standardize and validate other CSF biomarkers of disease, such as for
Parkinson's Disease and Lewy body Dementia.
Next to this, the interest of pharmaceutical companies in continuous CSF sampling
lies principally in the opportunity to monitor the effects of drugs on CSF biomarker
levels. For example, a study in 2009 monitored the effect of gamma-secretase inhibitors
by serial CSF sampling17. Although so far nearly all AD drug trials show disappointing
results in clinical biomarkers, this method can still be used to monitor if these drugs
do have an effect on CSF biomarker dynamics. And when new drug trials enter stage
three of clinical testing, continuous CSF sampling can be implemented to investigate
the short term effect of the drug on the various CSF biomarkers.
A third possible application for serial CSF measurements lies in the research of
pathophysiology of disease, or even physiology of CSF dynamics without disease.
As we discussed before, in both research fields knowledge is lacking. As AD
aetiology is likely multi-factorial, with amyloidosis being only part of the disease
process, this method ofCSF sampling can contribute to demonstrating relationships
between possible disease initiators and Aß dynamics. We already presented an
example of this in chapter 4.2, when we showed a relation between hypocretin-1
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and Aß42. This relationship offers new insight in the relation between sleep
regulation and AD. The research on pathophysiology of other diseases may also
benefit from this method, especially diseases that seem to be related to circadian
disturbances, such as Parkinson's Disease.
The risk of post spinal headache when placing a spinal tap for CSF sampling
generates the question whether repeated lumbar punctures are not safer to
perform. Lumbar puncture, however, also has a risk of causing post lumbar
puncture headache. Although the risk for a single lumbar puncture seems to be
lower, repeated lumbar punctures likely increase this risk by making multiple
puncture holes. Also, repeated lumbar punctures increase the risks related to
puncturing the dura, such as infection. For study subjects multiple punctures are
likely far more invasive to perform than the placement and removal of a spinal
catheter. In literature, repeated lumbar punctures are not used for serial CSF
sampling, but only for assessing effects in a wider time frame. In those cases
multiple lumbar punctures are the only option.

5.2.3 CSF biomarkers as diagnostic tool in clinical practice, where
do we stand?
Current place of CSF biomarkers in AD diagnostics
In chapter 2.1 we investigated the current use of CSF biomarkers, which was
guided by the N1NCDS-ADRDA criteria'". One of the major achievements in the AD
research field of the last years, is the revision of these 1984 AD diagnostic guidelines
in 2011. Although the need for updating these guidelines is demonstrated by the
time that elapsed since its initial definition, and that during these 27 years an
incredible amount of research has been performed, the actual progress these 2011
guidelines seem to offer is limited'. In the introduction 1 already outlined these
new guidelines. For this thesis discussion it is especially interesting how the CSF
biomarkers are represented in these new guidelines. Biomarker tests, among
which CSF analysis, are recommended to be used as support for clinical AD
dementia diagnoses, mainly affecting clinical confidence. Next to this, in MCI
patients exclusion of AD pathology by CSF biomarkers can increase confidence
that deterioration towards dementia is less likely' 9 .
Altogether, in both the MCI and AD dementia criteria clinical diagnoses are
paramount while biomarkers are complementary 20 . This exemplifies that CSF
biomarkers, but also the other biomarkers; increased uptake on amyloid imaging
with PET, temporoparietal hypometabolism on 18F-FDG PET, medial temporal
(hippocampal) atrophy on MR1, and temporoparietal hypoperfusion on SPECT,
still have considerable limitations for implementation.
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What makes a biomarker suitable for implementation in diagnostics?
Many researchers in the AD field aim to find the best biomarker for AD diagnostics.
This is accompanied by critiques about the shortcomings of currently used
biomarkers, such as lack of standardization and reproducibility. What are the
requirements for an ideal biomarker for AD diagnostics? In 1998 the Ronald and
Nancy Reagan Research Institute of the Alzheimer's Association and the National
Institute on Aging Working Group defined the ideal properties for a biomarker as;
"The ideal biomarker for AD should detect a fundamental feature of neuropathology
and be validated in neuropathologically-confirmed cases; it should have a diagnostic
sensitivity >80% for detecting AD and a specificity of >80% for distinguishing other
dementias; it should be reliable, reproducible, non-invasive, simple to perform,
and inexpensive. Recommended steps to establish a biomarker include confirmation
by at least two independent studies conducted by qualified investigators with the
results published in peer-reviewed journals" 2 '. If a biomarker can capture the
effect of disease modifying therapies this would be an additional advantage.
This obviously is a strenuous definition, but where exactly do the CSF biomarkers
fall short? CSF Aß42, t-tau, and p-tau are all molecules representing an accepted
feature of neuropathology, and diagnostic sensitivity and specificity have been
shown to be sufficient. However, CSF biomarker analysis still lacks sufficient
evidence of validity in a clinical setting. As we discussed in chapter 2.3 most
diagnostic accuracy studies have been performed in a selected patient group and
can therefore not be translated towards accuracy in a general clinical setting.
Diagnostic accuracy will be lower at the earlier clinical, and especially pre-symptomatic, stages of the disease22.
Also, between-subject and between-laboratory variability are too high,
hindering the definition of cut-off values for clinical practice across different
institutes 23 . CSF is a reasonably available and inexpensive method, but lumbar
puncture is an invasive procedure. Furthermore the use of CSF biomarkers needs
further study, not only its temporal place among other biomarkers, but also the
indications for which to use the biomarker; the stage in which to diagnose, and
differentiation from other neurodegenerative diseases. Interpretation of results
should also be standardized or at least guided, especially when results are
conflicting (within CSF biomarkers, or with other biomarkers) or when mixed
pathologies are seen.

Suitability of other biomarkers
Although the research field in the last few years has been very critical towards CSF
biomarker analysis, we should realize that it is not the only biomarker falling
short. Actually, all biomarkers for AD diagnostics have their shortcomings, or lack
evaluation of application in clinical practice.
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Imaging medial temporal (hippocampal) atrophy, for example, is thought to
be very promising. It detects a fundamental feature of neuropathology, is easily
accessible, reproducible, and non-invasive. However, this biomarker also has
several setbacks. Manual hippocampal segmentation is used as a marker of neuro
24

degenerative changes in AD , and several studies in clinical AD populations have
reported that hippocampal volume in patients were 15% to 40% smaller (more
atrophied) than controls. Visual rating scales provide 80-85% sensitivity and
specificity

to distinguish patients with AD from those with no cognitive

impairment, and only slightly lower sensitivity and specificity levels for diagnosing
MCI". However, different laboratories use different anatomical landmarks and
measurement procedures. This inconsistency of approach leads to variation in the
estimates of normal hippocampal volume 2 6 and atrophy rates over time showed an
even wider range, with rates varying from 0.32% to 6.8% per year 27 . In order to
standardize this biomarker an international task force has been gathered as well,
with the aim of developing a harmonized protocol that will overcome the present
heterogeneity 2 8 .
Another potential biomarker is the detection of amyloid-binding compounds
with unstable isotopes compatible with radiotracer imaging. The most widely
reported technique uses "C-labeled Pittsburgh compound Β ("C-PiB) for PET
imaging of amyloid binding.
This biomarker displays a high sensitivity of approximately 90%29 30 , but additional
autopsy investigations are needed to asses this finding further. Specificity of the
"C-PiB signal for AD is currently under investigation-11, and seems to fall
dramatically with age' 2 . The procedure requires only 20 minutes of scanning, but
is very expensive, invasive and widespread use is limited due to the very short
physical half-life of " C " . Besides this, it binds only to insoluble fibrillary amyloid
beta, not to amorphous amyloid plaques. The frequency of increased non-amyloid
specific cortical PiB binding in controls increases with age, 10% or less below the
2

age of 70, 30-40% at the age of 80' . Other amyloid-binding radiotracers
(flutemetamol, florbetaben and florbetapir) might be able to overcome some of
these setbacks as they have higher half-life's, but their effectiveness varies and
needs further investigation". Furthermore, this biomarker has the most potential
in preclinical stages of the disease, when amyloid deposition is present without
clinical signs, but for this utilization the techniques are not yet specific enough.
In light of this discussion, we should also be aware that variability of disease
biomarkers is not a sole problem of the CSF and imaging biomarkers of AD.
Whenever new biomarkers are developed, standardization of laboratory and
sometimes biological variability is necessary and reference ranges have to be set by
performing the test in large numbers of cases. Even accepted biomarkers of disease
can still turn out to be unreliable. For example, the prostate-sensitive antigen
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(PSA), secreted by epithelial cells of the prostate gland, is elevated in the presence
of prostate cancer. While it is frequently used for screening, recent studies have
shown that PSA is false positive-prone (7 out of 10 men in this category will still
not have prostate cancer) and false negative-prone (3 out of 10 men with prostate
cancer have no elevation in PSA), making the use of this biomarker controversial 35 .
In conclusion, all biomarkers may suffer from standardization issues.
Carefulness around the usability and efficiency of new biomarkers is very
important and standardization protocols, diagnostic accuracy studies, and
references ranges should be assessed in all cases. The fact that these actions have
to be performed, does however not mean that a biomarker is not usable.

What is needed to justify implementation of CSF biomarkers?
As demonstrated by the new AD criteria, CSF analysis for AD diagnosis is not yet an
accepted biomarker. Several point of interest have to be assessed to ensure
reliability.
First, CSF analysis should be refined to acceptable analytic variability. This can
be achieved by standardization of the analytical methodology. A global Quality
Control program under the Alzheimer's Association has recently started to tackle
this 28 36. Known confounders are assessed and a protocol developed to minimize
their effect. The main part of their program is to compare CSF biomarker results
between laboratories that use this protocol. Beside this, new possible confounders
should be studied, such as age. CSF analysis of Aß and tau loses diagnostic value
when applied in an older age cohort37. Perhaps, in older participants, conversion to
dementia may be due to a disease process other than formation of plaques and
tangles while clinically mimicking AD. Another confounding factor that needs
examination is diurnal variability of CSF biomarkers. In chapter 3.1 we determined
a circadian rhythm for Aß42 but concluded that this rhythm is much less
pronounced in older subjects, making standardization of this confounder
unnecessary. However, in the 2011 study by Huang variability of CSF Aß42 was 20%
to 40% of the mean, and the researchers state that this can significantly confound
test results. The meta-analysis which will combine all hourly sampling data of CSF
Aß may provide a definite answer on this. After standardization, uniform reference
standards need to be determined, as all biomarker are continuous measures that
require cut-off values.
Second, the validity of CSF analysis in the diagnostic pathway for AD, as it
appears in daily practice, should be investigated in solid diagnostic accuracy
studies. These studies should be performed in a large cohort of patients visiting
memory clinics, include both no dementia and non-AD dementia subjects for
comparison and predetermined reference values should be used to discriminate
between cases and non-cases. Such studies should also be executed to investigate
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the value of CSF analysis for prediction of AD and for progression monitoring.
Third, as there is temporal ordering in pathological processes ofAD, biomarkers
may be used in a temporal order. Performing diagnostic analysis in an ordered
fashion, depending on stage of disease and patient characteristics will probably
increase the efficiency of CSF biomarkers. A hypothetical model has been described
with Aß pathophysiological processes becoming abnormal first and downstream
neuronal injury biomarkers 18 . This might imply a hierarchical ranking of Aß
biomarkers over downstream neuronal injury biomarkers. However, at this time,
the reliability of such a hierarchical scheme has not been sufficiently well
established for use in AD dementia diagnostics. Further studies are needed to
prioritize biomarkers 20 .
Last, it would be wise to establish ethical guidelines for the collection of CSF,
both for clinical and research purposes, before its analysis is implemented in the
diagnostic work up of AD. Whenever CSF is used for research purposes informed
consent should be taken. At this moment a very large part of CSF collected is used
in research, in many cases without explicit informed consent 39 . The risks of the
procedure should be made clear to the patient and this patient should play a
leading role in the diagnostic procedure and disclosure. Moreover, the application
of biomarkers in wide spread diagnostic work-up of early Alzheimer, should be
preceded by research on the overall effects of these diagnostic procedures for the
subjects involved. What are the effects on the cognition, emotions, and behaviour
of these patients, with respect to the knowledge of possibly suffering from an
incurable condition, and the considerable chance of a false positive or false
negative diagnosis? Together with Bossuyt I plead for more utilitarian research
focus in biomarker studies, also taking into account cost-effectiveness and these
patient related outcomes, before translating it to common practice28-40.
In conclusion, extensive research so far has demonstrated that CSF analysis
has great potential as a biomarker for AD diagnostics. Not only in clinical stages
but even in prodromal stages. Even though CSF biomarkers are more and more
accepted, the matters mentioned above need to be addressed before adding CSF
analysis to the general work-up of the next AD criteria guidelines.

5.2.4 AD pathophysiology: what did and may CSF sampling learn us?
The initial aim of hourly CSF sampling was to assess variability over the day as a
possible confounder for AD diagnostics. We demonstrated that physiological
patterns of CSF Aß42 and Aß40 are dynamic and circadian. Beside the consequences
for validation of CSF biomarkers, this also reveals new insights on the normal
physiology of Aß dynamics.
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Circadian rhythmicity of Aß dynamics
Aß levels follow a circadian rhythm. The hourly CSF sampling study in 2011 also
demonstrated a circadian pattern for CSF Aß7. They suggest that wakefulness
causes increased levels of CSF Aß. A recent study determined that physiological
changes in neuronal activity are sufficient to dynamically modulate ISF Aß
concentrations and amyloid plaque growth in vivo41. This relationship takes place
mainly in the default-network region, parts of the brain mainly engaged during
the resting state. Perhaps these physiological changes in neuronal activity, related
to rest and activity, cause the circadian rhythm of CSF Aß.
Another possibility was discussed in chapter 4.1, where we discussed the
possible relationship between circadian rhythmicity and Aß dynamics. The SCN
and circadian rhythm regulators are responsible for the most important circadian
rhythm of the human body and as it is one of the first brain regions to become
affected by amyloidosis, perhaps this suggests a relationship in normal physiology
of Aß.

Effect of age on circadian rhythmicity
A second important finding of our study was that the amplitudes of the circadian
rhythm of Aß42 and Aß4[| were smaller in the AD group than in the control group,
and both were far smaller than that of the younger volunteers in the previous CSF
sampling study15. It therefore seems that with aging these circadian rhythms
deteriorate, similar to deterioration with aging of other circadian rhythms in the
body, such as melatonin, Cortisol, and body temperature. In the previous study' 5 ,
circadian amplitudes in the younger control group were also higher than those in
the older groups, and a significant inverse correlation between circadian amplitude
and age was found7. Moreover, in both studies the circadian amplitudes of those
with and without amyloid deposition, and with and without clinical AD, were not
significantly different. From this we may conclude that the deterioration of
circadian rhythm is predominantly age-dependent.
These findings are important because age is the largest risk factor for AD.
Understanding the changes in the dynamics of Aß with aging may inform us about
the pathophysiological processes that lead to amyloidosis and ultimately AD,
However, if we look once again at the mechanisms that we proposed may cause
the circadian rhythm of Aß, both neuronal activity in the default network and the
SCN and related circadian regulators are more extensively damaged in AD patients
than in elderly controls. Consequently, we would expect a decreased circadian
rhythm in Aß levels of AD patients compared to non-AD controls. In chapter 4.2 we
did not find a difference in amplitude between the two groups, but this may
because the number of subjects was too low to demonstrate such a difference.
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Sleep, circadian rhythm physiology and AD
Several physiological observations we did during our CSF sampling study spiked
an interest in the relation between sleep, circadian rhythm physiology and AD;
the circadian rhythm of Aß levels, the relation between CSF hypocretin-1 and Aß
dynamics in chapter 4.2, and the relation with sleep deprivation in mice 6 . In
chapter 4 we therefore described the impairments of sleep regulating systems and
circadian rhythms in AD and discussed the possibility that these systems are
involved in AD pathophysiology. At this point we feel it is too early to identify an
overall hypothesis to clarify the complex relation between sleep and AD. Evidence
exists to relate both melatonin and hypocretin to AD biomarkers, and there is
some suggestion that these two sleep-regulating hormones are connected, yet
direct evidence is lacking. As we discussed already in chapter 4, melatonin has a
protective effect on Aß pathophysiology, while hypocretin signalling may have an
aggravating effect, increasing amyloidosis. As hypocretin is thought to have a
regulating effect on melatonin synthesis, this may suggest that an increase or
disturbance in hypocretin levels (by sleep deprivation or aging) affects melatonin
levels and thus its protective effect on Aß pathophysiology.
If physiological changes of neuronal activity, such as a diurnal rhythm,
contribute to the circadian rhythm of Aß41, factors that elevate endogenous
neuronal activity may lead to Aß increase and possibly deposition. Decreased sleep
quality and especially sleep deprivation may elevate neuronal activity. Besides,
sleep is involved in maintaining synaptic homeostasis, as protein levels of key
components of central synapses are high after waking and low after sleep42. Aß
could be one of those proteins that is increased during wake periods caused by
elevated synaptic activity and decreased during sleep. Deterioration of sleep
rhythms and sleep quality may directly affect the levels of Aß in the brain, e.g by
increasing its levels after prolonged states of activity.
At this moment our research group is performing an experimental clinical
study, using continuous CSF sampling with a spinal catheter, to examine the effect
of sleep deprivation on the AD biomarkers, Aß 4i , Aß40, t-tau and p-tau. We expect
that sleep deprivation will lead to elevated endogenous neuronal activity which
will subsequently lead to increased Aß levels.
In conclusion, as the aetiology of AD remains unknown, examining the role of
lack of sleep and circadian rhythm deterioration as causative factors in the onset
of AD, especially in human studies, is promising for the development of new
treatment opportunities. Consequently, this specific line of research forms a good
example of how the investigation of physiology and pathophysiology of AD may
lead to new insights in biomarkers and possible treatment.
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6.1 Nederlandse Samenvatting
De ziekte van Alzheimer
De ziekte van Alzheimer is de meest voorkomende vorm van dementie en ondanks
dat nog veel mensen denken dat het hoort bij ouder worden, is het een hersenziekte
waarbij schade aan de hersenen leidt tot klachten. Deze ziekte heeft verstrekkende
gevolgen voor de patiënt en diens directe omgeving. Bij de ziekte van Alzheimer
ontstaan er rondom de zenuwcellen van de hersenen ophopingen van een bepaald
eiwit, bèta-amyloïd, en binnen in de zenuwcellen afwijkende kluwen vezels. Men
denkt dat deze ophopingen en kluwen leiden tot schade van de zenuwen en hun
verbindingen. Hierdoor kunnen de hersenen niet goed meer functioneren en
klachten als vergeetachtigheid, desoriëntatie en veranderingen in de persoonlijkheid ontstaan.
Ondanks dat er op grote schaal onderzoek wordt verricht naar de ziekte van
Alzheimer, zijn de oorzaken ervan nog onbekend en is de ziekte onbehandelbaar.
Momenteel lijden naar schatting 145.000 Nederlanders aan de ziekte van
Alzheimer (bron ISAO). Rond het jaar 2050 zal het aantal Alzheimerpatienten in
Nederland de 300.000 zijn gepasseerd: dat is één op 57 Nederlanders, oftewel iets
meer dan 2%.

Met herseneiwitten een diagnose stellen
Het stellen van een juiste diagnose bij verdenking op dementie is uitermate
belangrijk, momenteel om de juiste zorg en begeleiding te kunnen bieden en
hopelijk in de toekomst om de juiste behandeling in te kunnen zetten. Eiwitten in
de hersenen, die bij de ziekte van Alzheimer afwijkend worden en leiden tot
schade; namelijk het bèta-amyloid en het tau eiwit, kunnen worden gebruikt om
de diagnose Alzheimer te stellen. Dit wordt gedaan door, vanuit de rug, een kleine
hoeveelheid hersenvocht afte nemen en hierin de concentraties van de eiwitten te
bepalen. Deze methode wordt in de praktijk steeds meer geaccepteerd en gebruikt,
zo is gebleken uit onderzoek binnen een Europees samenwerkingsverband. Op
welke manier deze methode praktisch kan bijdragen aan diagnostiek heb ik
beschreven aan de hand van een drietal casussen. Binnen de geheugenpolikliniek
van het Radboud Alzheimer Centrum wordt ook gebruik gemaakt van deze
diagnostische test. Uit gegevens van de afgelopen jaren blijkt dat deze test bijdraagt
aan de betrouwbaarheid van een klinische diagnose. Daarnaast is het zeer
bruikbaar voor het stellen van een diagnose bij jongere patiënten die vaak komen
met nog milde klachten.
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Een betrouwbare diagnostische test
Hoewel in de praktijk steeds vaker gebruik wordt gemaakt van deze diagnostische
test, vertonen de resultaten ervan nog veel variabiliteit, wat de betrouwbaarheid
juist weer kan verminderen. Het is belangrijk de oorzaken van deze variatie vast te
stellen en deze zo mogelijk te minimaliseren. Omdat momenteel de afname van
het hersenvocht op een willekeurig tijdstip gebeurt, wilden wij vaststellen of er
natuurlijke variatie van deze eiwitten over de dag bestaat. Hiervoor ontwikkelde
ik een methode om deze eiwitten in het hersenvocht gedurende 36 uur lang, ieder
uur, te meten. Uit dit onderzoek kwam naar voren dat er inderdaad variatie over
de dag bestaat, hoewel deze niet zo groot is dat de test er onbetrouwbaar van
wordt.
Daarnaast bleek in deze variatie een dag/nacht ritme te zitten. Dit ritme neemt
af met het ouder worden en is zelfs nog lager bij Alzheimer patiënten. Dit dag/
nacht ritme wordt ook gezien bij een hormoon dat in de hersenen de slaap
reguleert; hypocretine. Wanneer we in Alzheimer patiënten en gezonde
proefpersonen naar de concentraties van dit hormoon keken, bleek dat bij
toenemende schade aan de hersenen de concentratie hypocretine afnam. Maar we
zagen ook dat de verschillen in het dag/nacht ritme juist toenamen. Blijkbaar is dit
slaap regulerende systeem in de hersenen ook betrokken bij de ziekte van
Alzheimer.
Al met al gaf deze nieuwe methode, om gedurende meerdere uren variatie in
eiwit concentraties in de hersenen te meten, ons enerzijds inzicht in de betrouwbaarheid van een diagnostische test, maar bood anderzijds ook een inzicht in de
relatie tussen dag/nacht ritmes en Alzheimer.

Een link tussen slaap en Alzheimer?
In het laatste hoofdstuk beschrijf ik wat er tot nu toe bekend is over de relatie
tussen slaap stoornissen en de ziekte van Alzheimer. Bij veel patiënten gaat de
ziekte van Alzheimer gepaard met problemen op gebied van slaap en dag/nacht
ritme. Deze problemen hebben zeer veel invloed op het dagelijks leven van de
patiënten en hun directe omgeving.
Onderzoek heeft aangetoond dat de slaap regulerende systemen van de
hersenen veel mankementen vertonen bij Alzheimer patiënten. Mogelijk spelen
deze afwijkende systemen zelfs een rol in het ontstaan van Alzheimer. De eerste
afwijkingen worden namelijk al in een heel vroeg stadium van de ziekte gezien,
wanneer er nog niet eens klachten zijn van Alzheimer. Daarnaast is aangetoond
dat deze slaapregulerende systemen invloed kunnen uitoefenen op het Alzheimer
specifieke eiwit, bèta-amyloid, en zelfs bijdragen aan de schade in de hersenen.
Deze resultaten suggereren dat wanneer deze systemen niet goed meer werken, ze
mogelijk zorgen voor afwijkingen in eiwitten die dan weer schade veroorzaken.
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Echter, deze directe relatie is nog nooit aangetoond. Bovendien komen deze
resultaten nog voornamelijk voort uit onderzoeken met proefdieren. Recent zijn
we op de afdeling Geriatrie een nieuw onderzoek gestart om in mensen het effect
van slaaptekort op deze specifieke eiwitten te testen. Deze studie kan mogelijk
binnenkort meer onthullen over de link tussen slaap en de ziekte van Alzheimer.
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6.2 Dankwoord
Ik kwam in 2008 naar Nijmegen om te specialiseren tot geriater. Drie en een half
jaar later ben ik weer vertrokken, zonder specialisatie, dat wel, maar zeker niet
met lege handen. Heerlijke herinneringen aan de mooie stad, leuk werk, en veel
mensen daar die me dierbaar zijn. Desondanks zal ik niet rusten jullie over te
halen om in de buurt van Leiden te komen wonen!
Maar goed, nu rond ik dus deze fase af met een promotie. Jullie, die mijn promotietraject van dichtbij hebben meegemaakt, weten natuurlijk dat het niet altijd dikke
pret was. Dat de zaken omtrent een promotie soms erg persoonlijk worden, en dat
ik het soms moeilijk vond om me op de zakelijke kant te blijven richten. Maar alle
mooie dingen van Nijmegen en het doen van onderzoek maakten het meer dan
waard. En nu heb ik dus een boekje. Voor mij een mijlpaal, een trots moment, en
tegelijkertijd hebben jullie iets om onder de poot van de wiebelende tafel te
schuiven.
Ontzettend veel mensen zijn op velerlei wijze betrokken geweest bij mijn promotietraject. Ikben iedereen heel erg dankbaar voor het steentje dat ze hebben bijgedragen.
Velen zal ik hieronder even benoemen, maar als ik jou vergeten ben... jij ook
bedankt!
Allereerst de mensen die direct bij mijn promotietraject betrokken waren.
Promotor en co-promotoren: Marcel Olde Kikkert, Marcel Verbeek en Jürgen
Claassen. De samenwerking met jullie is zeker leerzaam geweest. Iets waar ik in de
toekomst hopelijk nog veel profijt van zal hebben. Bedankt voor alles.
Mijn manuscriptcommissie; Prof. Dr. Frans Rüssel, Prof. Dr. Michel Willemsen,
en Prof. Dr. Guillen Fernandez wil ik hartelijk bedanken voor hun bereidheid om
mijn manuscript te beoordelen.
Onderzoek als dit kan niet bestaan zonder de hulp en inzet van vrijwilligers. Mijn
onderzoeken waren uitdagend en vergden veel inzet van de proefpersonen. Ik heb
bewondering voor alle mensen die hier zo geweldig aan mee hebben gewerkt.
Zonder jullie geen resultaten. Heel veel dank hiervoor!
Medewerkers van de ADVICE en de AWAKE studie; Petra, Sebas, William, Kees,
Wim, alle verpleegkundigen en laboranten. Jullie inzet was onmisbaar en jullie
gezelschap voor mij een toevoeging.
De geweldige mensen van CRCN, zonder jullie had ik mijn eerste onderzoek
(ADVICE) en het daaropvolgende (AWAKE), wat ik niet meer uit kon voeren, niet
van de grond gekregen. Jackie, mijn orakel van kennis. Onze eerste ontmoeting
was wat kritisch en aftastend, beiden hadden toen eenzelfde pet op. Maar de
ervaring lag bij jou en ik heb veel van je geleerd. En dat niet alleen, je gezelligheid
en altijd ondersteunende mening gaf me ook het zelfvertrouwen om door te gaan.
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Maar ook dank aan Joyce, Wendy, Luuk en alle anderen.
Ervaren collega's waar ik terecht kon bij problemen en mijn kennis vergaarde;
George Borm, René, Bianca, Roy, Magnus, Gerda. En niet te vergeten, de dames
van het secretariaat Gemma, Hannah, Caria, Ilona, Fran.
Mijn eerste stappen in het internationale Alzheimer onderzoek in Hawaï waren
spannend, maar ik voelde me gesterkt door de drive van o.a. deze onderzoekers;
Jeff Waring, Randall Bateman, Richard Margolin, Gary Tong, en Eric Siemers.
Enya, je coaching leerde me heel veel over mezelf, mijn verantwoordelijkheden,
talenten, en gebreken. Ik heb er veel aan gehad. Yvonne, met je eeuwige
aanmoediging om mijn vrije dagen op te nemen, ons contact gaf me een goed
gevoel. Altijd gezellig binnenkomen met vrolijke Ans, de portier, die me als een
surrogaatmoeder wist te vertellen dat het hoog tijd werd dat ik naar huis ging.
Minstens even belangrijk voor mij waren de mensen in Nijmegen die vanaf de zijlijn
meekeken naar mijn promotietraject. Vaak ook aan het ploeteren met hun eigen
promotiesores (of andere sores), maar altijd bereid om even op het mijne te schelden.
Koffiepauzes, etentjes, feestjes, spontane en minder spontane borrels. Voor de
buitenwereld leek het misschien alsof er voornamelijk onzin verkocht werd op dit
soort momenten, en hoewel er tussen de veelvuldige en uiterst creatieve carrière
switches misschien niet altijd realistische opties zaten, deze manier van stoom
afblazen was voor mij een grote motivatiebron om me daarna weer op het werk te
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