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Abstract

Several potential disease-modifying drugs for Alzheimer’s disease (AD) have failed to show any
effect on disease progression in clinical trials, conceivably because the AD subjects are already
too advanced to derive clinical benefit from treatment and because diagnosis based on clinical
criteria alone introduces a high misdiagnosis rate. Thus, well-validated biomarkers for early
detection and accurate diagnosis are crucial. Low cerebrospinal fluid (CSF) concentrations of the
amyloid-p (AP1-42) peptide, in combination with high total tau and phosphorylated tau, are
sensitive and specific biomarkers highly predictive of progression to AD dementia in patients with
mild cognitive impairment. However, interlaboratory variations in the results seen with currently
available immunoassays are of concern. Recent worldwide standardization efforts and quality
control programs include standard operating procedures for both preanalytical (e.g., lumbar

© 2015 The Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.

"Corresponding author. Tel.: +46-313431791; Fax: +46-313432426. Kaj.Blennow@neuro.gu.se.

Conflicts of interest: All authors participated in the international Expert Committee meeting (held in April 2012) and were involved in
the discussions regarding development and validation of CSF diagnostic assays, which form the basis of this publication. This meeting
was held with the unrestricted support of Roche Diagnostics International Ltd. The authors take full responsibility for the manuscript
and the industrial partner did not advise or interfere with its content. Each of the authors contributed to the writing, critical review and
revision of the article, and approved the final version. K.B. has served as a consultant for Innogenetics, Kyowa Hakko Kirin Pharma,
Pfizer, and Roche. H.H. declares no competing financial interests related to the present article. During the last 2 years (2011-2013), he
has received lecture honoraria, research grants, and/or travel funding, participated in scientific advisory boards and/or as a consultant
to diagnostic and biotechnology companies involved in the manufacture and marketing of biomarkers and/or diagnostics for cognitive
impairment and Alzheimer’s disease including Roche Diagnostics, GE Healthcare, Avid, Eli Lilly and Company, GlaxoSmithKline-
Biologicals, Jung-Diagnostics, Thermo Fisher Scientific Clinical Diagnostics, and Cytox. H.H. is the coinventor in pending patent
submissions relating to biological markers and/or diagnostics and has not received any royalties. A.M.F. is a member of the US
Alzheimer’s Disease Advisory Board for Lilly USA. P.L. has received consultation honoraria from Innogenetics and IBL
International. Through collaboration with New York University, M.J.de.L. holds patents on PETand MRI image analysis techniques
that have been commercially licensed.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blennow et al. Page 2

puncture and sample handling) and analytical (e.g., preparation of calibration curve) procedures.
Efforts are also ongoing to develop highly reproducible assays on fully automated instruments.
These global standardization and harmonization measures will provide the basis for the
generalized international application of CSF bio-markers for both clinical trials and routine
clinical diagnosis of AD.

Keywords

Cerebrospinal fluid; Biomarkers; Alzheimer’s disease; f-Amyloid; Tau protein; Mild cognitive
impairment

1. Introduction

Alzheimer’s disease (AD) is a complex progressive neurodegenerative disease affecting
approximately 14 million people in Europe and the United States [1,2], including almost
one-half of the population aged >85 years (43%) [2,3]. In the early stages, the pathologic
changes in AD primarily affect the medial temporal lobe, subsequently progressing to
neocortical-associated areas [4,5]. The hallmarks of the disease are neuritic plaques
composed of the amyloid-p peptide (AB) and neurofibrillary tangles (NFTs) composed of
hyper-phosphorylated tau protein (P-tau) [5].

The neuropathology of underlying AD starts decades before the appearance of clinical
symptoms [6-10], and evidence suggests that AD should be considered as having three main
stages: (1) presymptomatic, (2) “prodromal’” with mild symptoms (mainly disturbances in
episodic memory), and (3) symptomatic with dementia [11]. In many cases, mild cognitive
impairment (MCI) can be considered a “transitional zone” between the cognitive decline
seen in normal aging and the cognitive dysfunctions of AD dementia. Although as many as
10% to 20% of patients with MCI progress to AD per year [12], other causes of MCI include
cerebrovascular disease, polypharmacy, depression, excessive alcohol/drug use, and
neurodegeneration unrelated to AD [13].

The diagnosis of mild AD dementia—and especially prodromal AD—remains difficult on
purely clinical grounds [11,14], although there is some evidence that specific memory tests
identify the amnestic syndrome of the hippocampal type [15,16]. The accuracy of current
clinical AD diagnostic methods to predict pathologic diagnoses (in the absence of biomarker
information) is generally low; sensitivities have been reported to range from 71% to 88%
and specificities from 44% to 71%, depending on the specific histopathologic diagnostic
criteria used [17]. In addition, reports from large clinical trials of drug candidates with
disease-modifying potential show that 10% to 35% of clinically diagnosed AD cases with
mild-to-moderate dementia have negative amyloid positron emission tomography (PET)
scans [18]. This means that a large proportion of individuals in these trials have no or little
AP pathology in the brain and thus do not have the disease for which the drug is to be tested,
adversely affecting the ability to identify a beneficial clinical effect of the drug. The
accuracy of clinical diagnosis is probably even lower in the very early clinical stages of the
disease (i.e., in patients with prodromal AD). This variable and relatively poor performance
is particularly troubling given the high level of expertise of the clinicians in the specialized
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AD centers making the diagnosis, and the diagnostic accuracy in primary or secondary care
settings is likely to be even lower.

In the last two decades, there have been intensive efforts to develop disease-modifying drugs
to counteract the progression of AD. Because initiating treatment with these agents early in
the disease continuum is expected to provide the greatest long-term benefits, there is a
critical need for further progress in the development and validation of diagnostic tools to
accurately identify patients with early AD dementia (and especially prodromal AD) for
inclusion in clinical trials [14]. Aside from the need for biomarkers to identify patients for
inclusion in registration trials of disease-modifying agents, once these drugs are approved
for widespread use, diagnostic tools will also be required to recognize prodromal AD
patients and provide appropriate treatments in routine clinical practice.

The use of magnetic resonance imaging (MRI), 18F-2-fluoro-2-deoxy-D-glucose positron
emission tomography (FDG PET), amyloid (AB) PET [19,20], and candidate fluid
biomarkers for AD has been investigated extensively for a number of years [21]. Like MRI,
FDG PET has demonstrated sensitivity for AD identification at the MCI [22] and even the
normal stages of cognition [7,23], but these modalities are not pathologically specific.
Amyloid PET has demonstrated some specificity for AD lesions [24], but the sensitivity of
this modality continues to be investigated.

Although protein content is lower in cerebrospinal fluid (CSF) than in serum, CSF is an
ideal source for developing viable biomarkers in AD as it directly interacts with the
extracellular space in the brain, thus potentially reflecting the associated biochemical/
pathologic changes [25]. As a result, CSF biomarkers have been become accepted and
adopted to varying degrees for the clinical diagnosis of AD in different countries. Indeed,
the European Federation of Neurological Societies (EFNS) guidelines recommend routine
CSF analysis in the differential diagnosis of atypical AD characterized by prominent early
deficits rather than episodic memory [1]. Although the International Working Group and,
later, the National Institute on Aging and the Alzheimer’s Association (NIA-AA) suggest
that CSF bio-markers may add diagnostic value, they do not at present advocate the use of
AD biomarker tests for routine diagnosis as they believe that further research, validation,
and standardization are required and because access to biomarkers is restricted in some
settings [11,26].

An international Expert Committee meeting was held in April 2012 to discuss the
development and validation of CSF diagnostic assays and the optimization of their use as in
vitro diagnostic tools, with a particular emphasis on the employment of CSF biomarkers to
identify patients with prodromal AD. This meeting was held with the unrestricted support of
Roche Diagnostics. This article summarizes the conclusions from that meeting and is not
meant to be a guideline or a position article. The authors take full responsibility for the
manuscript and the industrial partner did not advise or interfere with its content. The article
aims to stimulate the international community to focus on the role and utility of CSF
biomarkers for the diagnosis of prodromal AD.
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2. Which CSF biomarkers are the most appropriate?

Although a multitude of CSF biomarkers for specific pathologic changes and nonspecific
markers of oxidative damage or inflammation in AD patients have been proposed, many of
them have only been reported in single publications and the results have been difficult to
replicate. The most consistent findings have been obtained with the AB4.42 peptide (ABs>),
total tau (T-tau), and P-tau [21,27,28].

It is important to determine how the change in the CSF levels of these proteins relates to the
pathology or neurochemical disturbances in the AD brain. It has been shown that the level of
A4 in postmortem ventricular CSF shows an inverse correlation with plaque load in
cortical regions [29], a finding that has been replicated in later studies [30] and in biopsied
brain from living subjects [31]. In addition, decreased CSF concentrations of A4, have
been found to correlate with high retention of Pittsburgh Compound B using PET [30,32—
36]. Taken together, these studies show that in AD patients, the reduction in CSFAB,2
reflects deposition of the peptide in plaques in the cortex. It is likely, however, that other
pathologic processes will also generate low CSF levels of AB4,. In support of this, low
levels of CSF Ay, are also detected in a proportion of cases with plaque-negative
Creutzfeldt-Jakob disease (CJD) and in patients with bacterial meningitis [37,38].

Studies comparing CSF samples taken during life with autopsy measures of tangle density
show that CSF P-tau correlates with the amount of neocortical NFT pathology [30,39].
Thus, CSF P-tau likely reflects the phosphorylation state of tau and the formation of tangles
in the brain. In contrast, CSF T-tau is a more dynamic biomarker, which reflects the
intensity of both acute neuronal damage and chronic neuronal degeneration in the brain. For
this reason, high CSF T-tau is associated with faster progression from MCI to AD with a
more rapid cognitive decline and high mortality rate in patients with AD dementia [40-42].

Several studies have shown that CSF AB,4,, T-tau, and P-tau show no or minimal change
during the clinical phase of AD with dementia [43-45] or during the progression from MCI
to AD dementia [46]. Thus, the change from normal to pathologic levels most likely occurs
during the preclinical asymptomatic phase of the disease. Because CSF biomarkers are
stable during the clinical course, they cannot be used as markers for prognosis or staging of
the disease, unlike markers such as serum creatinine, which increases with increasing
impairment of renal function to reach very high levels in the final stage of kidney failure.

Following the hypothetical model of dynamic biomarkers for AD pathology, the aggregation
and deposition of A4y is hypothesized to precede clinical symptoms by many years and to
occur before biomarker-detectable tau pathology, NFT formation, and neuronal degeneration
[3,47,48]. Thus, the drop in CSF AB4» should come before the increase in CSF tau proteins
(Fig. 1). This is supported in some biomarker studies in sporadic AD that showed that
lowering of APB4o in CSF is a very early change [49,50], but studies on familial AD suggest
that reductions in CSF A4, and elevations in tau compared with normal occur around 10 to
15 years before the expected onset of symptoms [51,52]. However, studies on large
neuropathology case series suggest that tau pathology precedes amyloid plaque pathology
[6]. Thus, there may be a discrepancy between neuropathologic and clinical biomarker
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studies [53], which warrants further studies with longitudinal biomarker assessments to
validate AD bio-markers as a precise tool to monitor the evolution of pathology during the
clinical course of AD.

There was a consensus among the Expert Committee that the CSF biomarkers have been
validated against neuropathology and other biomarker modalities. The CSF bio-markers
show no or minimal change during the clinical course of AD and cannot be used for staging
of disease severity. The change from normal to pathologic levels occurs during the
preclinical asymptomatic phase of the disease, but whether the changes occur in a temporal
order [47,48] or simultaneously, after the spread of Ap and tau pathology with a
continuously increasing number of neurons being affected, needs further study in
longitudinal biomarker assessments [53].

3. How well do the CSF biomarkers perform diagnostically?

There are numerous reviews on the diagnostic performance of the CSF biomarkers,
including in the early stages of AD. In particular, combining these CSF biomarkers adds to
diagnostic accuracy, both for early identification of AD and to differentiate AD from non-
AD dementias. Indeed, AD patients typically display low concentrations of Ap4, and high
concentrations of T-tau and P-tau, a pattern commonly referred to as the “AD signature”
[27,54-59]. The CSF biomarkers are also highly predictive of progression to AD dementia
in MCI patients [56,59-65]. For example, the first study evaluating the power of CSF
biomarkers in MCI cases with a long (4-6 year) clinical follow-up showed a 95% sensitivity
to identify prodromal AD, with 87% specificity against stable MCI cases and patients with
other dementias [62].

Some studies have examined whether CSF biomarkers may predict cognitive decline and
dementia in cognitively normal elderly individuals. In 2003, Skoog et al. [50] showed that
cognitively normal 85-year-olds who later developed dementia had low CSF A4, but not
APy levels. This finding has been confirmed in a population-based study of normal elderly
individuals in which low CSF A4, predicted cognitive decline and AD dementia during the
8-year follow-up period [49]. Some studies suggest that CSF A and tau may predict future
cognitive decline in cognitively normal elderly individuals [66], whereas other studies report
that the reduction in CSF AB42 may be more predictive of future cognitive decline than high
CSF tau [67].

Based on the scientific evidence and their own expertise, the Expert Committee agreed that
although AB4; is an early biomarker when used alone, it is not specific for AD. There was a
consensus that although tau is a very sensitive biomarker for AD, it increases during normal
aging and has limited ability to discriminate AD from other major forms of dementia,
including vascular dementia (VaD) and frontotemporal dementia (FTD). In addition, CSF T-
tau shows a very marked increase in CJD, thus having diagnostic value in rapidly
progressing dementias. It was also noted by the group that although P-tau in combination
with APy, increases the specificity of AD diagnosis, T-tau increases the relative sensitivity.
Therefore, although the issues are complex and require careful assessment of sensitivity and
specificity, it was concluded that AB4» and tau (T-tau and P-tau) should be used in
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combination and that the evidence for the diagnostic accuracy of the “AD signature” is
robust.

4. Are the currently available CSF assays appropriate for widespread use in
diagnostic testing?

The key features of a diagnostic biomarker are that it should exhibit high sensitivity/
specificity and should be reliable, reproducible, noninvasive, simple to perform, and
inexpensive [20,68]. Furthermore, it should be able to identify the clinical disease stage and
monitor treatment effects.

Commercial AD biomarker assays are currently used to a greater or lesser extent in various
countries as both diagnostic and research tools. However, as CSF biomarkers move toward
routine clinical use, it is becoming increasingly evident that there are serious limitations
underlying the existing assays for AB4p, T-tau, and P-tau detection. These assays initially
had high diagnostic accuracy and low intralaboratory and intra-assay variabilities [69-73].
Nevertheless, it has been shown that both interassay and interlaboratory variabilities are
unacceptably high (20%-35%) [64,73,74]. The large inter- and intralaboratory variations
have serious consequences as results attained from different laboratories cannot be directly
compared, and the intralaboratory variation also makes it difficult to perform and interpret
longitudinal studies. Most importantly, laboratories must establish their own reference
ranges using locally collected samples from well-characterized patients: this procedure is
difficult, time consuming, and expensive.

As outlined in Table 1, sources of bias may be preanalytical (patient selection, lumbar
puncture [LP] procedures, sample handling, and storage), analytical (differences in protocols
for sample processing), postanalytical (curve fitting for the standard curve) and include other
assay-related factors (within-batch or batch-to-batch variation in manufacturing analytical
kits) [75,76]. For these reasons, interlaboratory quality control (QC) surveys are essential
[73,76]: in this regard, the Alzheimer’s Association has initiated a worldwide global QC
program to identify, quantify, and monitor sources of variability [21]. The aim of the QC
program is the standardization of CSF biomarker measurements between laboratories (both
research and clinical), allowing direct comparisons of biomarker levels between laboratories
and thus providing uniform cutoff levels for diagnosis.

The QC program is run by the Clinical Neurochemistry Laboratory at the University of
Gothenburg, Sweden, in conjunction with the Alzheimer’s Association and includes a large
number of research, clinical, and pharmaceutical CSF laboratories, together with
biotechnology companies and a number of reference laboratories (including the Alzheimer’s
Disease Neuroimaging Initiative [ADNI] Biomarker Core). The report for each QC round
includes information on the measured biomarker levels for the individual laboratory and, for
comparison, the mean and variation in biomarker levels across all laboratories involved in
the program. In addition, the longitudinal stability in CSF biomarker levels for the individual
laboratory, expressed as percent deviation over time, is reported, with these reports serving
as a feedback for the participating laboratories, to identify whether the level of a biomarker
is outside an acceptable range and to note sudden changes or longitudinal drifts in CSF
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biomarker levels [21]. Initial results confirm that interlaboratory bias is high and most likely
due to factors related to both analytical procedures and assay production with kit-to-kit
variations [76]. It is clear that measures need to be undertaken to optimize biomarker
analysis, and to facilitate this, standard operating procedures (SOPs) concerning
standardization of sample processing, laboratory techniques, and assay execution have been
proposed to reduce the variability and increase the diagnostic utility of AD CSF biomarkers
[76,77].

There was a consensus among the Expert Committee that interlaboratory variability will be
minimized by the introduction of the worldwide QC programs, SOPs, and the use of high-
quality assays that have been produced with rigorous QC measures and that can also be run
on fully automated instruments. These measures are required before CSF biomarker assays
are appropriate and applicable for widespread clinical use.

5. How should the cutoff levels of biomarkers be defined to ensure
acceptable specificity and sensitivity for an AD diagnhostic assay?

Sensitivity and specificity are of equal significance in AD diagnosis: a high sensitivity is
needed to identify the highest proportion of AD patients and minimize false negatives,
whereas a high specificity is necessary for diagnostic accuracy to minimize false positives
and exclude non-AD dementias or prodromal stages of non-AD dementias. As early as 1998,
an expert committee advised that although conventional diagnostic criteria can provide a
sensitivity of around 85% in patients with overt dementia (but much lower in patients with
early stage AD), an appropriate biomarker should have sensitivity approaching or greater
than this [68]. Although a test with 100% specificity would always differentiate AD from
other causes of dementia, a useful biomarker in AD diagnosis was defined as having a
specificity of 75% to 85% or more [68].

Table 2 summarizes the performance of AB,,, T-tau, and P-tau as core CSF biomarkers. It is
now the opinion among experts that combined APB4p, T-tau, and P-tau provide distinctive and
reliable biomarkers for AD [21,28,78-80]. It has also been suggested that the combined use
of MRI or PET imaging with CSF biomarker analysis [81], with results from specific
memory tests and a brief informant-based questionnaire, may further increase diagnostic
accuracy, particularly in the prodromal stages [82]. Validation of the AD CSF signature
includes defining appropriate cutoff levels to ensure proper specificity and sensitivity.

Although positively correlated, different assay platforms for AB,,, T-tau, and P-tau generate
different absolute values, which pose a challenge for biomarker standardization and the
establishment of universal cutoff values to identify groups with or without the underlying
disease pathology [57,71]. Because of interlaboratory variation, the reference ranges of these
biomarkers must currently be defined by each laboratory as the direct transference of the
cutoff values, and reference ranges from one laboratory is not acceptable and leads to
variations in diagnostic accuracy. Efforts are ongoing to transfer current manual enzyme-
linked immunosorbent assay methods to fully automated instruments or laboratory analyzers
and to make validated assay versions with high stability between batches. These assays will,
when generally available, most likely show interlaboratory variations low enough to enable
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the introduction of general cutoff levels for AD diagnosis. In addition, this type of
instrument allows direct analysis of single CSF samples, which will substantially shorten
turnaround time for results.

In-depth discussions within the Expert Committee regarding the importance of sensitivity
and specificity when defining the cutoff for an in vitro diagnostic marker revealed that, in
the United States, insurance companies and patients require high specificity to reduce false
positives, whereas physicians require high sensitivity to facilitate early treatment. There is a
large body of scientific literature showing that the CSF biomarkers AB,o, T-tau, and P-tau
reach sensitivity and specificity figures of 85% to 90%, thus exceeding the 85% sensitivity
and 75% specificity recommended by the 1998 Biomarker Working Group [68]. Reasons for
not achieving higher performance include that most data come from clinically diagnosed
patients who may have mixed pathologies or be misdiagnosed, that a percentage of
“controls” may in fact have preclinical AD, and that there is an overlap in pathology
between AD and other common dementias such as FTD, VaD, and dementia with Lewy
bodies.

6. How should an AD diagnostic CSF biomarker assay be validated?

When validating AD biomarkers, it is essential to have well-matched controls, validation of
clinical diagnosis, and confirmation of sensitivity and specificity in large multicenter
studies. Sources of bias (at the level of patient inclusion or diagnosis) must be reduced, and
retrospective validation studies should be performed using well-classified samples within a
stringent trial protocol. Even if studies are large, they may differ in demographics and
neuropathology because of the inclusion and exclusion criteria for patients and controls. For
example, differences in the education level or percentage of cases with mixed pathologies
between cohorts can contribute to study-specific biases. Thus, to validate a biomarker,
cutoffs for sensitivity and specificity should be estimated in one study population and
validated in another (e.g., European and US cohorts) using the same assay, thus also
following the Standards for Reporting Diagnostic Accuracy (STARD) criteria [87]. A large
multicenter trial including 750 MCI cases demonstrated good performance with regards to
identifying prodromal AD when applying the STARD criteria for validation [64].

The US Food and Drug Administration recently approved 18F florbetapir injection
(Amyvid; Lilly USA, Indianapolis, IN, USA) for use in patients being evaluated for AD and
other causes of cognitive decline. The 18F florbetapir validation studies were performed in
postmortem brain tissues [88], and it has been suggested that the correlation of CSF
biomarker levels with neuropathologic findings at autopsy may provide an alternative
strategy useful in CSF biomarker validation [54].

Because AD pathology is initiated decades before the clinical symptoms of dementia
become apparent, it is possible that, in validation trials, “controls” may have an established
but undetected AD pathology. A strategy to avoid the recruitment of asymptomatic patients
at risk for AD (i.e., cognitively normal individuals with brain amyloidosis) in the control
group is to use an extended observation period (perhaps as long as 6-8 years) and classify
patients as AD or controls only when clinical/neuropsychological diagnoses are supported
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by neuroimaging data (amyloid PET and MRI) and remain aligned with the presence or
absence of the AD signature [23,89-91]. In these studies, CSF from normal subjects
obtaining a future clinical neurologic diagnosis should not be used as a reference for
biomarker validation [90,91] because this later requirement may be seen by some as circular
in nature as the predictor and the end point are the same. The Expert Committee also
proposed to correlate CSF biomarker results with external end points including amyloid PET
and postmortem brain pathology. This approach is superior to the retrospective method as
one does not know the time course of the AD signature at an individual level.

The Expert Committee advised that to fully validate an AD biomarker, well-matched
samples should be obtained retrospectively from relevant cohorts and that the cutoffs for
sensitivity and specificity should be estimated in one study population and validated in
another (e.g., European and US cohorts) using the same assay. Furthermore, a large cohort
of longitudinal samples would be required, and a reliable control would be vitally important
to accomplish appropriate validation.

7. How can the prodromal AD population be identified practically for CSF

biomarker testing?

The fact that the primary care physician often is the first point of contact for a patient with
cognitive disturbances and possible neurodegenerative disorders [92] may act as a barrier in
the identification of prodromal AD patients because when diagnosis occurs, it is typically at
a late stage in the disease process [93]. Indeed, there have been reports of delays of up to 4
years from the recording of cognitive symptoms in primary care notes to the diagnosis of
dementia being made [94]. The primary care physician may refer the patient to a specialist,
but lack of general practitioner awareness may represent a barrier preventing access to a
specialized AD service that would be able to determine whether a patient should undergo
more rigorous testing.

When considering the role of CSF biomarkers in identifying AD in the predementia or
prodromal stage of the disease, one of the most controversial issues is the collection
procedure. Clinically, LPs are routinely performed for diagnosis of many other brain
disorders (e.g., meningitis, encephalitis, multiple sclerosis) and for the administration of
spinal anesthesia and chemotherapy. However, there are many challenges associated with
the perception and acceptance of LP and CSF analysis, among both patients and physicians,
and currently, there is no common consensus on the use of LP in this setting. Possible
reasons for not performing LP include fear of complications, lack of training, time
constraints, and low reimbursement related to the absence of an approved test. Additionally,
because analysis may not be performed at a local laboratory, CSF samples should be frozen
and transported on dry ice, and tests may be associated with high costs and a long
turnaround time.

Although the invasive nature of LP may be a factor limiting its use and restricting the
identification of prodromal patients, it is important to note that imaging techniques such as
PET can also be considered minimally invasive as they require the intravenous
administration of a radioactive tracer. Although severe complications associated with LP are
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rare or absent, fear of side effects, primarily the well-publicized post-LP headache (PLPH),
has added to the challenges associated with the implementation of CSF analyses in routine
AD diagnostics [95]. In reality, prospective studies of patients admitted for cognitive
symptoms report no serious complications, and the incidence of PLPH in patients with
cognitive disturbances is low (<2%) and comparable with the risk of headache associated
with amyloid PET (1.8%) [95,96]. The frequency of LPs in the clinical diagnostic
assessment of patients with cognitive symptoms varies between countries, including in the
Western world. Although high in northern Europe (e.g., Sweden and Finland), LP frequency
has been very low in the United States and in Canada. The reason for this is unknown and
most likely multifactorial in nature. Education programs for clinicians have helped to
promote the procedure in Sweden. It is noteworthy that the ADNI study has had an impact
on the situation in the United States: from being very rarely performed, the frequency of LPs
was very high (>50%) in the first ADNI study [59] and the acceptance rate is >85% in
ADNI-2 [97], which suggests both that patients have a much more confident or relaxed
attitude about LP than may have been assumed and that the attitude of the clinicians toward
the procedure is very important. Indeed, an increasing number of memory clinics in several
countries are starting CSF biomarker testing in clinical diagnostic routine.

It is highly pertinent to note that in 2011, the European Medicines Agency determined that
the AD CSF biomarker signature is useful for prodromal enrichment of clinical trial
populations [98]. However, the Expert Committee observed that the acceptance and
positioning of LP procedures and the use of CSF biomarkers vary significantly between
countries and that measures are required to overcome the obstacles discussed previously
before the use of LP in the “at-risk” prodromal AD population becomes routine. Thus, a
global standardization of LP procedures for CSF biomarker analysis is needed, and the
appropriate setting (primary care vs. specialist center and neurologist vs. geriatrician vs.
psychiatrist) has to be established. As a guide to facilitate this, the Alzheimer’s Association
QC program published a standardized flow chart for LP and CSF processing [21].

8. How should CSF biomarkers and imaging techniques be used together

to diagnose AD?

Although it has been established that the patterns of regional cerebral atrophy and glucose
hypometabolism characteristic of AD can be detected by MRI and FDG PET [23,24,99],
only AB PET imaging is specific for the amyloid pathology of AD [24]. And although
clinical studies demonstrate that baseline imaging and CSF bio-markers are independently
associated with cognitive decline [100], the use of imaging techniques such as MRI or FDG
PET in combination with the AD biomarker signature increases the sensitivity of AD and
prodromal AD diagnosis [100-104]. Moreover, some studies have suggested that the use of
MRI estimates of CSF space may afford a correction for the dilution of CSF-derived
proteins that are uniquely produced in the brain such as T-tau and P-tau [105,106].

There have been discussions in the literature as to whether a one-step testing strategy with
high sensitivity and specificity should be adopted in AD diagnosis or whether it would be
more appropriate to use a stepwise approach with relatively inexpensive and highly sensitive
core CSF biomarkers followed by more rigorous imaging-based testing to increase
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diagnostic specificity [19,20]. Because the full spectrum of imaging and CSF analysis
methods is seldom used, knowledge on how they may best be combined remains limited,
and there are currently no approved international guidelines defining how CSF biomarkers
and imaging techniques should be used together to diagnose AD.

As reviewed previously, several studies have shown that low CSF AP4o correlates tightly
with a high global cortical amyloid PET signal. In other words, the vast majority of AD
patients (85%-100%) show either normal or positive results by amyloid PET scanning and
CSFAB42 measurements [32-36]. A small percentage of patients show discordant amyloid
biomarker results, either positive CSF AB4, but normal amyloid PET or normal CSF ARy
but positive amyloid PET. One study contained a large enough number of patients to allow
comparisons of these groups [107]. In this study, the CSF-positive and PET-negative group
showed more cognitive impairment and higher CSF tau levels, whereas the CSF-negative
and PET-positive group consisted of persons with normal cognition and those with only
minimal cognitive impairment [107]. It is too early to conclude that there is any true
discrepancy between the two techniques that allows identification of subgroups of patients
or individuals. Instead, we need further studies to understand the rationale for the discordant
cases.

However, the EFNS recommends the use of CSF biomarkers, computed tomography,
MRI/FDG PET, and cognitive assessment for differential AD diagnosis [1]; the NIA-AA
describes a diagnostic model that incorporates CSF A4, or amyloid PET and CSF tau,
structural MRI, or FDG PET [26], and the “Dubois diagnostic criteria” stipulate that in
addition to memory impairment, there must also be at least one or more abnormal
biomarkers (MRI, PET, and AP/tau proteins) for a diagnosis of AD [11].

9. What are the ethical considerations associated with a diagnosis of AD

before the advent of disease-modifying drugs?

Diagnosis of prodromal AD before the availability of disease-modifying drugs raises ethical
concerns, and the debate often focuses on the potentially harmful psychological
consequences of early diagnosis to the patient. However, early diagnosis does not prompt a
severe emotional response in most patients and may, in fact, provide some relief once an
explanation for the cognitive symptoms is known [108]. Early diagnosis can be thought of as
an opportunity for patients to plan for the future in an informed manner and may help
identify patients with cognitive dysfunction secondary to other diseases that may be
responsive to available treatments [109].

However, the ethical implications of a misdiagnosis of AD should not be ignored; if a false-
positive diagnosis results in treatment, it is important to consider any potential and harmful
side effects. The risk of serious adverse effects from investigative treatments should not be
underestimated [110], and although rigorous toxicity studies are performed on all new drugs,
rare side effects are often detected only after widespread use [109].

Although no cure for AD is currently available, ongoing development of disease-modifying
drugs will substantially alter the meaning of a diagnosis of AD, moving it into the domain of
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potentially treatable illnesses. Thus, it is anticipated that ethical implications will change
dramatically when disease-modifying drugs become available.

10. Conclusions

The evidence for the benefit of CSF biomarkers in AD research is highly compelling as
many studies have shown the utility of the AD signature (low A4, together with high T-tau
and P-tau) for AD diagnosis and have demonstrated its use as a predictor of disease
progression [56,59,60,62,103,111,112]. Indeed, the high sensitivity/specificity of the AD
signature could lead to its development as the “gold standard” in early/prodromal AD
diagnostics. However, because no universally validated test is currently available, it is
essential to further accelerate the validation process of the AD signature through data
pooling and well-designed longitudinal studies [25].

The significance of interlaboratory variations in diagnostic sensitivity and specificity must
not be underestimated, and it is vitally important to establish SOPs with reference to sample
collection, storage and processing, assay format, and data interpretation. This can be met by
applying a strict clinical trial framework (standardization of design, efficacy criteria,
statistical methodology, etc.), although in the routine diagnostic laboratory, it is important to
have established and well-validated cutoff values and rigorous QC procedures. Development
of assays for fully automated analytical instruments would also be instrumental in reducing
both analytical and batch-to-batch variation for these biomarkers. The relevance of an early
diagnosis relies on the hypothesis that pharmacologic interventions with disease-modifying
drugs are likely to produce clinically relevant benefits if started early in the AD continuum.
CSF biomarkers have clinical utility in the differentiation between AD dementia, MCI due
to normal aging, and non-AD dementias [113], and experts agree that the further discovery
and validation of CSF biomarkers is essential to improve early diagnosis and accelerate the
development of new therapies.
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RESEARCH IN CONTEXT

1. Systematic review: Numerous research articles show that the Alzheimer’s

disease (AD) cerebrospinal fluid (CSF) biomarkers amyloid-f (AB1.42), total
tau, and phosphorylated tau are sensitive and specific to identify prodromal AD
patients.

Interpretation: Because clinical trials show that 15% to 30% of clinically
diagnosed AD patients do not have amyloid pathology, these biomarkers would
be highly valuable to enrich trials with true AD patients. Recent data showing
large between-laboratory variations for current immunoassays are of concern
because this will impede general use of CSF biomarkers in clinical practice.

Interpretation: Worldwide efforts are ongoing for standardization of CSF
biomarkers, from preanalytical sample handling to laboratory procedures. A
quality control program is running to monitor between-laboratory and
longitudinal performance. Biotechnology companies are also working on
developing validated and highly reproducible assays on fully automated
instruments. These global standardization efforts will facilitate a general
application of CSF biomarkers, both for clinical diagnosis and in drug
development.
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Fig. 1.
The hypothetical model for biomarkers during the development of AD. The figure shows the

relation between time (x-axis) and degree of biomarker abnormality (y-axis). Biomarkers for
cortical AP deposition include CSF AB,4, and amyloid PET imaging. Neurodegeneration is
measured by FDG PET (lowered glucose metabolism in cortical neurons and glial cells) and
structural MRI (atrophy), which are drawn concordantly (dark dashed line). Cognitive
impairment is illustrated as a zone (dark gray—filled area) with low- and high-risk borders.
By definition, all curves converge at the top right-hand corner of the plot, the point of
maximum abnormality. CSF, cerebrospinal fluid; AB, amyloid ; PET, positron emission
tomography; MRI, magnetic resonance imaging; FDG, fluorodeoxyglucose; MCI, mild
cognitive impairment. (Adapted from The Lancet Neurology, Vol. 12, Jack CR Jr, Knopman
DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS, et al., Tracking pathophysiological
processes in Alzheimer’s disease: an updated hypothetical model of dynamic biomarkers.,
207-16,2013, with permission from Elsevier.)
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Possible sources of variability between CSF studies (adapted from Mattsson et al. [76])

Source

Cause

Solution

Preanalytical

Analytical

Postanalytical

Assay manufacturing

Subject selection and diagnostic criteria

LP technique (e.g., time of day/diurnal variation, artifacts due to
binding of proteins to collection tube)

Specimen shipment or storage (e.g., freeze/thaw effects, artifacts
due to oxidation of proteins or binding of proteins to storage
tubes)

Assay kit handling and storage

Laboratory equipment (e.g., calibration of pipettes, maintenance
of ELISA reader)

Analytical variation (e.g., pipetting errors, use of internal QC
samples, acceptance criteria for assay)

Data-handling differences (e.g., type of curve fitting used,
software for data calculation)

Method optimization (e.g., antibody cross-reactivity, assay
linearity, and LLOQ)

Within-assay and lot-to-lot variabilities due to reagents and
manufacturing (e.g., variation in antibody plate coating, purity
of antibodies, quantification, and stability of assay calibrators)

Standardization of clinical procedures and
diagnostic criteria

Development of SOP for standardization of LP and
sample shipment/storage conditions

Follow instructions

Perform CSF biomarker analyses in certified
laboratories

Follow kit instructions and SOPs for analytical
procedures. Assays performed by certified
technicians

Follow SOP for analytical procedures

Perform assay optimization

Improve QC procedures during manufacturing and
compare lots using human CSF samples

QC, quality control; LLOQ, lower limit of quantification.

Abbreviations: CSF, cerebrospinal fluid; LP, lumbar puncture; SOP, standard operating procedure; ELISA, enzyme-linked immunosorbent assay;
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Table 2

Performance of core biomarkers in Alzheimer’s disease

Changein biomarker level in

Biomarker  Pathogenic process AD and prodromal AD Comment
A4 Amyloidogenic pathway of  Reduced to around 50% of control  CSF Afy; is the central CSF biomarker for brain AB
APP metabolism levels [27,83] metabolism and plaque formation [29,32,34]
P-tau Tau phosphorylation Increased to around 200% of High CSF P-tau is specific to AD [83]
control levels [27,83]
T-tau Neuronal degeneration Increased to around 300% of High CSF T-tau is found in AD but also in other brain
control levels [27,83] disorders with neuronal damage such as stroke and brain

trauma non-AD dementias [84,85]; very high CSF T-tau,
together with normal P-tau, is found in CJD [86]

Abbreviations: AD, Alzheimer’s disease; AB, amyloid beta; APP, apolipoprotein; CSF, cerebrospinal fluid; P-tau, phosphorylated tau; T-tau, total
tau; CJD, Creutzfeldt-Jakob disease.

Alzheimers Dement. Author manuscript; available in PMC 2015 April 06.



