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Alzheimer disease (AD) is a neurodegenerative 
disorder characterized by significant cognitive 
deficits, behavioral changes, sleep disorders 
and loss of functional autonomy. AD 
represents the main cause of dementia and 
has become a major public health issue. In 
addition, the number of patients suffering 
from AD is growing rapidly as the population 
ages worldwide. Memory impairment is 
usually the earliest clinical and core symptom 
of this disease. The diagnosis at a late clinical 
stage is relatively easy. However, a delay in 
the diagnosis is damageable for the handling 
of patients in terms of optimal medical and 
social care. 

The actual interest of the scientific head-ways 
is to optimize the diagnosis in prodromal stage 
of the disease and to propose personalized 
therapeutic solutions to individual patients. 
New revised AD diagnostic criteria include 

early alteration of cerebrospinal fluid (CSF) biomarkers: decrease of amyloïd peptides (Aβ42), 
and increase in tau and phosphorylated-tau (p-tau) protein concentration. This recognition 
of CSF biological biomarkers for the diagnosis of AD is a major step towards the “molecular” 
diagnosis and follow-up of the disease. Many issues are however still subject of debate. 

This e-book provides a comprehensive overview of the state of the art of fluid biomarkers for 
AD, e.g. which novel biomarkers should be implemented in clinical practice for diagnosis or for 
monitoring treatment or side effects, which ones are new for AD or related dementias or what is 
the potential of peripheral blood markers. Moreover, the e-Book provides practical guidelines 

A figure composed from the video from Jessie 
Yingying Gong & Thrasos Studio (VUmc©2016) 
illustrating the use of CSF biomarkers for the 
diagnosis of dementias.
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how to optimally and efficiently develop and validate novel biomarker assays, and to document and 
control pre-analytical variation.
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The Editorial on the Research Topic

Biomarkers of Alzheimer’s Disease: The Present and the Future

iNtrodUCtioN

Alzheimer disease (AD) is a neurodegenerative disorder characterized by significant cognitive 
deficits, behavioral changes, sleep disorders, and loss of functional autonomy. The number of 
patients suffering from AD is growing rapidly as the population ages worldwide. AD represents 
the major cause of dementia and has become a major public health issue. Memory impairment 
is usually the earliest but also the core symptom of this disease. The diagnosis at a late stage is 
relatively easy. However, a delay in the diagnosis is damageable for the handling of patients in terms 
of optimal medical and social care. Moreover, early diagnosis is essential to start treatments, which 
are conceivably more effective at the prodromal stage. The actual interest of the scientific head-ways 
is therefore to optimize the diagnosis in prodromal stage of the disease and to propose personalized 
therapeutic solutions to individual patients. New revised AD diagnostic criteria include alteration 
of cerebrospinal fluid (CSF) biomarkers: a decrease in concentrations of amyloid peptides (Aβ42) 
and an increase in tau and phosphorylated-tau (p-tau) protein concentration. This recognition of 
CSF biological biomarkers for diagnosis of AD is a major step toward the “molecular” diagnosis and 
follow-up of the disease. However, many issues are still subject of debate and further developments 
in this field focus on:

 – First of all, there is a large debate on the appropriate and optimal use of the current CSF amyloid 
and tau biomarkers that now face clinical implementation – when and how (alone or in combina-
tion) to use them: for AD screening, in routine, for early or atypical AD cases, etc.

 – How to measure them in the most reliable way? A question that necessitates discussion on 
standard operating procedures, harmonization, quality control, establishment of reference mate-
rial and methods, and comparison of analytical platforms (immunoassays, single and multiplex 
assays, and mass spectrometry).

 – The use of biomarkers (and in particular Aβ42) for the stratification, the follow-up and to predict 
therapeutic responses of patients involved in therapeutic trials targeting AD pathology.

 – How to improve the biological diagnosis of AD (in terms of sensitivity, specificity, or differen-
tiation from other neurodegenerative disorders) with the help of new biomarkers? This major 
topic has two complementary aspects: the detection of additional Aβ and tau isoforms and the 
detection of completely new biomarkers (in particular from “omics” studies). Of note, there is not 
a week without the suggestion in the literature of a new putative biomarker for AD.
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 – Related to the above item, is the issue of a blood diagnosis of 
AD. As a matter of fact, validated AD biomarkers are currently 
detected only in the CSF, which limits their usage in screen-
ing or monitoring patients. The standardization of blood 
 collection/assays for putative AD biomarkers is however 
far from the position of the CSF field, and it will need to be 
addressed specifically.

 – The last but not the least important issue of current and new 
biomarkers is how they relate to the understanding of the 
pathophysiology of AD and to new therapeutic leads.

The articles of this research topic address most of the issues 
listed above. Chapter 1 addresses the use of the current biomark-
ers of AD, i.e., amyloid and tau related. Bros et  al. focus on 
the analysis of tau using mass spectrometry as a way to detect 
and quantify specific tau isoforms, and Struyfs et  al. describe 
the added value of pTau for differential diagnosis of dementia 
subtypes. Dorey et  al. focus on the use of Aβ40 in a ratio to 
Aβ42, which is currently a hot topic in the field, demonstrating 
that it improves the interpretation of Aβ42 for the diagnosis 
of AD. Several diagnostic centers apply this ratio on a routine 
basis, while other centers are not yet using it. Will this paper 
provide the final verdict? The next two papers of this chapter 
focus on amyloid-related biomarkers, i.e., anti-amyloid antibod-
ies and amyloid oligomers. The anti-amyloid antibodies could be 
useful tools to detect ARIA’s as reported in the contribution of 
DiFrancesco. ARIA’s are a threatening side effect of anti-amyloid 
therapies and thus important to detect early during treatment. 
Oligomers are promising biomarkers but suffer from their versa-
tility: oligomers are unstable under physiological and laboratory 
conditions, which is problematical to control. A stable standard 
for quantification of oligomers in biomarker assays is needed 
and Kühbach et  al. describe the performance of their newly 
developed standard. The last two papers of this chapter by Ritter 
and Blennow give an excellent view of the current state of the 
art on biomarker developments for clinical trials and dementia 
diagnosis.

Papers in the chapter 2 of the research topic address meth-
odological and quality issues during analysis. The major part of 
the papers is the result of the activities of a strong international 
network within the 3-year duration of the joint programming for 
neurodegenerative diseases project, “BIOMARKAPD” (http://
biomarkapd.org/). BIOMARKAPD aimed to standardize all 
aspects of the assessment of established and new fluid biomark-
ers for AD and Parkinson’s disease (PD). This was driven by 
the fact that large variation in biomarker measurements were 
reported between studies, both between and within centers. 
Such variations may be caused by pre-analytical, analytical, or 
assay-related factors. They seriously jeopardize the introduction 
of biomarkers in clinical routine and trials around the world. 
The BIOMARKAPD consortium has established a virtual and a 
central biobank that are open for use for biomarker research, as 
presented in the first article of this chapter by Reijs et al. Biobanks 
containing body fluids of well-characterized patient cohorts are 
an invaluable source for biomarker development and validation 
studies. The next two papers by Leitão et  al. and Cicognola 

et  al. address the influence of pre-analytical confounders on 
CSF biomarker results, including sample handling (centrifuga-
tion speed and temperature) and diurnal variation. Two of the 
important guidelines developed by the BIOMARKAPD project 
are also published in this chapter: Andreasson et al. present a 
practical guide for immunoassay validation. There was a lack 
of such a practical guide, though such a guideline would help 
uniform validation of novel biomarker tests for use in clinical 
practice. Moreover, this guideline increases the awareness of 
the importance of assay validation before implementation in 
research settings and clinical routine. The paper of Del Campo 
et al. next describes an optimal workflow for cost-effective bio-
marker immunoassay development. Researchers that perform 
biomarker identification studies, e.g., by proteomics, often 
need to develop novel immunoassays for their novel candidate 
biomarkers, with limited resources. Del Campo et al. describe a 
systematic and rational workflow to optimize the cost-effective 
development of such assays. Then, Galasko addresses the 
development of novel biomarker candidates using the omics 
approaches by giving a critical review of the progress and 
results obtained this far. Finally, the review by Schindler and 
Fagan emphasizes the important information of the pathology 
or trajectories of biomarkers that were obtained by studying 
biomarkers in families with dominant inherited Alzheimer’s 
diseases, which is an incredible precious cohort.

In the last two chapters, which focus on CSF and blood 
biomarkers, the different articles by Steen Jensen, Paquet, 
Lopez-Font, Zhao, Herbert, Inekci, Delaby, Fiandaca, and Baird 
propose new biomarkers such as plasma proteins of amyloid 
pathology, miRNA, cytokines, kinases, axonal proteins, lipids, 
and fragments of already known markers. These articles give 
valuable insight into the novel approaches which could result in 
the identification of biomarkers useful in the field of diagnosis 
or therapeutic trials.

In conclusion, the topic “Biomarkers of Alzheimer’s disease” 
is a very active topic that has a major importance for medical 
diagnosis, basic research, and therapeutics in the neurology and 
neuroscience field. CSF biomarkers are increasingly implemented 
in clinical routine to sustain the diagnosis of dementias knowing 
that there is a strong need for accurate, sensitive, and reliable 
biomarkers for AD. This will in fact help early diagnosis, targeted 
therapeutics, prognosis, and follow-up of patients. We are pleased 
that the current research topic gives a comprehensive state of the 
art of the use of the biomarkers, and projects good faith into the 
implementation of well-validated novel biomarkers for dementia 
in the future.
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Tau protein concentration in cerebrospinal fluid (CSF) is currently used as a sensitive

and specific biomarker for Alzheimer’s disease. Its detection currently relies on ELISA

but the perspective of using mass spectrometry (MS) to detect its different proteoforms

represents an interesting alternative. This is however an analytical challenge because

of its low concentration in the CSF, a biological fluid collected in small volume by

lumbar puncture, and with a high structural heterogeneity. To overcome these issues,

instead of using immunocapture as previously done, we rather relied on an original two

steps pre-fractionation technique of CSF: perchloric acid (PCA) followed by micro solid

phase extraction (µSPE). We could then measure seven tau trypsic peptides by Multiple

Reaction Monitoring (MRM) on a triple quadrupole mass spectrometer. Quantification

was performed using isotopically labeled 15N- recombinant tau protein as internal

standard and validated using CSF pools with low, medium, or high tau concentrations

(HTCs). Repeatability, intermediate precision, linearity, limit of quantification (LOQ), and

recovery were calculated for the different peptides. This new MRM assay, which allowed

for the first time CSF tau protein quantification without immunocapture, has important

potential application to follow tau metabolism in both diagnostic and therapeutic

research.

Keywords: Alzheimer’s disease, tau protein, human cerebrospinal fluid, LC-MS/MS, quantitative proteomic, triple

quadrupole

Introduction

Alzheimer’s disease (AD) is the most common form of dementia, a general term encompassing
loss of memory and cognitive functions interfering therefore with activities of daily living. With
35 million of patients worldwide, AD represents 50–80% of cases of dementia and is reaching
epidemic proportions in industrialized countries mainly because of the aging of the population.

Abbreviations: AD, Alzheimer Disease; CAV, Cell Accelerator Voltage; CE, Collision Energy; CSF, CerebroSpinal

Fluid; ELISA, Enzyme Linked ImmunoAssay; FA, Formic Acid; HLB, Hydrophilic-Lipophilic-Balanced; LOQ, Limit of

Quantification; MAPT, Microtubule-Associated Protein Tau; PCA, Perchloric Acid; TCA, Trifluoroacetic Acid; SPE, Solid

Phase Extraction; MRM-MS, Multiple Reaction Monitoring Mass Spectrometry; PTM, Post Translational Modifications.
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At neuro-pathological level, AD is characterized by the
presence in the brain parenchyma of amyloid plaques and
hyperphosphorylated tau (p-tau) proteins aggregated into
neurofibrillary tangles (Gabelle et al., 2010). Tau protein is
synthesized by a single microtubule-associated protein tau
(MAPT) gene (chromosome 17q21) in humans (James et al.,
2015) mainly expressed in neurons (Perrin et al., 2009). Tau
protein is known to bind neuronal microtubules, promote
their assembly, and stabilize them (Drechsel et al., 1992).
The hyperphosphorylation occurring in case of AD caused its
release frommicrotubules, destabilizing the axons, and triggering
neuronal death (Sergeant et al., 2005). Quantification of tau in
cerebrospinal fluid (CSF) is currently used as a sensitive and
specific biomarker for AD diagnosis (Andreasen and Blennow,
2005). However, the full quantification of tau in CSF remained an
analytical challenge. In fact, this protein has 6 different isoforms
(ranging from 352 to 441 amino acids), and is subject to many
different post-translational modifications like phosphorylation,
glycosylation, and oxidation (Hernandez and Avila, 2007).
Moreover, tau is present at very low concentration (Sjögren et al.,
2001; Blennow and Vanmechelen, 2003) in CSF which is a highly
complex matrix.

Currently, CSF tau quantification is performed in clinical daily
routine by immunoassays (ELISA). If immunoassays are sensitive
enough to detect low CSF tau concentrations, they present
some boundaries: poor linearity, lack of specificity in regards
to multiple tau proteoforms and no multiplexing. This is the
reason why mass spectrometry (MS) is an interesting alternative
in this context. In 2014, McAvoy et al. (2014) has published
a quantitative LC-MS/MS method to measure tau in CSF with
a sample preparation based on a immunoaffinity. Barthelemy
et al. recently quantified 22 tau peptides by high resolution
MS (Barthelemy, under review). Since this equipment is very
rarely available in clinical laboratories, we used the same sample
preparation protocol but quantification was performed on a triple
quadrupole mass spectrometer. In this work, we describe the set-
up of the first multiplex targeted MS quantification of tau in CSF
without the need of immunocapture. The workflow includes a
CSF protein precipitation and a solid phase extraction followed
by a trypsic digestion. Seven tau proteotypic peptides located in
different positions of the protein could be quantified by Selected
Reaction Monitoring. This new method has important potential
applications to follow tau metabolism in both diagnostic and
therapeutic research.

Materials and Methods

Reagents
Perchloric acid (PCA), trifluoroacetic acid (TCA), and hydrogen
peroxide (H2O2) were purchased from Sigma Aldrich (Saint
Quentin Fallavier, France). Ammonium bicarbonate and trypsin
were obtained from Fluka-Sigma Aldrich (Saint Quentin
Fallavier, France) and Promega (Charbonnieres, France),
respectively. Water, formic acid (FA), methanol (MeOH) were
all ULC-MS grade and purchased from Biosolve (Dieuze,
France). Normal Goat serum was obtained from Clinisciences
(Nanterre, France). Protein LoBind tube 1.5mL and Deepwell

plate 96/500µl Protein LoBind were purchased Eppendorf (Le
Pecq, France). Oasis HLB µElution Plate 30µm, was obtained
from Waters (Guyancourt, France). Polypropylene vials and
Zorbax 300 SB-C18 1 × 150mm 3.5µm were both purchased
from Agilent Technologies (Santa Clara, CA, USA).

Human CSF Samples and ELISA CSF Tau

Quantification

CSF samples were obtained from patients followed-up by the
Montpellier neurological and Clinical Research Memory Centers
(CMRR) for cognitive or behavioral disorders. They gave their
informed consent for research and for the storage of their
sample in an officially registered biological collection (#DC-
2008-417) of the certified NFS 96-900 biobank of the CHRU of
Montpellier (Ref: BB-0033-00031, www.biobanques.eu). CSF was
collected in polypropylene tubes under standardized conditions,
preferably between 9:00 a.m. and 1:00 p.m., to minimize the
influence of diurnal variation. Each CSF sample was sent to the
local laboratory within 4 h after collection and was centrifuged at
1000 g for 10min at 4◦C. CSF was aliquoted in polypropylene
tubes of 1.5mL and stored at −80◦C until further analysis.
Tau quantification was performed by ELISA InnoTest Tau from
Fujirebio diagnostics following manufacturer’s instructions.

Standards and Samples Preparation

Preparation of 14N and 15N recombinant tau protein
(441) standards
14N and 15N recombinant tau protein (441) were obtained
from Dr. Guy Lippens (UMR 8525, Lille Pasteur Institute,
France). Lyophilized standards were resuspended at 1 mg/mL
with ammonium bicarbonate 50mmol/L. The solution was then
aliquoted into 50µL in LoBind tubes and stored at −80◦C until
use. Concentration of 14N and 15N tau primary calibrators was
determined by amino acid analysis. Ten calibration standards
were prepared gravimetrically using an analytical balance model
Sartorius CPA224S-OCE (Sartorius Goettingen, Germany) by
adding a fixed amount of 15N tau to variable amounts of 14N tau.
Standards were diluted with 50mmol/L ammonium bicarbonate
and 1mmol/L BSA and then further diluted in 0.5% goat serum
so as to reach final concentration of 5 ng/mL for 15N tau while
that of 14N tau ranged from 0.3 to 32.1 ng/mL.

Series of 8–10 human CSF samples with tau concentrations
determined by ELISAweremixed to obtain 3 CSF pools with Low
Tau Concentration (LTC), Medium Tau Concentration (MTC),
and High Tau Concentration (HTC).

Precipitation, µSPE extraction and protein digestion
Sample extraction of tau peptides were performed according to
Barthelemy et al. (Barthelemy, under review). Briefly, 450µL
of CSF or 0.5% serum samples were mixed with 50µL of
15N-tau-441 (50 ng/mL) in a LoBind tube. Protein precipitation
was performed by adding 25µL of 70% PCA. Samples were
then vortexed, kept on ice for 15min before centrifugation at
17,000 g at 4◦C during 15min to obtain a clear supernatant.
Supernatants were acidified with 50µL of 1% trifluoroacetic
acid (TFA). SPE with a hydrophilic-lipophilic balance SPE
96-well plate was conditioned with 300µL of MeOH and
equilibrated with 500µL of 0.1% TFA. Samples were loaded
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and washed with 500µL of 0.1% TFA. For protein oxidation,
500µL of 3% FA and 3% H2O2 solution in water was loaded
on cartridge and kept 12 h at 4◦C. Thereafter, cartridge was
washed with 500µL of 0.1%TFA. Oxidized tau proteins were
eluted with 100µL of 35% acetonitrile 0.1% TFA. Extracts
were evaporated to dryness with a Speedvac instrument from
LabConco (Kansas City, MO, USA) and resuspended with 40µL
of 1 ng/µL trypsin solution in 50mM ammonium bicarbonate.
The digestion was performed for 24 h at 37◦C on a Thermomixer
R from Eppendorf (Hambourg, Germany) and stopped with 5µL
of 10% FA and stored at −20◦C prior to LC-MS/MS analysis
(Figure 1).

LC-MS/MS

Liquid chromatography (LC) separation
LC separation was carried out on a 1290 LC system (Agilent
technologies). Separation was performed with a reversed-phase
Zorbax 300 SB-C18 column maintained at 60◦C. The mobile
phases consisted in (A) 0.1% FA in water and (B) 0.1% FA in
MeOH. After an isocratic step of 2min at 2% B, a linear gradient
from 10 to 70% B was run over the next 13min with a flow rate
of 50µL/min. The column was then washed for 1min with 90%
B and re-equilibrated during 5min with 2% B. Eluent flow before
2min and after 15min was discarded with a divert valve to reduce
contamination of the mass spectrometer.

MS/MS analysis
Mass spectrometric detection was performed using a 6490
triple quadrupole with an ESI source operating in positive
mode and in dynamic MRM mode (Agilent technologies,
Waldbronn, Germany). The control of the LC-MS/MS was done
with MassHunter Software (Agilent technologies, Waldbronn,
Germany). The ESI spray was set up according to the following
settings: capillary tension 2500V, gas flow 16 L/min with
temperature of 140◦C, sheath gas flow 7 L/min with temperature
of 250◦C, nebulizer 40 psi. Precursor ions were transferred inside
the first quadrupole with high pressure ion funnel RF set to 150V
and low pressure in funnel RF set to 110V. Collision energies
(CE) and cell accelerator voltages (CA) were optimized for the
peptide transitions of interest. The Skyline 2.6 version was used to
conduct data treatment. All transitions per peptide were used as
quantifiers and were automatically detected on specific retention
time windows. LC-MS/MS were repeated 5 times for analytical
validation.

Method Validation

The calibration curve was established by linear regression and its
linearity was validated according to the criterion of a Pearson
correlation r2 > 0.99. The Limit of Quantification (LOQ) was
defined as the concentration of the lowest calibration point with
the relative standard deviation (RSD) of the area ratios 14N tau
peptide/15N tau peptide was less than 20%. Absence of memory
effects was tested by re-analyzing the calibrator point without
adding any 14N recombinant tau protein in the end of the
analytical sequence.

The intermediate precision of the entire protocol was
evaluated by preparing and measuring the 20 ng/mL calibration

standard over 6 different days. LC-MS repeatability was tested on
the 20 ng/mL calibration standard by injecting it 4 times in a row.
RSD was calculated from the area ratios 14N tau peptide/15N tau
peptide.

Recovery was evaluated by analyzing human CSF sample with
LTC spiked to a final concentration of 6.6 ng/mL of 14N tau.
Recovery was calculated by applying the following equation:
Recovery (%) = (Measured added concentration/Theoretical
added concentration)× 100.

Results

Method Development, Linearity, and Recovery
Starting from 22 validated peptides of CSF tau protein obtained
with high resolution MS in PRM mode (Barthelemy, under
review), 7 peptides (GAAPPGQK, SGYSSPGSPGTPGSR,
TPSLPTPPTREPK, TPSLPTPPTR, LQTPVPMPDLK,
IGSTENLK, SPVVSGDTSPR) were validated using triple
quadrupole in MRM mode (Table 1). One precursor ion and
2 products ion transitions were selected for the 22 peptides
previously validated in PRM. We kept the most intense
precursor ions (doubly charged) after optimization of the CE.
Each transition was verified using Skyline Software. For the
selection, three parameters were considered: signal intensities,
presence of interferences and concentration in CSF pools
(Table 1). The seven validated peptides (Figure 2) in human
CSF had repeatable retention times with a mean RSD of 1.53%
(Table 2).

Between successive LC-MS/MS analysis, no memory effect
phenomenon was observed. The calibration linearity was
assessed using 10 point calibration curves of 14N tau standard
spiked in normal goat serum 0.5%.MRM results showed linearity
over 2–32.7 ng/mL concentration range (Table 2). Calibration
curves were generated by linear regression analysis by plotting
the peak area ratios (14N tau/15N tau) vs. concentration
ratios for all measured peptides. The regression coefficients
were calculated above 0.98 for the 7 considered peptides.
Typical calibration curves are shown in Figure 3. The LOQs
were determined over 0.3–2 ng/mL range depending on the
peptide (Table 2). Calculated recovery rates were 121 ± 19%
for the 7 tau peptides and using the 6.6 ng/mL calibration
standard (n = 3). For the TPSLPTPPTR corresponding to
the epitope of the ELISA capture antibody, a recovery of 107%
was measured.

Precision Studies
Precision of the entire protocol (including both sample
preparation and LC-MS/MS analysis) was evaluated using these
samples. The RSD of the CSF pools processing was below 6% for
the 7 targeted peptides. LC-MS/MS analysis was repeatable with
RSD of less than 4% (n = 4).

Quantification of Tau Protein in CSF Pools
Tau concentrations measured in the 3 CSF pools (LTC, MTC,
and HTC) displayed different results for the 7 peptides (Table 2).
For the LTC, depending on the targeted peptide, MRM-
calculated concentrations ranged from 0.3 to 6.6 ng/mL, for
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FIGURE 1 | Sample extraction: 15N recombinant tau was spiked on CSF and proteins were then precipitated. Remaining proteins including tau in the

supernatant were extracted on HLB cartridges. During extraction, an oxidation step was performed to oxidize methionine. Extracts were dried and then enzymatically

digested by trypsin. Proteotypic peptides of tau protein were then quantified in the sample by LC-MS/MS.

TABLE 1 | Peptide selection: starting from 22 validated peptides of CSF tau protein obtained with high resolution mass spectrometry in PRM mode

(Barthelemy, under review), the 7 quantifed peptides (GAAPPGQK, SGYSSPGSPGTPGSR, TPSLPTPPTREPK, TPSLPTPPTR, LQTPVPMPDLK, IGSTENLK,

SPVVSGDTSPR) were selected by taking into account the three following parameters: signal intensities, presence of interferences, and concentration in

CSF pools.

Peptide sequence Peak intensity Interfered Increasing concentration in CSF pools MRM validation

GAAPPGQK 600 No Yes Yes

TPPAPK 2200 No No No

TPPSSGEPPK 200 Yes No No

IGSTENLK 100 No Yes Yes

SPVVSGDTSPR 100 No Yes Yes

SGYSSPGSPGTPGSR 300 No Yes Yes

VQIINK 400 Yes No No

SRTPSLPTPPTREPK 0 Yes No No

IGSLDNITHVPGGGNK 0 Yes No No

ESPLQTPTEDGSEEPGSETSDAK 0 Yes No No

TPSLPTPPTREPK 1200 No Yes Yes

STPTAEDVTAPLVDEGAPGK 0 Yes No No

TPSLPTPPTR 400 No Yes Yes

QAAAQPHTEIPEGTTAEEAGIGDTPSLEDEAAGHVTQAR 0 Yes No No

HVPGGGSVQIVYKPVDLSK 0 Yes No No

TDHGAEIVYK 0 Yes No No

DQGGYTMHQDQEGDTDAGLK 0 Yes No No

LDLSNVQSK 0 Yes No No

QEFEVMEDHAGTYGLGDR 0 Yes No No

LQTAPVPMPDLK 100 No Yes Yes

HLSNVSSTGSIDM(diox)VDSPQLATLADEVSASLAK 0 Yes No No

KLDLSNVQSK 0 Yes No No

Bold and italics correspond to the 7 chosen tau peptides.

Underline characters (M) correspond to oxidized methionine.

the MTC from 1.6 to 12.5 ng/mL and for the HTC from 3.5
to 30.3 ng/mL. Calculated ratio between endogenous tau (14N)
and tau standard (15N) are presented in Figure 4, showing the
different concentrations obtained for each peptide in the three
CSF pools. For the peptide TPSLPTPPTR corresponding to
the epitope of the ELISA capture antibody, concentrations of
4.6 ng/mL for the LTC, 7.3 ng/mL for the MTC and 18.9 ng/mL
for the HTC were obtained.

ELISA Quantitation and Correlation with MRM
Tau concentration determined in the LTC, MTC, and HTC pools
using ELISA were 184 pg/mL, 399 pg/mL, and 1096 pg/mL,
respectively. For the 7 peptides, concentrations obtained using
MRM were highly correlated with those measured by ELISA
(r2 above 0.99) (see Figure 5 for the TPSLPTPPTR peptide as
an example). However, ELISA concentrations were 17–25 times
lower than those measured by MRM.
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FIGURE 2 | Chromatogram of calibration standard at 32.1 ng/mL in 0.5% normal goat serum after sample preparation.

Discussion

In this work, we presented for the first time an MRM based

multiplex assay for tau in the CSF that did not necessitate

any immuno-capture. Thanks to an adaptation of the “protein
standard for absolute quantification” (PSAQ) approach (Picard

et al., 2012), to an original two step purification protocol, and
to the latest generation of triple quadrupole MS analyzers, we

realized the tour-de-force of quantifying in parallel 7 proteotypic
peptides of the tau protein. Previous MS attempts to measure tau
in the CSF of patients were in fact limited to a few peptides and/or
rely on immuno-precipitation procedures that are potentially
subject to cross-reactivity and difficulty to obtain reproducible
results when using different batches of antibodies (Portelius
et al., 2008; McAvoy et al., 2014). Our method was successfully
applied to the analysis of CSF pools with different levels of tau
protein. Based on previous data obtained using the same sample

preparation workflow but using targeted high resolution mass
spectrometry (PRM), we validated 7 peptides using our triple
quadrupole (MRM) compared to the 22 beforehand validated
by PRM on a high resolution mass spectrometer. If MRM can
be considered to be less performing in terms of resolution, it
has multiple advantages compared to PRM. Mainly, the method
development is much easier, data amount generated are lighter
and the data processing is highly facilitated thanks to the Skyline
software. Additionally, our method can be much more easily be
transferred in a clinical environment where most popular mass
spectrometers are triple quadrupoles.

The MRM technology also provides several analytical
advantages compared with standard ELISA methods (Lehmann
et al., 2013). MRM is known to be highly selective and
specific (Lehmann et al., 2013) allowing to determine the
absolute concentration of the targeted protein, provided that
appropriate calibration standards are available. The MRM
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TABLE 2 | Method validation summary.

Peptide Position in the

tau protein

sequence

Linear

range

(ng/mL)

LOQ

(ng/mL)

Mean

retention

time (min)

Repeatability

RSD (%)

Recovery

at 6.6 ng/mL

(%)

Measured tau

concentration

LTC (ng/mL)

Measured tau

concentration

MTC (ng/mL)

Measured tau

concentration

HTC (ng/mL)

GAAPPGQK 156 – 163 0.3 – 32.7 0.3 5.91 1.5 117 6.6 12.5 30.3

SGYSSPGSPGTPGSR 195 – 209 2.0 – 32.7 2.0 8.37 0.6 154 3.6 7.6 20.9

TPSLPTPPTREPK 212 – 224 2.0 – 32.7 2.0 10.80 1.2 109 3.2 8.1 15.7

TPSLPTPPTR* 212 – 223 1.0 – 32.7 1.0 11.31 1.6 107 4.6 7.3 18.9

LQTPVPMPDLK 243 – 254 0.5 – 32.7 0.5 12.32 3.1 98 1 2.5 17.3

IGSTENLK 260 – 267 1.0 – 32.7 1.0 8.28 3.2 137 2.1 4.9 9.5

SPVVSGDTSPR 396 – 406 0.5 – 32.7 0.5 8.28 1.3 130 0.3 1.6 3.5

FIGURE 3 | Calibration curves of the 7 tau peptides.

absolute quantitation of the target protein takes benefit of the
advantages of isotope dilution MS (Huillet et al., 2012). Adding
a known amount of an isotopically labeled internal standard at
the beginning of sample preparation protocol makes it possible
to account for potential material non-recovery during sample
preparation, which results in better accuracy and precision.MRM
assay thus showed robust pre-analytical and analytical precision,
matching current clinical needs.

Interestingly, the value obtained for the quantification of tau
between the two approaches (MRM vs. ELISA) showed that
the concentration measured with our MRM-MS assay with the
TPSLPTPPTR peptide was around 17–25 times higher than that
with the ELISA test. This result is in modest agreement with the
work of McAvoy et al. (2014) who had found a correlation slope
of 1.8 between MSD and their IA-MS method using the same
peptide. The differences between the two LC-MS/MS approaches
are probably due to the different sample preparation techniques
(protein precipitation followed by SPE vs. immunoaffinity)

and the different standards used to establish the calibration
curves. The striking difference observed between LC-MS/MS
and ELISA results raises the question of what method is the
most accurate. However, a first evidence in favor of LC-MS/MS
is that our results were in pretty good agreement with those
published in McAvoy et al.: despite different sample preparation
procedures and different calibration standards were used, the
2 studies shown that for Tau concentrations below 500 pg/mL,
immunoassays are negatively biased against LC/MS. Another
evidence that immunoassays underestimated tau concentration
is that the concentration of our protein standard was 20 ng/mL
when measured by amino acid analysis, 21.4 ng/mL by LC-
MS/MS and around 2 ng/mL by ELISA (data not shown).
However, we didn’t check that the buffer in which standards
were dissolved (ammonium bicarbonate 50mM) is compatible
with Innogenetics ELISA. It can’t be ruled out that standards
and even our 3 CSF pools were not commutable for ELISA
tests, thereby introducing matrix effects that could explain
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FIGURE 4 | Ratio endogenous tau/15N tau in the three CSF pools (LTC, MTC, and HTC) for the 7 peptides. The scheme represents the localization of the 7

peptides on the tau protein.

FIGURE 5 | Correlation between MRM and ELISA results.

the very large discrepancy between LC-MS/MS and ELISA
results. In contrary, an argument in favor of ELISA is that
there were important differences in the relative levels of the 7
measured tau peptides measured by LC-MS/MS, depending on
their localization on the protein sequences; as illustrated in the
Figure 4. This was observed with small variations in the different
pools analyzed. This result can be explained by the strong
structural heterogeneity of the tau protein. Indeed, it has many
proteoforms (Smith and Kelleher, 2013): six isoforms (ranging
from 352 to 441 amino acids), truncated forms and forms

widely modified post-translationally by glycosylation, oxidation,
and phosphorylation at more than 80 sites (Iqbal et al., 2010;
Hanger et al., 2014). As phosphorylation and any other post-
translational modification of tau peptides induce a mass shift
that results in an underestimation of total tau concentration
measured by LC-MS/MS, it could be suspected that LC-MS/MS
results should have been even higher. This explains why total
tau concentrations measured using different peptides were not
in good agreement and suggests that total tau concentration
can only be measured using peptides that are neither subject
to any truncation nor post-translational modification. In this
sense, the peptide GAAPPGQK appears to be the best candidate
because it is short enough and it can’t be phosphorylated. This
hypothesis is supported by the fact that among the 7 considered
peptides, total tau concentration was the highest when estimated
with this peptide (see Table 2). Despite total tau concentrations
estimated using all the 7 peptides are in insufficient agreement
to support the use of peptides that can be phosphorylated,
the results obtained with the 6 other peptides also show an
excellent correlation between ELISA and LC-MS/MS, which
suggest that they can have a clinical relevancy as independent
biomarkers. However, to do the comparison with the 7 peptides,
all phosphorylated forms should have been measured. The
objective of measuring 7 peptides is not really to measure total
tau concentration but rather to use the 7 peptides as independent
biomarkers. As suggested in Höglund et al. (Höglund et al.,
2015), having insights into tau structural characterization and
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providing the opportunity to simultaneously quantify several
peptides whose concentration is directly proportional to that of
given tau proteoformswill make it possible to discover potentially
more predictive biomarkers of AD. A good example is P-Tau
(181), that is known to be the most relevant and predictive
proteoform of tau. This work thus illustrates the need but also
the future perspectives associated with the quantification of a
larger number of peptides. Especially, additional investigation
using in particular MRMmethods designed for phosphopeptides
detection (e.g., prefractionation using titanium columns) will be
needed to fully interpret our results and provide the analytical
methods needed to determine which proteoforms of the tau
protein are the most predictive of AD. Even if tau protein is
considered as a major biomarker of AD, the protein is also
increased when measured by ELISA in other tauopathies like
Creutzfeldt–Jakob Disease or Fronto Temporal Dementia (Green
et al., 1999; Wang et al., 2010). It will be interesting to use our
new method to determine whether the multiplex quantification

of the 7 tau peptides described in our study could help better
differentiating pathologies with increased tau in the CSF. In any
case, our MRM workflow realized without immunocapture in a
clinical laboratory environment represents a major improvement
to the state of the art and an interesting alternative and addition
to classical ELISA. Further work on large clinical cohorts will
be however needed to assess the clinical interest of this new
approach.
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of Antwerp, Antwerp, Belgium, 4 Department of Neurology and Memory Clinic, Hospital Network Antwerp (ZNA) Middelheim
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The goal of this study is to investigate the value of tau phosphorylated at threonine
181 (P-tau181P) in the Alzheimer’s disease (AD) cerebrospinal fluid (CSF) biomarker panel
for differential dementia diagnosis in autopsy confirmed AD and non-AD patients. The
study population consisted of 140 autopsy confirmed AD and 77 autopsy confirmed
non-AD dementia patients. CSF concentrations of amyloid-β peptide of 42 amino acids
(Aβ1–42), total tau protein (T-tau), and P-tau181P were determined with single analyte
ELISA-kits (INNOTEST®, Fujirebio, Ghent, Belgium). Diagnostic accuracy was assessed
through receiver operating characteristic (ROC) curve analyses to obtain area under
the curve (AUC) values and to define optimal cutoff values to discriminate AD from
pooled and individual non-AD groups. ROC curve analyses were only performed on
biomarkers and ratios that differed significantly between the groups. Pairwise comparison
of AUC values was performed by means of DeLong tests. The Aβ1–42/P-tau181P ratio
(AUC=0.770) performed significantly better than Aβ1–42 (AUC=0.677, P=0.004), T-
tau (AUC=0.592, P<0.001), and Aβ1–42/T-tau (AUC=0.678, P=0.001), while P-
tau181P (AUC=0.720) performed significantly better than T-tau (AUC=0.592, P<0.001)
to discriminate between AD and the pooled non-AD group. When comparing AD
and the individual non-AD diagnoses, Aβ1–42/P-tau181P (AUC=0.894) discriminated AD
from frontotemporal dementia significantly better than Aβ1–42 (AUC=0.776, P=0.020)
and T-tau (AUC=0.746, P=0.004), while P-tau181P/T-tau (AUC=0.958) significantly
improved the differentiation between AD and Creutzfeldt-Jakob disease as compared to
Aβ1–42 (AUC=0.688, P=0.004), T-tau (AUC=0.874, P=0.040), and Aβ1–42/P-tau181P
(AUC=0.760,P=0.003). In conclusion, this study demonstrates P-tau181P is an essential
component of the AD CSF biomarker panel, and combined assessment of Aβ1–42, T-
tau, and P-tau181P renders, to present date, the highest diagnostic power to discriminate
between AD and non-AD dementias.

Keywords: Alzheimer’s disease, dementia, differential diagnosis, biomarkers, cerebrospinal fluid,
neuropathology, tau
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Introduction

The clinical diagnosis of Alzheimer’s disease (AD) is mainly based
on the exclusion of other diseases (1). Relative to autopsy confir-
mation, the clinical diagnostic criteria of AD (1) reach on average
81% sensitivity and 70% specificity (2). However, these figures
mostly originate from specialized clinical centers and from diag-
noses based on follow-up periods of several years. In the earliest
stages of the disease and when the diagnostic work-up is per-
formed in non-specialized centers, far lower diagnostic accuracy
can be expected. Diagnosis of definite AD can therefore only be
made through postmortem pathological examination of the brain.

Analyzing cerebrospinal fluid (CSF) levels of amyloid-β pep-
tide of 42 amino acids (Aβ1–42), total tau protein (T-tau) and tau
phosphorylated at threonine 181 (P-tau181P) increases diagnos-
tic certainty for AD (3). Based on autopsy confirmation, it was
shown that in the majority of patients with a clinically ambiguous
diagnosis (when the clinical diagnostic work-up was not able to
discriminate between AD and a non-AD dementia), a correct
diagnosis would have been established in 82% by using these CSF
biomarkers, indicating that CSF biomarkers may have a partic-
ular added diagnostic value in patients with ambiguous clinical
diagnoses (4).

Compared to controls, decreased Aβ1–42 and increased T-tau
and/or P-tau181P concentrations are found in AD. However, when
compared to non-AD dementias, the differences are less obvious
as the concentrations in patients with non-AD dementias are gen-
erally intermediate compared to those found between controls and
ADpatients, thus pointing to an overlap betweenAD and non-AD
patients, especially in dementia with Lewy bodies (DLB) and to a
lesser extent in frontotemporal dementia (FTD), vascular demen-
tia (VaD), and Creutzfeldt-Jakob’s disease (CJD) (5). This overlap
may partly be explained by the presence of mixed pathologies as
well as the low sensitivity and specificity of the clinical diagnosis
as most biomarker studies rely on clinically diagnosed patients.

The goal of this study is to investigate the value of P-tau181P in
the AD CSF biomarker panel for differential dementia diagnosis
in autopsy confirmed AD and non-AD patients.

Materials and Methods

Study Population
In brief, the study population consisted of 140 and 77 CSF samples
from dementia patients with pathologically confirmed diagnoses
of AD and non-AD, respectively. All CSF samples were selected
from the Biobank, Institute Born-Bunge, Antwerp, Belgium. Sam-
ples from 173 dementia patients were collected in the Memory
Clinic of the Hospital Network Antwerp (ZNA, Antwerp, Bel-
gium) between January 1992 andMay 2008, whereas samples from
44 dementia patients were collected in referring centers between
April 1992 and May 2005.

The study was approved by the local ethics committee (CME
Middelheim) and all subjects gave written informed consent.

Pathological Criteria
All pathological diagnoses were established according to standard
neuropathological criteria by the same neuropathologist (Jean-
Jacques Martin). Although the neuropathologist was blinded for

the CSF biomarker data, he had access to all neuroimaging data
and the clinical files of the patients included. For the diagnosis
of AD, VaD (n= 18), and DLB (n= 24), the neuropathological
criteria of Montine et al. (6) were applied. FTD (n= 17) was
neuropathologically diagnosed according to the Cairns criteria (7)
andMackenzie criteria (8, 9). CJD (n= 13) was diagnosed accord-
ing to the criteria of Markesbery (10). Mixed dementia (MXD)
was diagnosed when the patient fulfilled the neuropathological
criteria of AD in combination with minor pathology suggestive
of cerebrovascular disease (n= 12), DLB (n= 1), or Parkinson’s
disease (n= 1). For statistical analyses, the MXD group (n= 14)
was pooled with the AD group. The pooled non-AD group
furthermore consisted of few patients with progressive nuclear
palsy (n= 3), spinocerebellar ataxia (n= 1), and normal pressure
hydrocephalus combined with VaD (n= 1). Neuropathology was
performed on the right hemisphere of the brain.

CSF Analyses
All subjects underwent a lumbar puncture (LP) in order to collect
CSF. LP was performed between the intervertebral space L3/L4
or L4/L5 (11). CSF was sampled according to a standard protocol
(12). All samples were stored in polypropylene vials to avoid
adsorption of Aβ to the wall of the vial. The samples were frozen
in liquid nitrogen and stored at −80°C until analysis.

CSF concentrations of Aβ1–42, T-tau, and P-tau181P were
determined with commercially available single analyte ELISA-
kits (respectively, INNOTEST® β-AMYLOID(1–42), INNOTEST®
hTAU-Ag, and INNOTEST® PHOSPHO-TAU(181P); Fujirebio,
Ghent, Belgium). A complete description of the CSF analysis has
been published previously (13).

Statistical Analyses
Statistical analyses were performed using SPSS 20. As most vari-
ables were not normally distributed, non-parametric tests were
used. To compare gender distribution between the groups, a Chi-
square test was performed. Subsequently, Mann–Whitney U tests
were performed to compare clinical and biomarker data between
the groups. Receiver operating characteristic (ROC) curve anal-
yses were used to obtain area under the curve (AUC) values
and to define optimal cutoff values to discriminate AD from the
pooled and individual non-AD groups. ROC curve analyses were
only performed on biomarkers and ratios that were significantly
different (P< 0.05), based on the Mann–Whitney U tests. The
cutoff values were determined by calculating the maximal sum
of sensitivity and specificity (i.e., maximizing the Youden index).
In order to pairwise compare AUC values, DeLong tests were
performed using the pROC package (14) in the statistical software
package R (R Core Team).

Systematic Review
To be able to compare the results of this study, a systematic
review on the diagnostic accuracy of P-tau181P for differential
dementia diagnosis was performed. A PubMed search (until May
2015) was performed using the following terms: (Cerebrospinal
fluid OR CSF) AND diagnos* AND (Alzheimer* OR AD OR
dementia) AND (tauORbeta amyloidOR abeta) AND (sensitivity
OR specificity). Only publications in the English language were
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TABLE 1 | Demographic, clinical, and biomarker data of the study
population.

AD Non-AD P-value

N (M/F) 140 (71/69) 77 (45/32) 0.275
Age at sampling
(years)

76 (71–85) 72 (65–76) 0.001

MMSE (/30) 14 (9–19) (n= 98) 16 (9–21) (n=51) 0.228

Years between
sampling and death

0.0 (0.0–2.5) 0.0 (0.0–2.0) 0.452

Aβ1–42 (pg/mL) 361 (264–485) 514 (369–695) <0.001

T-tau (pg/mL) 581 (335–872) 379 (242–787) 0.025

P-tau181P (pg/mL) 73.2 (51.6–100.0) 45.0 (31.9–65.9) <0.001

Aβ1–42/T-tau 0.682 (0.399–1.100) 1.273 (0.719–2.257) <0.001

Aβ1–42/P-tau181P 4.982 (3.174–7.802) 10.535 (6.522–16.711) <0.001

P-tau181P/T-tau 0.138 (0.113–0.171) 0.141 (0.090–0.158) 0.094

All data are median values with 25th and 75th quartiles between brackets, except for N.
To compare gender distribution between the groups, a Chi-square test was performed,
while Mann–Whitney U tests were used to compare clinical and biomarker data between
the groups.
AD, Alzheimer’s disease; non-AD, dementia not due to Alzheimer’s disease; MMSE,
mini-mental state examination; Aβ1–42, amyloid-β peptide of 42 amino acids; T-tau, total
tau-protein; P-tau181P, tau phosphorylated at threonine 181.
Bold values show statistically significant P-values (P< 0.05).

evaluated. Subsequently, relevant publications were searched for
in reference lists. Publications were included when: (a) their aim
was to improve the diagnostic accuracy of diagnosis of demen-
tia by means of CSF biomarkers, (b) AD patients and pooled
non-AD patients or patients with DLB, FTD, VaD and/or CJD
were included, (c) P-tau181P together with Aβ1–42 and/or T-tau
was measured in CSF, and (d) diagnostic accuracy values were
reported (AUC, sensitivity, and/or specificity). Publications com-
paring only AD to healthy control subjects were not considered.

Results

Table 1 shows the demographic, clinical, and biomarker data of
the studied population. TheADandnon-ADgroupswere not age-
matched. However, based on co-variate analyses, confounding
effects of age on differences in biomarker concentrations were
excluded. Therefore, no corrections for age were included in the
subsequent analyses. Boxplots of the individual biomarkers and
ratios are presented in Figure 1.

The diagnostic powers to discriminate between AD and non-
AD of the individual biomarkers and ratios that were significantly
different are shown in Table 2. Based on the DeLong tests

FIGURE 1 | Boxplots of the individual biomarkers and ratios,
comparing AD and non-AD. (A) Aβ1–42; (B) T-tau; (C) P-tau181P;
(D) Aβ1–42/T-tau; (E) Aβ1–42/P-tau181P; (F) P-tau181P/T-tau. AD, Alzheimer’s

disease; non-AD, dementia not due to Alzheimer’s disease; Aβ1–42, amyloid-β
peptide of 42 amino acids; T-tau, total tau-protein; P-tau181P, tau
phosphorylated at threonine 181.
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TABLE 2 |Diagnostic power of the significantly different individual biomark-
ers and ratios to discriminate between AD and non-AD, measured by ROC
curve analyses.

AD vs. non-AD AUC 95% CI Cutoff Sens (%) Spec (%)

Aβ1–42 0.677 0.597–0.757 500.27 79.3 53.2
T-tau 0.592 0.508–0.675 472.35 62.1 63.6
P-tau181P 0.720 0.648–0.792 50.35 77.9 61.0
Aβ1–42/T-tau 0.678 0.601–0.755 1.08 75.0 57.1
Aβ1–42/P-tau181P 0.770 0.703–0.837 9.11 82.9 59.7

AD, Alzheimer’s disease; non-AD, dementia not due to Alzheimer’s disease; AUC, area
under the curve; CI, confidence interval; sens, sensitivity; spec, specificity; Aβ1–42,
amyloid-β peptide of 42 amino acids; T-tau, total tau-protein; P-tau181P, tau phospho-
rylated at threonine 181.

TABLE 3 |P values of pairwise comparisons of AUC values of the ROC curve
analyses to discriminate between AD and non-AD, using DeLong tests.

P-tau181P Aβ1–42/P-tau181P

Aβ1–42 0.450 0.004
T-tau <0.001 <0.001
Aβ1–42/T-tau 0.290 0.001
Aβ1–42/P-tau181P 0.100 NA

Aβ1–42, amyloid-β peptide of 42 amino acids; T-tau, total tau-protein; P-tau181P, tau
phosphorylated at threonine 181; NA, not applicable.
Bold values show statistically significant P-values (P< 0.05).

TABLE 4 | P values of pairwise comparisons of the individual biomarkers
and ratios, measured by Mann–Whitney U tests.

AD vs. FTD AD vs. DLB AD vs. CJD AD vs. VaD

Aβ1–42 <0.001 0.068 0.025 0.078
T-tau 0.001 0.051 <0.001 0.019
P-tau181P <0.001 0.011 0.081 0.001
Aβ1–42/T-tau <0.001 0.008 0.054 0.010
Aβ1–42/P-tau181P <0.001 0.002 0.002 0.003
P-tau181P/T-tau 0.096 0.232 <0.001 0.932

AD, Alzheimer’s disease; FTD, frontotemporal dementia; DLB, dementia with Lewy bodies;
CJD, Creutzfeldt-Jakob disease; VaD, vascular dementia; Aβ1–42, amyloid-β peptide of 42
amino acids; T-tau, total tau-protein; P-tau181P, tau phosphorylated at threonine 181.
Bold values show statistically significant P-values (P< 0.05).

(Table 3), the AUC of the Aβ1–42/P-tau181P ratio was significantly
different from those of Aβ1–42, T-tau, and Aβ1–42/T-tau, while the
AUC of P-tau181P differed significantly from the AUC of T-tau.

When comparing AD and the different non-AD diagnoses, the
Aβ1–42/P-tau181P ratio was significantly different in every differ-
ential diagnosis (Table 4). This also held true for P-tau181P, except
for AD vs. CJD. On the other hand, P-tau181P/T-tau was found to
be significantly different when comparing AD to CJD.

The diagnostic powers to discriminate between AD and the
different non-AD diagnoses of the individual biomarkers and
ratios that differed significantly are shown inTable 5. Based on the
DeLong tests (Table 6), the Aβ1–42/P-tau181P ratio performed sig-
nificantly better than Aβ1–42 and T-tau to discriminate AD from
FTD, while the AUC of P-tau181P/T-tau was significantly better
than those of Aβ1–42, T-tau, and Aβ1–42/P-tau181P to differentiate
between AD and CJD.

The results of the systematic review are summarized in Table
S1 in Supplementary Material. Only results comparing AD to
non-AD, FTD, DLB, CJD, and/or VaD were included in this table.

TABLE 5 |Diagnostic power of the significantly different individual biomark-
ers and ratios to discriminate between AD and individual non-AD diag-
noses, measured by ROC curve analyses.

AUC 95% CI Cutoff Sens (%) Spec (%)

AD vs. FTD
Aβ1–42 0.776 0.652–0.900 385.31 57.1 88.2
T-tau 0.746 0.654–0.838 423.00 67.9 82.4
P-tau181P 0.810 0.710–0.910 47.25 81.4 76.5
Aβ1–42/T-tau 0.863 0.794–0.931 0.97 70.1 94.1
Aβ1–42/P-tau181P 0.894 0.823–0.965 9.77 86.4 82.4
AD vs. DLB
P-tau181P 0.664 0.539–0.788 59.05 65.7 70.8
Aβ1–42/T-tau 0.670 0.539–0.802 0.80 60.7 75.0
Aβ1–42/P-tau181P 0.694 0.565–0.824 8.46 80.0 58.3
AD vs. CJD
Aβ1–42 0.688 0.521–0.855 440.12 66.4 69.2
T-tau 0.874 0.775–0.973 >1200 84.3 92.3
Aβ1–42/P-tau181P 0.760 0.634–0.886 6.84 67.9 84.6
P-tau181P/T-tau 0.958 0.925–0.991 0.1030 84.3 100.0
AD vs. VaD
T-tau 0.670 0.534–0.807 467.93 62.1 72.2
P-tau181P 0.733 0.599–0.867 49.85 78.6 66.7
Aβ1–42/T-tau 0.687 0.569–0.804 0.72 56.4 77.8
Aβ1–42/P-tau181P 0.718 0.598–0.838 5.30 55.7 77.8

AD, Alzheimer’s disease; FTD, frontotemporal dementia; DLB, dementia with Lewy bodies;
CJD, Creutzfeldt-Jakob disease; VaD, vascular dementia; AUC, area under the curve; CI,
confidence interval; sens, sensitivity; spec, specificity; Aβ1–42, amyloid-β peptide of 42
amino acids; T-tau, total tau-protein; P-tau181P, tau phosphorylated at threonine 181.

TABLE 6 |P values of pairwise comparisons of AUC values of the ROC curve
analyses to discriminate between AD and individual non-AD diagnoses,
using DeLong tests.

P-tau181P Aβ1–42/P-tau181P P-tau181P/T-tau

AD vs. FTD
Aβ1–42 0.700 0.020 NA
T-tau 0.120 0.004 NA
Aβ1–42/T-tau 0.280 0.280 NA
AD vs. DLB
Aβ1–42/T-tau 0.890 0.360 NA
AD vs. CJD
Aβ1–42 NA 0.327 0.004
T-tau NA 0.220 0.040
Aβ1–42/P-tau181P NA NA 0.003
AD vs. VaD
T-tau 0.370 0.600 NA
Aβ1–42/T-tau 0.600 0.610 NA

AD, Alzheimer’s disease; FTD, frontotemporal dementia; DLB, dementia with Lewy bodies;
CJD, Creutzfeldt-Jakob disease; VaD, vascular dementia; Aβ1–42, amyloid-β peptide of 42
amino acids; T-tau, total tau-protein; P-tau181P, tau phosphorylated at threonine 181; NA,
not applicable.
Bold values show statistically significant P-values (P<0.05).

Discussion

The goal of this study was to investigate the value of P-tau181P
in the AD biomarker panel for differential dementia diagno-
sis. First of all, the ratio of Aβ1–42/P-tau181P was shown to
have a significantly higher diagnostic power than Aβ1–42, T-tau,
and the Aβ1–42/T-tau ratio, while P-tau181P was found to per-
form significantly better than T-tau to discriminate between AD
and non-AD dementia. This clearly signifies the importance of
P-tau181P in the biomarker panel for differential dementia diag-
nosis. Our results are in line with previously reported findings of
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(combinations with) P-tau181P having most power to discriminate
between AD and non-AD dementias (12, 15–29).

However, in contrast to former studies performed in clinically
diagnosed AD and pooled non-AD dementia patients (15, 21,
22, 26–28), the AUC, sensitivity, and specificity of neither
P-tau181P nor Aβ1–42/P-tau181P reached the minimal level of 0.80,
as established by the Consensus Report of the Working Group on
Molecular and Biochemical Markers of AD (30). This is probably
not due to the accuracy of the diagnoses used in this study, as
autopsy confirmation was used. A possible explanation of the
discrepancy in accuracy levels between this study and former
studies could be the composition of the non-ADgroups. As shown
in this study, the accuracy levels of, for example, AD vs. FTD are
substantially higher than those of AD vs. DLB. Therefore, if a non-
AD group is primarily composed of FTD patients, the AUC levels
may be higher than when DLB patients prevail in the non-AD
group.

When focusing on the discrimination between AD and FTD,
our results showed that the diagnostic power of Aβ1–42/P-tau181P
was significantly higher than those of Aβ1–42 and T-tau. These
results confirm earlier studies performed in clinically diagnosed
AD and FTD patients (16, 17, 24, 25, 29).

With regard to the differentiation between AD and CJD, the
diagnostic power of P-tau181P/T-tau was significantly higher than
those of Aβ1–42, T-tau, and Aβ1–42/P-tau181P. Our results confirm
those of former studies performed in clinically diagnosed AD and
CJD patients, and partly performed in autopsy confirmed cases
(31–34).

In these latter two comparisons with individual non-AD
groups, the AUCs did reach the minimal level of 0.80. This indi-
cates that the pathophysiological variability in the pooled non-AD
group lowers the diagnostic accuracy of the CSF biomarkers.

It should be noted that the ratios and other combinations
of the AD CSF biomarkers should be used with care. Due to
(pre-)analytical issues (35), concentrations differ exceedingly
between laboratories. External quality controls and reference
material might be able to reduce this variability, which would
enable the general use of the same cutoff that was validated in
a multicenter setting. At this moment, cutoffs for individual
biomarkers as well as ratios and other combinations should
be validated in-house before they can be used in clinical
practice (36, 37).

In order to further increase diagnostic accuracy, other biomark-
ers should be included in the biomarker panel in the future.
Examples of possible fluid biomarkers for features of Aβ process-
ing in AD are β-site APP cleaving enzyme-1 (BACE1) activity
(38–44), soluble amyloid precursor protein (sAPP) α and β (42,
44–51), andAβ oligomers (52–60). Some fluid biomarkers that are
still being investigated seem more specific for non-AD dementias

and could also increase diagnostic accuracy when added to the
biomarker panel. Examples of possible such non-AD biomark-
ers are TAR DNA-binding protein 43 (TDP-43) (61–63), TPD-
43 phosphorylated at S409 (pTDP-43) (63), and progranulin
(64–66) for FTD, α-synuclein (67–71) and neurosin (72) for
DLB, metalloproteinases-9 for VaD (73, 74), and total CSF
prion protein for CJD (75). For reviews on these biomark-
ers, see Ref. (76–80). Most of these biomarkers need exten-
sive validation as well as validated ready-to-use analytical meth-
ods before they can be used in combination with Aβ1–42, T-
tau, and P-tau181P for differential dementia diagnosis in clinical
practice.

Another highly promising approach is combining fluid
biomarkers and imaging, such as magnetic resonance imaging
(MRI) and positron emission tomography (PET) imaging. Several
studies have shown that combinations of fluid and imaging
biomarkers render higher diagnostic power than these modalities
alone (81–85).

In conclusion, this study demonstrates P-tau181P is a funda-
mental component of the AD biomarker panel and the combined
assessment of Aβ1–42, T-tau, and P-tau181P renders, to present date,
the highest diagnostic power to discriminate between AD and
non-AD dementias. New biomarkers more specifically targeted at
non-AD dementia pathology should further increase diagnostic
power in the future.
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The combination of decreased amyloid β42 (Aβ42) and increased total tau proteins 
(T-Tau) and phosphorylated tau (P-Tau) in cerebrospinal fluid (CSF) has recently been 
considered as a biological diagnostic criterion of Alzheimer’s disease (AD). Previous 
studies showed significant heterogeneity in CSF Aβ42 levels to discriminate AD from 
non-AD patients. It was also suggested that the CSF amyloid peptide β42/β40 ratio has 
better diagnostic performance than Aβ42 alone. The objective of the present study was 
to investigate the potential added value of determining CSF amyloid β40 peptide (Aβ40) 
for biological diagnosis of AD when CSF Aβ42 levels failed. CSF AD biomarkers were 
run in 2,171 samples from 1,499 AD and 672 non-AD patients. The following pathologic 
thresholds were used to define an AD-positive CSF biomarker profile: T-Tau ≥ 400 ng/L, 
P-Tau181 ≥ 60 ng/L, and Aβ42 ≤ 700 ng/L. CSF Aβ40 was assayed in AD patients 
with CSF Aβ42 levels above 700 ng/L and non-AD patients with CSF Aβ42 levels below 
700 ng/L. CSF Aβ40 levels were higher in AD than non-AD patients. The receiver opera-
tor characteristic curves of CSF Aβ40 and the Aβ42/Aβ40 ratio defined AD cut-off values 
at 12,644 ng/L and 0.06, respectively. In AD patients with non-pathological CSF Aβ42, 
CSF Aβ40 concentration was able to correct 76.2% of cases when expressed as CSF 
Aβ42/Aβ40 ratio and 94.7% of cases when used alone. Using CSF Aβ42 and then CSF 
Aβ40, the percentage of misinterpreted AD patients fell to 1.0%. CSF Aβ40 concen-
tration improved interpretation of Aβ42 level for the diagnosis of AD. CSF Aβ40 alone 
showed better diagnostic performance than the amyloid peptide Aβ42/Aβ40 ratio. The 
added value of determining CSF Aβ40 in AD diagnosis now needs confirming in a cohort 
of definite AD patients and to be completed with novel amyloid cascade biomarkers.
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inTrODUcTiOn

According to the revised criteria for Alzheimer’s disease (AD), 
definite diagnosis is founded on neuropathology as gold stand-
ard, when patients meet the clinical and cognitive criteria for AD 
dementia (1). Diagnosis of AD onset during the patient’s lifetime 
is said to be “possible” or “probable.” Amyloid β42 (Aβ42), total 
Tau (T-Tau), and phosphorylated Tau proteins (P-Tau) assay in 
cerebrospinal fluid (CSF) is recommended to increase the level 
of diagnostic certainty for AD in atypical clinical phenotypes, 
for inclusion of patients in clinical trials and to improve AD 
diagnosis at the earliest stages of the disease (1–5). A positive 
AD CSF biomarker profile was defined as increased CSF Tau 
and/or P-Tau181 and decreased CSF Aβ42 concentrations (1, 
6–8). However, researchers and clinicians continue to debate the 
sensitivity and specificity of various biomarkers, and especially 
CSF Aβ42. A recent meta-analysis highlighted significant het-
erogeneity in CSF Aβ42 values between different disease groups 
(9), reporting sensitivity and specificity ranging from 71 to 91% 
and 44 to 82%, respectively. Moreover, Rosen et al. showed that 
“normal” CSF Aβ42 levels were observed in AD patients, leading 
to misinterpretation of the AD CSF biomarker profile in 23.2% of 
AD patients (10).

One of the crucial challenges to improve screening in clinical 
trials is to identify an accurate CSF biomarker reflecting amyloid 
pathology. There is now strong evidence that CSF Aβ42 levels 
depend not only on impaired brain clearance in Alzheimer’s 
pathophysiology, but also on the total load of amyloid peptides, 
which shows large interindividual variability (11–14). Gamma-
secretase cleaves amyloid precursor protein (APP) at several 
sites, resulting in different C-terminally truncated Aβ variants: 
amyloid β40 (Aβ40) is the most abundant amyloid peptide in 
CSF (15), while Aβ42 accounts for only about 10% of the total 
Aβ peptide population (12, 16–18). Total Aβ concentration 
was found not to vary significantly between various dementia 
disorders (11, 18, 19), and Aβ40 concentration did not differ 
between AD (or presymptomatic AD) patients, healthy controls, 
and non-AD dementia patients (19–23). CSF Aβ40 concentration 
could, therefore, be considered to most closely reflect total Aβ 
load in the brain (13). Previous studies showed that the Aβ42/
Aβ40 ratio in CSF is reduced in AD patients, and its assessment 
improves AD diagnostic accuracy (21–25). More recently, a few 
studies demonstrated added value for CSF Aβ40 or CSF Aβ42/
Aβ40 ratio for differential diagnosis of AD using CSF P-Tau181 
levels or in ambiguous AD CSF biomarker profiles (26–28). 
Therefore, the objective of the present study was to investigate 
whether determining CSF Aβ40 level and CSF Aβ42/Aβ40 ratio 
could improve diagnosis in AD patients without low CSF Aβ42 
levels.

MaTerials anD MeThODs

Cerebrospinal fluid samples were collected between October 
2010 and January 2013 from 2,171 patients who underwent 
lumbar puncture (LP) for routine clinical diagnosis of AD in 
the Neurochemistry Unit and Biochemistry Department of the 

University Hospital of Lyon (France). Patients were included in 
a multicenter memory clinic and had at least 2 years’ follow-up. 
They were classified into two groups: 1,499 AD and 672 non-AD 
patients. The non-AD group consisted of 259 patients with prob-
able frontotemporal lobar degeneration (FTLD), 119 with prob-
able dementia with Lewy bodies (DLB), 159 with normal pressure 
hydrocephalus (NPH), and 135 with psychiatric disorders.

The patients’ age, gender, and mini mental state evaluation 
(MMSE) score were recorded when the LP was performed. At 
that time, initial diagnosis was based on medical history, caregiver 
interviews, neurologic examination, neuropsychological battery 
evaluation, and brain imaging. Clinical diagnosis was made in 
multidisciplinary team meeting, comprising neurologists, neu-
ropsychologists, and radiologists, and confirmed on follow-up. 
Dementia was defined according to DSM IV-TR criteria (29), 
and all AD patients were classified as having AD dementia with 
evidence of the AD pathophysiological process (1). Patients with 
mild cognitive impairment were excluded. The non-AD patients 
diagnosed with FTLD and DLB met the international criteria 
(30, 31). The non-AD patients with psychiatric disorders or NPH 
with cognitive complaints unrelated to AD or other degenera-
tive disease were age matched with AD patients, and showed no 
progression of cognitive impairment within 2  years after CSF 
analysis.

This study, based on routine biological analyses, was not 
considered as “biomedical research” under French regulations, 
and therefore did not require informed consent. Samples were, 
however, stored in a biobank with authorization from the 
French Ministry of Health (Declaration number DC-2008-304). 
Authorization for handling personal data was granted by the 
French data protection commission [Commission Nationale de 
l’Informatique et des Libertés (CNIL)].

All patients underwent LP to collect CSF using a standard 
procedure. CSF collection, sampling, and storage were per-
formed according to the international consensus (32, 33). All 
CSF samples were collected in Sarstedt polypropylene tubes (ref. 
62.610.201) showing low adsorption of amyloid peptides (7). CSF 
biomarker analyses were performed, blind to clinical diagnosis, 
in the Neurochemistry Unit and Biochemistry Department of 
the University Hospital of Lyon. This department is involved 
in two external quality control schemes, one at French national 
level (working group of the French Society of Clinical Biology: 
Société Française de Biologie Clinique) and the other with the 
Alzheimer’s Association QC program (34). CSF concentrations 
of Aβ42, T-Tau, and P-Tau181 were measured using the standard-
ized commercially available sandwich ELISA kit (INNOTEST®) 
according to the manufacturer’s procedures (Fujirebio, Ghent, 
Belgium).

For each CSF sample, Aβ42, T-Tau, and P-Tau181 biomarkers 
were simultaneously analyzed. As previously described (7), the 
cut-off values defining positive AD CSF biomarker profile were: 
T-Tau ≥ 400 ng/L, P-Tau181 ≥ 60 ng/L, and Aβ42 ≤ 700 ng/L.

Aβ40 level in CSF was quantified using ELISA tests [Human 
Amyloid b (1–40) (N) Assay kit, IBL, Japan] in AD patients with 
CSF Aβ42 levels above 700 ng/L and in non-AD patients with CSF 
Aβ42 levels below 700 ng/L.
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Table 1 | Demographic, pathologic, and biological parameters of study 
populations.

aD non-aD

Gender n 1,499 672
M/F 643/856 358/314

Age (years) n 1,499 672
Mean 71.6 70.0
SD 9.5 10.6

MMSE score (/30) n 1,093 488
Mean 20.2 21.6
SD 5.6 5.5

T-Tau (ng/L) n 1,499 672
Median 650 230
25th–75th P 487–913 168–311

P-Tau181 (ng/L) n 1,499 672
Median 83 38
25th–75th P 68–109 30–48

Aβ42 (ng/L) n 1,499 672
Median 539 807
25th–75th P 443–663 570–1,056

Aβ40 (ng/L) n 281 244
Median 19,198 7,112
25th–75th P 15,162–22,409 5,643–9,636

Aβ42/Aβ40 ratio n 281 244
Median 0.053 0.066
25th–75th P 0.041–0.059 0.049–0.084

AD, Alzheimer’s disease; MMSE, mini mental state evaluation; M, male; F, female; SD, 
standard deviation; P, percentile.
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statistical analysis
Chi-square test, Mann–Whitney U test, Kruskal–Wallis test, and 
receiver operator characteristic (ROC) analyses were performed 
using MedCalc version 11.3.1.0 (http://www.medcalc.be). 
Differences were considered statistically significant at p < 0.05. 
ROC curves were applied to define optimal biomarker cut-off 
values to discriminate between AD and non-AD groups. The cut-
off value was defined as the value corresponding to the highest 
average for sensitivity and specificity. Accuracy was calculated as 
the sum of true positives and true negatives in the total number 
of patients (35).

resUlTs

Cerebrospinal fluid data according to diagnostic group are sum-
marized in Table 1 and Figure 1.

About 81.3% of AD patients (1,218/1,499) fulfilled the 
pathological CSF Aβ42 criteria; the remaining 18.7% (281/1,499) 
presented CSF Aβ42 levels above cut-off (>700 ng/L). 63.7% of 
non-AD patients (428/672) presented CSF Aβ42 levels above 
700 ng/L; 36.3% (244/672) had CSF Aβ42 levels below 700 ng/L 
(Figure 2). CSF Aβ40 levels were then determined in these 525 
patients: 281 AD patients (>700 ng/L) and 244 non-AD patients 
(≤700 ng/L).

The ROC curves of CSF Aβ40 level and the Aβ42/Aβ40 ratio 
determined AD cut-off values of ≥12,644 ng/L and ≤0.06, respec-
tively (Figure 3).

In the overall population, the percentage of patients in whom 
amyloid pathology was misinterpreted fell from 24.2% (525/2,171) 
using CSF Aβ42 alone to 7.8% (169/2,171) when it was followed 
by CSF Aβ42/Aβ40 ratio, and to 1.7% (37/2,171) when followed 
by CSF Aβ40 (Figure 2). In patients in whom CSF Aβ40 level was 
determined (n = 525), sensitivity and specificity for AD diagnosis 
were 76.2 and 58.2%, respectively (accuracy, 0.678) using the CSF 
Aβ42/Aβ40 ratio, and 94.7 and 91.0%, respectively (accuracy, 
0.930) using CSF Aβ40 determination.

About 58.2% of the 244 non-AD patients with CSF Aβ42 
levels below 700  ng/L (142/244) had CSF Aβ42/Aβ40 ratios 
higher than 0.06 and 91.0% (222/244) had CSF Aβ40 levels below 
12,644 ng/L.

About 76.2% of AD patients (214/281) had CSF Aβ42/Aβ40 
ratios below 0.06 and 94.7% (266/281) had CSF Aβ40 levels 
higher than 12,644 ng/L. In the overall AD population, percent-
age misinterpretation fell from 18.7% (281/1,499) with CSF Aβ42 
alone to 4.5% (67/1,499) using CSF Aβ42 and then CSF Aβ42/
Aβ40 ratio and 1.0% (15/1,499) using CSF Aβ42 and then CSF 
Aβ40 (Figure 2).

DiscUssiOn

We investigated the potential added value of CSF Aβ40 assay to 
improve the interpretation of Aβ42 level. The main finding was 
that CSF Aβ40 appeared to be an interesting complementary 
biomarker. CSF Aβ40 levels were higher in AD than non-AD 
patients. Thus, determining CSF Aβ40 concentrations corrected 
biological diagnosis in AD patients with non-pathological CSF 
Aβ42 levels in 76.2% of cases using the CSF Aβ42/Aβ40 ratio and 
in 94.7% using CSF Aβ40 alone; using CSF Aβ42 and then CSF 
Aβ40, percentage misinterpretation fell to 1.0%.

Cerebrospinal fluid Aβ42 concentrations led to misinterpreta-
tion of the AD CSF biomarker profile in 24.2% of our total popu-
lation and notably in 18.7% of AD patients. This low performance 
of CSF Aβ42 is in perfect agreement with previous reports (7, 
10, 18, 20, 36, 37). The presence of CSF Aβ42 concentrations 
≤700 ng/L in non-AD patients could reflect low total CSF amy-
loid load, while CSF Aβ42 >700 ng/L in AD patients could result 
from high amyloid load. This concept justifies CSF Aβ40 assay to 
complete amyloid pathway interpretation.

As reported in various studies (20, 26, 27, 36), the CSF Aβ42/
Aβ40 ratio showed better diagnostic performance than CSF Aβ42 
alone. The CSF Aβ42/Aβ40 ratio cut-off value at 0.06 was identi-
cal to that reported by Lewczuk et al. (36). The discrepancy with 
Hansson et al.’s (20) 0.095 cut-off might be due to the Genetics 
Company ELISA kit halving the range of CSF Aβ40 levels. We 
found an increase in the rate of correct interpretation from 
75.8% with CSF Aβ42 alone to 92.2% when CSF Aβ42 assay was 
followed by determining the CSF Aβ42/Aβ40 ratio, similarly to 
other reports (20, 28, 36).

The type of sampling and storage tubes is an important 
source of variability because of amyloid adsorption (33, 37, 38). 
CSF sample selection from biological banks should, therefore, 
be performed rigorously. There is parallel adsorption of CSF 
Aβ42 and Aβ40 onto the sampling tube surface, regardless of 
the type of plastic (personal data). Systematic use of the CSF 
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Aß42/Aß40 ≤ 0.06 diagnoses 214 AD pa nts
 (23.8% of misinterpreted AD pa nts or 4.5% of total AD pa nts)

Aß40 ≥ 12,644 ng/L diagnoses 266 AD pa nts
(5.3% of misinterpreted AD pa nts or 1.0% of total AD pa nts)

AD, n= 1,499
non-AD, n= 672

Aß42/Aß40 misinterpreted popul on
n= 169

32.2% of Total misinterpreted subpopul on
7.8% of Total popula n

Aß40 misinterpreted popula n
n= 37

7.0% of Total misinterpreted subpopul on
1.7% of Total popula n

Remaining misinterpreted AD, n= 67, 23.8% of AD pa nts with Aß42 > 700 ng/L Remaining misinterpreted AD, n= 15, 5.3% of AD pa nts with Aß42 > 700 ng/L
Remaining misinterpreted non-AD, n= 102, 41.8% of non-AD pa nts with Aß42 ≤ 700 ng/L Remaining misinterpreted non-AD, n= 22, 9.0% of non-AD pa nts with Aß42 ≤ 700 ng/L

non-AD, n= 244, 36.3% of non-AD pa nts

Aß40 assays

Added value of CSF Aß42/Aß40 ra Added value of CSF Aß40

Aß42/Aß40 ≤ 0.06 Aß40 ≥ 12,644 ng/L

Total popul on
n= 2,171

Aß42 cut-off

Total CSF Aß42 misinterpreted subpopul on
n= 525

24.2% of Total popula n

AD, n= 281, 18.7% of AD pa nts

FigUre 2 | Patient classification based on the determination of cerebrospinal fluid (csF) amyloid peptides. First, according to CSF Aβ42 levels, we 
obtained a percentage of misinterpreted patients with discordant results regarding clinical diagnosis. The CSF Aβ40 assay was performed in this subpopulation. 
Performance in accurately classifying patients was tested for CSF Aβ42/Aβ40 ratio and for CSF Aβ40 alone. Both CSF Aβ42/Aβ40 ratio and CSF Aβ40 could 
reclassify a high percentage of patients. CSF Aβ40 provided the best correct classification rate. Abbreviation: AD: Alzheimer’s disease.

FigUre 1 | csF aβ42/aβ40 ratio (a) and csF aβ40 concentrations in nanograms per liter (b) in aD and non-aD populations. Abbreviation: AD: 
Alzheimer’s disease.
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Aβ42/Aβ40 ratio would provide complete interpretation of CSF 
amyloid biomarker results, integrating the impact of plastic 
tube type. In the present study, however, samples were analyzed 

sequentially, leading to higher between-run imprecision for 
the CSF Aβ42/Aβ40 ratio than for CSF Aβ42 alone [coefficient 
of variation (CV), 13.3 and 10.2%, respectively]. One solution 
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to decrease the CV of the CSF Aβ42/Aβ40 ratio would be to 
use multiplex assays to analyze both amyloid peptides simul-
taneously. Unfortunately, at the moment, there is no analytical 
validation available for CSF Aβ42 and CSF Aβ40 in multiplex 
assays for in vitro diagnostic use.

In the present study, CSF Aβ40 was determined only in AD 
patients with CSF Aβ42 levels above 700  ng/L and in non-AD 
patients with levels below 700  ng/L. CSF Aβ40 concentrations 
were significantly higher in AD than non-AD patients. The 
optimal CSF Aβ40 cut-off value was 12,644 ng/L. To our knowl-
edge, there is currently no effective CSF Aβ40 cut-off value to 
discriminate AD from non-AD patients reported in the literature; 
only a slight increase in CSF Aβ40 was found in two other stud-
ies (20, 24), and a recent study focusing on AD-MCI patients 
found a significant increase in CSF Aβ40 values compared to a 
control group (36). However, the present data contrasted with 
those reported in another study (26) including AD and non-AD 
dementia. Selection of the non-AD patient population to compare 
with the AD population was probably one of the major differ-
ences. Another difference may be the biological factor used for 
the patients’ initial classification, CSF P-Tau181 concentrations in 
intermediate levels (26). Similarly, Sauvee et al. suggested using 
the CSF Aβ42/Aβ40 ratio when data for CSF Aβ42 combined to 
CSF P-Tau181 are inconclusive (27). In these particular cases, 
adding the CSF Aβ42/Aβ40 ratio improved their proportion of 

interpretable biological profiles from 68 to 89% (27). Moreover, 
in confirmation of our sequential approach, Sauvee et al. showed 
that adding CSF Aβ40 peptide concentration and CSF Aβ42/
Aβ40 ratio did not change their conclusions when CSF Aβ42 and 
CSF P-Tau181 were concordant.

In the present study, it was also interesting that 36.3% of 
non-AD patients presented pathological CSF Aβ42 levels. One 
hypothesis could concern the heterogeneity of the non-AD popu-
lation, which included patients with psychiatric disorders and 
NPH and demented patients with neurodegenerative diseases 
(FTLD and DLB). CSF Aβ42 was previously reported to be less 
effective for differential diagnosis of the main neurodegenerative 
dementia than CSF Tau proteins (39–41). To discriminate AD 
and FTLD, CSF Aβ42 assay could then be combined with Tau 
proteins and expressed as T-Tau/Aβ42 and P-Tau181/Aβ42 
ratios (42, 43). Typical CSF AD profiles including CSF Aβ42 and 
Tau proteins were reported in 47% of patients meeting clinical 
diagnostic criteria for DLB and in 30% of FTLD patients (41), 
suggesting coexisting pathologies, as strongly highlighted by 
postmortem studies (44, 45). NPH patients also have lower CSF 
amyloid peptide and Tau protein concentrations than controls 
(46, 47). To validate our hypothesis and strategy regarding dif-
ferential diagnosis, postmortem confirmation on autopsy-proven 
patients should be carried out.

The diagnostic performance of CSF Aβ42 is increasingly ques-
tioned. It should be noted that biological diagnosis as performed 
in specialized memory clinics is also founded on the second 
pathway of AD pathophysiology, reflected by CSF Tau protein 
levels. Nevertheless, a more accurate evaluation of CSF amyloid 
biomarkers is important to include patients in therapeutic trials 
involving the amyloid cascade, using added Aβ peptides or other 
amyloid cascade biomarkers. For example, the soluble peptide 
APPβ (sAPPβ) and CSF Aβ40 come from the same enzymatic 
digestion of APP, and it would be interesting to assess sAPPβ to 
complete this study. Increased CSF sAPPβ levels were already 
reported in AD patients as compared to non-AD demented 
patients (48) and FTD patients (49).

In conclusion, the present study offers an improvement in 
biological diagnosis of AD focusing on the amyloid pathway. 
In the misinterpretation using CSF Aβ42 levels, classification 
based on the CSF Aβ42/Aβ40 ratio gives good results. More 
interestingly, CSF Aβ40 assay alone also provides better results: 
the misinterpretation rate using CSF Aβ42 and then CSF Aβ40 
alone falls to 1.7%. Sequential assessment of CSF Aβ40 would 
also provide a better cost-effectiveness ratio than systematic 
determination of the CSF Aβ42/Aβ40 ratio. Finally, these results 
need to be confirmed in a prospective study including autopsy-
proven AD patients, and completed with novel amyloid cascade 
biomarkers.
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FigUre 3 | receiver operating characteristic curve comparison for 
aD diagnosis in the “discordant csF aβ42 values” subpopulation. 
DeLong et al.’s (1988) method was used to compare the values of the area 
under the curve (AUC). In the 525 selected patients, accuracy of diagnostic 
performance was significantly higher for CSF Aβ40 compared to CSF Aβ42/
Aβ40 ratio, with 94.7% sensitivity and 91.0% specificity for CSF Aβ40 
≥12,644 ng/L (AUC, 0.969) compared to 76.2 and 58.2%, respectively for 
CSF Aβ42/Aβ40 ratio ≤0.06 (AUC, 0.700).
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Amyloid-related imaging abnormalities (ARIA) represent the major severe side effect of
amyloid-beta (Aβ) immunotherapy for Alzheimer’s disease (AD). Early biomarkers of ARIA
represent an important challenge to ensure safe and beneficial effects of immunothera-
pies, given that different promising clinical trials in prodromal and subjects at risk for AD are
underway. The recent demonstration that cerebrospinal fluid (CSF) anti-Aβ autoantibodies
play a key role in the development of the ARIA-like events characterizing cerebral amyloid
angiopathy-related inflammation generated great interest in the field of immunotherapy.
Herein, we critically review the growing body of evidence supporting the monitoring of
CSF anti-Aβ autoantibody as a promising candidate biomarker for ARIA in clinical trials.

Keywords: cerebral amyloid angiopathy related inflammation, iCAβββ International Network, Alzheimer’s dis-
ease, cerebrospinal fluid biomarker, amyloid-related imaging abnormalities, Aβββ disease modifying therapies,
immunotherapy, anti-amyloid antibody clinical trials

Introduction

Biomarkers for the stratification, follow-up and monitoring of the safe and effective therapeutic
response of amyloid-beta (Aβ) disease-modifying therapies (DMT) represent a research priority
in Alzheimer’s disease (AD) (1).

Immunotherapy trials, in particular, have underlined the urgent need of safety biomarkers to
avoid, or at least enable the early detection of the severe side effects of treatment termed amyloid-
related imaging abnormalities (ARIA) (2). There are two types of ARIA: ARIA-E, characterized
by the magnetic resonance imaging (MRI) evidence of vasogenic edema (VE) and/or sulcal effu-
sion on fluid-attenuated inversion recovery (FLAIR), as hallmarks of inflammation at the level
of the affected vessels; and ARIA-H, characterized by signal of hemosiderin deposits involving
microhemorrhages (MHs) and superficial siderosis on T2*-weighted gradient echo (T2*-GRE) or
susceptibility-weighted imaging (SWI), as hallmarks of cerebral amyloid angiopathy (CAA) (3)
(Figures 1A,B).

Even if the acronym ARIA was initially referred to specifically describe the MRI abnormalities
of bapineuzumab (2, 4–6), the first monoclonal antibody employed in clinical trial, the term is
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FIGURE 1 | Similarities between immunotherapy-induced ARIA and
spontaneous ARIA-like events in CAA-ri. Upper row. Axial brain MRI
revealing ARIA-E (A) and ARIA-H [(B), arrow] in one AD patient treated with
bapineuzumab. Reproduced with permission from Ref. (3). Lower row. Axial
brain MRI revealing spontaneous ARIA-E (C) and ARIA-H [(D), arrow]
occurring in one CAA-ri patient from the “The inflammatory Cerebral Amyloid
Angiopathy and Alzheimer’s disease βiomarkers (iCAβ) International Network
(20, 50).” Images (A,C) represent FLAIR-MRI sequences; (B,D) represent
T2*-GRE sequences.

currently used to define the clinical–radiological side effects sub-
sequently reported with almost all the immunotherapy strategies
tested (7–12).

Today, no early biomarker able to predict the incipient occur-
rence of an ARIA has been already included in clinical trials.
However, the current FDA guidelines for enrolling patients in
studies assessing DMT requireMRI evaluation, recommending to
exclude patientswith≥5MHs andwith any evidence of superficial
siderosis or prior parenchymal hemorrhage (3, 6). Nevertheless,
MHs on MRI are relatively non-specific, reflecting a variety of
pathologic conditions. MRI could thus be particularly helpful for
the detection of the acute/subacute course of ARIA, but it could
fail to predict patients at high risk to develop incipient occurrence
of these events, both at the baseline and during the therapeutic
follow-up (13–18).

The ARIA issue recently generated increasing interest after
the very promising data for the Phase 1b study of aducanumab
(NCT01677572) were presented at the 12th AD/PD Meeting in
Nice (19) and at the Alzheimer’s Association International Con-
ference (AAIC 2015) inWashington (12). This drug demonstrated
a statistically significant cognitive improvement in patients with
prodromal ormild AD, together with a dose- and time-dependent
reduction of deposited Aβ on amyloid-PET. Aducanumab, how-
ever, revealed an incidence of immunotherapy-related ARIA in

the 55% of patients, particularly in the high-dose and APOEε4
carriers arm, associated with a 35% of ARIA drop-outs due to the
development of these side effects (19).

The recent discovery that ARIA-like events in CAA-related
inflammation (CAA-ri) are mediated by increased anti-Aβ
autoantibodies in the CSF, has sensibly increased the understand-
ing of the etiological mechanisms of ARIA. CAA-ri has thus been
proposed as a human spontaneous model of the drug-induced
ARIA in AD (15–17).

Starting from this background, in this review we critically
discuss the growing body of evidence supporting the dosage of
CSF anti-Aβ autoantibody as a promising candidate biomarkers
for ARIA in clinical trials (13, 15–17, 20, 21).

Immunotherapy-Induced ARIA

Trials in AD and natural history studies have suggested that
the following all contribute to the development of ARIA: 1)
the severity of Aβ deposition (e.g., greater in advanced stages
of the disease), 2) the degree of CAA in an already impaired
vasculature, 3) the APOEε4 allele dose, and 4) the dose of drug
administered.

In human clinical trials, although the mechanisms leading to
ARIA are not yet fully elucidated, it is well demonstrated that
increased drug dosage clearly augments the risk to develop ARIA
(4, 11, 12, 19). Another interesting aspect is that APOEε4 car-
riers, with higher parenchymal and vascular Aβ load, are more
vulnerable to ARIA, due to the larger antibody-enhancement shift
in Aβ. Consistently, the analyses of the two phase III trials of
bapineuzumab showed a greater incidence of ARIA in associa-
tion with the number of APOEε4 alleles, increasing from 11.4%
in APOEε4 heterozygotes to 27.3% in APOEε4 homozygotes.
Interestingly, APOEε4 carriers represented the well-responder
group of patients, showing a dose-related reduction of CSF tau
and phospho-tau and a decreased rate of Aβ accumulation on
amyloid-PET after treatment with bapineuzumab (4, 6, 22), gan-
tenerumab (11), and aducanumab (12, 19).

A retrospective revision of all MRI scans of patients included
in the bapineuzumab trials identified an even larger number of
ARIA cases (35%) than those previously described (17%), in line
with the recent data emerged for aducanumab (55%). Particularly,
ARIA-E were reported as the most common abnormalities, while
nearly half of the ARIA-E positive cases also developed ARIA-
H, often colocalized in the same brain regions. In addition, it
has been shown that these abnormalities tended to occur early
in the course of treatment, with most occurring between the first
and third infusion. ARIA can present with relevant neurological
signs, characterized by headache, confusion, and neuropsychi-
atric symptoms. Patients, however, may also experience mildly
symptomatic or asymptomatic ARIA, rapidly resolving with the
discontinuation of treatment (3, 4, 6, 11, 12, 19).

Of note, ARIA have always been reported to be paradoxically
more represented in patients treated at the higher, but more
effective, dosages of the administered therapeutic antibody (2, 4,
6–12, 19), thus dramatically increasing the interest in biomarkers
for understanding, predicting, and monitoring these potential
hazards (14, 15, 17).
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Spontaneous ARIA-Like Events

In 2013, the discovery that the typical MRI findings of VE (ARIA-
E) and multiple area of MHs and/or superficial siderosis (ARIA-
H) characterizing the acute phase of CAA-ri represent a varia-
tion of drug-induced ARIA has generated great interest in the
field of immunotherapy (16). Following this first evidence, sev-
eral subsequent studies have clearly confirmed the clinical and
radiological similarities. CAA-ri is characterized by symptomatic
or mildly symptomatic acute/subacute neurological signs, mainly
headache, mental confusion, psychiatric symptoms, dizziness,
and focal signs. Moreover, like in AD trials, the MRI features
are represented by asymmetrical and bilateral VE involving the
posterior cortical/subcortical white matter, and by diffuse MHs
or signs of cortical superficial siderosis (Figures 1C,D). Addi-
tionally, as for immunotherapy-induced ARIA, the APOE4 geno-
type is overrepresented in CAA-ri patients (16, 23–30). Another
interesting finding is that CAA-ri patients are typically very well
responsive to immunosuppressive therapy if diagnosed and med-
icated promptly, rarely reporting the occurrence of successive
relapses (20).

Of note, spontaneous ARIA-like events have been recently
identified in prodromal (21, 31) and established AD (32), and in
one case, the development of ARIA has been reported as a possible
trigger for rapidly progressive dementia (21).

Interestingly, spontaneous ARIA and CAA-ri have been also
described in familial forms of AD (FAD), i.e., in AβPP duplica-
tion carriers (33), in presenilin 1-associated FAD (I202F PSEN1
mutation) (34), and in two siblings carrying the P284S PSEN1
mutation (35). Recognition that ARIA may arise spontaneously
during the course of FAD is a particular timely and important
observation that further reinforces the parallelism between iatro-
genic and spontaneous ARIA, given the immunotherapy trials for
FAD underway.

Anti-Aβββ Antibodies as Biomarker for ARIA

The lack of reliable techniques for the detection of anti-Aβ autoan-
tibodies have so far led to contradictory results, showing a reduced
(36–38), partially modified (39), unchanged (40, 41), or even
increased amount in AD patients (42, 43). A possible explanation
is that these studies were conducted in plasma or serum, while
their CSF levels have never been clearly explored before.

The recent development of an ultra-sensitive technique able to
detect the very low concentration of anti-Aβ autoantibodies in
the human CSF has sensibly increased the understanding of their
physio-pathological functions (16). CSF anti-Aβ autoantibodies
have been demonstrated to play a key role in the etiopathogenesis
of ARIA-like in CAA-ri and, today, CAA-ri is widely accepted as
a human spontaneous model of the therapeutic-induced ARIA
(15–17).

First, like in immunotherapy, the acute phase of CAA-ri is char-
acterized by a specific immune reaction mediated by an increased
amount of autologous CSF antibodies against the perivascular
deposited Aβ typical of CAA (13, 16, 21, 44–46). Although
observed in a single case study, autoantibodies have been found to
be intrathecally produced and specifically increased only in CSF,
while no changes has been found in the plasma, thus reflecting

the immune/inflammatory mechanisms restricted to the brain
(13). However, considering the less invasive procedure compared
to CSF, further investigations in a larger population will be of
certain interest. Second, the temporal relationship between anti-
Aβ autoantibody levels and clinical and radiological improvement
of CAA-ri strongly supports they are a specific trait of the VE and
MHs processes (ARIA-like events) (13, 16, 21, 46). Third, like in
AD-treated patients, the increased CSF level of Aβ40 and Aβ42,
the decreased amyloid-PET uptake, and the higher amounts of
anti-Aβ autoantibodies indicate a transient massive drainage of
Aβ from the brain and vascular deposits to its soluble forms
(18, 20, 31, 47). Furthermore, in line with data from passive
immunization (8, 48), a reduction of both autoantibodies and
neurodegenerativemarkers tau and P-tau in the CSF has also been
demonstrated following the clinical and radiological remission of
the acute phase of the disease (16, 21). Fourth, the levels of anti-
Aβ autoantibodies specifically discriminateCAA-ri from sporadic
CAA without inflammation, other non-CAA inflammatory and
autoimmune disorders or healthy controls (13, 16, 20, 21). Fifth,
anti-Aβ autoantibodies have been suggested as a possible early
predictor of CAA-ri recurrence (20).

Such insights have definitively pointed out the dosage of CSF
anti-Aβ autoantibodies as a very promising candidate biomarker
for the diagnosis, monitoring and management of ARIA. Cur-
rently, although the validation of cut-offs for clinical diagnostic
purposes is still ongoing, the dosage of CSF anti-Aβ autoantibod-
ies in CAA-ri is already accepted as a valid support in clinical
practice (49).

Future Directions in Immunotherapy Trials

The recognition that CSF anti-Aβ autoantibodies represent a valid
biomarker in the diagnosis of CAA-ri paves the way for new
avenues in immunotherapy of AD. Studies aiming to quantify
the amount of naturally occurring anti-Aβ autoantibodies in AD
patients enrolled in clinical trials should thus be taken in serious
consideration (49).

The inflammatory Cerebral Amyloid Angiopathy and
Alzheimer’s disease βiomarkers (iCAβ) International Network, a
World-Wide Consortium aimed to the discovery and validation
of biomarkers of ARIA in the largest cohort of CAA-ri today
available, represents a leading authority in the field (50).

Here is an example of the different critical information that
may derive by the measurement of CSF anti-Aβ autoantibodies
as promising candidate biomarker for ARIA.

Patient Engagement Biomarker
The baseline level of CSF anti-Aβ autoantibodies in AD and
healthy subjects is currently unknown. A key area for future
studies will be to explore the levels and time course of CSF
anti-Aβ autoantibodies at the baseline (before treatment) and
during immunotherapy. Of note, the high prevalence of APOEε4
carriers and the co-localization of MHs and VE in CAA-ri
(20) further strength the indication to dose anti-Aβ autoan-
tibodies as a potential biomarker to identify those patients at
higher risk of ARIA. Notably, these findings will be of direct
relevance also for CAA, since the first phase I immunotherapy
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trial (ponezumab) for sporadic CAA has recently been launched
(NCT01821118).

Drug Tailoring Biomarker
The monitoring of CSF anti-Aβ antibodies (both therapeutically
administered and naturally produced) may allow personalizing
treatment for a greater clinical effect, minimizing the occurrence
of ARIA side effects, in order to maintain a putative “therapeutic
window” for the safe clearance of vascular Aβ. This may be par-
ticularly true for patients at high risk for ARIA (APOEε4 carriers
and/or high CSF autoantibody at the baseline). This may also
explain the lack of efficacy of previous immunotherapy trials com-
pared to aducanumab. The dosage of the therapeutic antibody has
often been limited due to the concerns ofARIA side-effect, leading
to the exclusion of patients from the opportunity to be treated and
the continuous adjustment of the therapeutic protocols.

Safety Prediction and Drug Engagement
Biomarker
The identification of cut-off for ARIA-like events has been
demonstrated to be a valid diagnostic biomarker in CAA-ri. The
measurement of theCSF anti-Aβ antibodies titer in patients devel-
oping ARIA could allow establishing similar reference values for
the prediction or, at least, the early diagnosis of these events during
immunotherapy of AD. This could permit the management of
treatment, e.g., reducing the dosage or delaying further infusions
in patients at risk for ARIA. This could be particularly important
between the second and third drug administration, since the
majority of ARIA have been reported during this period (2, 4, 6,
8). Moreover, the monitoring of CSF anti-Aβ antibodies, together
with the proof of reduced Aβ accumulation on amyloid-PET

(11, 12, 22) and the increased level of CSF Aβ, could be proposed
as an additional biomarker to monitor drug efficacy and for a
better interpretation of the trial outcomes.

Biomarker for ARIA Remission at Follow-up
In the case of ARIA occurrence, an early diagnosis will allow
a prompt medication, e.g., steroid administration, thus avoid-
ing the exclusion of these patients from trials. Furthermore,
the return of CSF anti-Aβ antibodies below a putative cut-off
level (still to be established) could help clinicians in confirming
the effective remission of ARIA, as efficiently demonstrated in
CAA-ri (16).

Conclusions

In the last decade, ARIA have severely limited the development
of DMT. The validation of anti-Aβ autoantibodies biomarker for
the monitoring and prediction of ARIA could have critical impli-
cations to avoid the occurrence of these serious side-effects. Anti-
Aβ autoantibodies may offer a unique possibility to explore the
relationships between Aβ clearance and the outcomes of clinical
trials, increasing the chances for developing innovative DMT.

The monitoring of CSF anti-Aβ autoantibodies could help
personalized treatment. The stratification of patients based on the
risk to develop ARIA could allow their allocation in the right
dosage arm in order to obtain the best therapeutic window for
each specific treatment and study. Of note, since we are moving
to larger and longer prevention trials in prodromal and subjects
at risk for AD, based on the selective enrollment of patients
with positive CSF and/or amyloid-PET uptake (Table 1), this is
a particularly timely issue that could potentially increase the risk

TABLE 1 | Use of CSF and amyloid-PET biomarkers in current immunotherapy trials of Alzheimer’s disease and cerebral amyloid angiopathy (update –
September 2015).

Drug Condition Trial phase Biomarker use Clinical trial
government
identifierCSF Amyloid PET

Solanezumab (A4 study,
Expedition3, ExpeditionEXT)

Asymptomatic AD or mild to
moderate AD

III Outcome evaluation Inclusion and outcome
evaluations

NCT02008357
NCT01900665
NCT01127633

Gantenerumab Prodromal or mild AD III Inclusion and outcome
evaluations

Inclusion and outcome
evaluations

NCT02051608
NCT01224106

Gantenerumab and
Solanezumab (DIAN-TU)

Autosomal dominant AD II Inclusion and outcome
evaluation

Inclusion and outcome
evaluation

NCT01760005
III

Crenezumab Prodromal autosomal dominant AD
kindred or mild to moderate AD

II Outcome evaluations Inclusion and outcome
evaluations

NCT01998841
NCT02353598

Aducanumab (BIIB037 study,
ENGAGE, EMERGE)

Prodromal or mild AD I – Inclusion and outcome
evaluations

NCT01677572
III NCT02484547

NCT02477800

Ponezumab Cerebral amyloid angiopathy II – – NCT01821118

BAN2401 Early AD II – Inclusion and outcome
evaluations

NCT01767311

CSF, cerebrospinal fluid; AD, Alzheimer’s disease.
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to incur in the same side effects (ARIA) previously reported.
Noteworthy, the enthusiasm for the very promising perspectives
emerging for aducanumab (NCT01677572) and gantenerumab
(NCT02051608 and NCT01760005) may be affected by patient
complains related to the high risk of ARIA, thus reducing their
feeling in the treatment.Without effective biomarkers wewill have
the consequence of further unacceptable delays in finding a cure
for these devastating diseases.

Biomarkers for ARIA will also improve our understanding on
the mechanisms of action and drug efficacy of immunotherapies,
i.e., the decreased Aβ load observed on amyloid-PET (8, 11, 12,
22) and the associated positive effects on downstream markers of
neurodegeneration (11, 12, 48).

Although the study of CSF and/or imaging biomarkers for
ARIA is matter of current active investigation (50), as highlighted
in this review, more research is obviously needed.

The validation of biomarkers for ARIA will necessarily imply
a multidisciplinary approach and the more strict collaboration
between pharmaceutical companies leading immunotherapy tri-
als, clinicians, basic researchers from academy, research societies
and regulatory authorities.

In the near future, the comprehension of the physiopathological
mechanisms of ARIA and the discovery of early biomarkers will
represent an important challenge in order to ensure safe and
beneficial effects of immunotherapy (16, 17, 49). Therapeutic

implications for CSF anti-Aβ autoantibodies biomarker would
be of immediate application, representing a unique benefit of
DMT efficacy compared to other more expensive techniques
such as amyloid-PET. CSF withdrawal is in effect a common and
minimally invasive diagnostic procedure widely used in clinical
trials (Table 1). The opportunity to implement this biomarker
should thus be taken in serious consideration, particularly in the
suspicious of ARIA.
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Still, there is need for significant improvements in reliable and accurate diagnosis for

Alzheimer’s disease (AD) at early stages. It is widely accepted that changes in the

concentration and conformation of amyloid-β (Aβ) appear several years before the onset

of first symptoms of cognitive impairment in AD patients. Because Aβ oligomers are

possibly the major toxic species in AD, they are a promising biomarker candidate for the

early diagnosis of the disease. To date, a variety of oligomer-specific assays have been

developed, many of them ELISAs. Here, we demonstrate the sFIDA assay, a technology

highly specific for Aβ oligomers developed toward single particle sensitivity. By spiking

stabilized Aβ oligomers to buffer and to body fluids from control donors, we show that the

sFIDA readout correlates with the applied concentration of stabilized oligomers diluted

in buffer, cerebrospinal fluid (CSF), and blood plasma over several orders of magnitude.

The lower limit of detection was calculated to be 22 fM of stabilized oligomers diluted in

PBS, 18 fM in CSF, and 14 fM in blood plasma.

Keywords: Alzheimer’s disease, amyloid-β peptide, diagnostic biomarker, early diagnosis, sFIDA, surface-based

fluorescence intensity distribution analysis, stabilized oligomers, standard molecule

INTRODUCTION

Worldwide 5–7% of people older than 60 years are affected by dementia, with Alzheimer’s disease
(AD) being the most common type. Due to the aging population, the total number of demented
people is predicted to increase even further (Prince et al., 2013). There is neither a cure nor
a sufficiently reliable laboratory diagnostic test available for this fatal neurodegenerative disease
(Lansdall, 2014). Early diagnosis of AD, however, is of great importance for the development of
therapeutics and their future application at an early stage of the disease. It is believed that AD
can be treated most effectively in preclinical stages, before cognitive functions become impaired
and neurons and synapses are damaged irreversibly (Golde et al., 2011). Hitherto, the definitive
diagnosis can only be made after the patients’ death based on neuropathological hallmarks, like
amyloid plaques, neurodegeneration and neurofibrillary tangles (Ballard et al., 2011).

The main component of amyloid plaques is amyloid β peptide (Aβ), which is formed from the
amyloid precursor protein (APP) by β- and γ-secretases (Haass et al., 2012). Once released from
the precursor, the Aβ peptide is prone to aggregation and can assemble into oligomeric structures
and amyloid fibrils. It is widely accepted that soluble Aβ oligomers but not monomers are highly
neurotoxic and that the pathological process in AD starts already years before the onset of clinical
manifestation (Braak and Braak, 1991; McLean et al., 1999; Cleary et al., 2004; Lesné et al., 2006).
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Currently, the total concentration of Aβ42 in cerebrospinal fluid
(CSF), which is lower in AD patients compared to healthy
persons (Sunderland et al., 2003; Shaw et al., 2009), is used as
a biomarker in clinical trials or academic settings to increase
the accuracy of AD diagnosis. At the current stage of biomarker
development, however, the total concentration of Aβ42 in CSF,
even in combination with other biomarkers such as tau protein,
does not allow a clear distinction of AD patients from healthy
controls or patients with other dementias (Humpel, 2011).
Therefore, the development of more accurate biomarkers is of
utmost importance.

Since Aβ oligomeric species are known to be directly involved
in AD pathology or even to trigger the disease (Haass and Selkoe,
2007), Aβ oligomers are considered as promising biomarker for
AD (Blennow et al., 2010). The main challenges for Aβ oligomer-
based diagnostics in body fluids are the presumably very low
concentrations of Aβ oligomers and the high background of
monomeric Aβ (Rosén et al., 2013). To meet those requirements,
we have previously developed an assay called sFIDA (surface-
based fluorescence intensity distribution analysis; Birkmann
et al., 2007; Funke et al., 2007, 2010; Bannach et al., 2012). The
principle of sFIDA is illustrated in Figure 1. The biochemical
setup of sFIDA resembles a conventional sandwich ELISA. All Aβ

species are immobilized on a functionalized glass surface via Aβ-
specific capture antibodies. After immobilization, Aβ aggregates
are multiply loaded by at least two detection antibodies, each
of them labeled with a different fluorochrome. Because capture
and detection antibodies recognize the same or an overlapping
epitope on Aβ, Aβ monomers cannot bind any detection
antibodies while bound to the capture antibody. In contrast to
a classical ELISA, the result of the measurement is not a single
readout for the whole sample. Instead, the surface is imaged by
high-resolution fluorescencemicroscopy, such as dual-color total
internal reflection fluorescence microscopy (TIRFM). Only those

FIGURE 1 | Scheme of the sFIDA assay. Aβ-specific capture antibodies

(dark gray Y symbols) are immobilized on a functionalized glass surface. Aβ

oligomers (brown rods) present in the sample bind to the capture antibodies

and are detected by fluorescence labeled (colored stars) anti-Aβ-antibodies

(light gray Y symbols). The surface is then imaged by dual-color microscopy. In

this version of the assay, all three of the applied antibodies (one capture and

two different detection antibodies labeled with two different fluorochromes)

bind to overlapping epitopes at the N-terminus of Aβ, which corresponds to

the spiky ends of the brown rods in the scheme above. Thereby, only

oligomers with multiple epitopes, but not monomers, are able to bind detection

antibodies while bound to the capture and thus yield detectable signals.

pixels that show signal intensities above the background noise
in both channels are counted. Thus, the number of colocalized
pixels above the background noise is expected to correlate with
the concentration of Aβ oligomers in the sample.

Results showing increased sFIDA readouts for AD patients
compared to non-demented controls have been reported
previously (Wang-Dietrich et al., 2013). However, in this study no
reliable Aβ oligomer standard was available to determine absolute
concentrations from the assay readout. Due to both the dynamic
aggregation and dissociation of Aβ, non-stabilized oligomers are
not suited as standard in oligomer-based diagnostic assays.

Here, we demonstrate application of stabilized Aβ oligomers
as standard molecules in the sFIDA assay. The sFIDA readout
correlates with the applied oligomer concentration over five
magnitudes down to a femtomolar range, which will allow the
quantification of natural Aβ oligomer concentrations in body
fluids.

MATERIALS AND METHODS

Biological Samples and PBS Spiked with
Stabilized Oligomers
Four individual human EDTA-anticoagulated plasma samples
(Zen-Bio, Research Triangle Park, USA) and one pooled human
EDTA-anticoagulated plasma sample from three healthy donors
were centrifuged for 15min at 15,000 × g. The supernatant was
collected and equal volumes from each sample were combined to
obtain one large pool from several donors (from here on referred
to as “plasma fraction”). Human cerebrospinal fluid sample
(CSF; pooled from healthy donors/mixed gender) was purchased
from Biochemed (Winchester, USA). Stabilized Aβ oligomers
(Crossbeta Biosciences B.V., Utrecht, the Netherlands), from
here on called “oligomers”, were serially diluted from the stock
solution (10 nM) to concentrations of 1 nM, 100 pM, 10 pM,
1 pM, 100 fM, 10 fM, and 1 fM in PBS (GE Healthcare, Chalfont
St. Giles, UK), CSF or the plasma fraction as described above.
All concentrations of Aβ oligomers in this publication refer
to oligomer particle concentrations, if not stated otherwise.
The oligomers consist of approximately 220 Aβ1–42 monomers
(manufacturer’s data); further characterization of the stabilized
oligomers, including data on the size homogeneity and stability,
are available on the manufacturer’s homepage (Crossbeta
Biosciences, 2015).

sFIDA
Plate Preparation

384-well plates (SensoPlate Plus with 175µm glass bottom;
Greiner Bio-One, Kremsmünster, Austria) were used for sFIDA.
Functionalization of the glass surface was performed as
previously described in Janissen et al. (2009). The surface was
treated with 5M NaOH (AppliChem, Darmstadt, Germany)
for 15min, washed three times with water, neutralized with
1M HCl (AppliChem, Darmstadt, Germany; 15min), washed
again three times with water and then twice with 70% ethanol
(VWR International, Langenfeld, Germany). After drying the
plate at room temperature, the wells were incubated in
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10M ethanolamine in DMSO (Sigma-Aldrich, St. Louis, USA)
overnight. Afterwards, the wells were washed three times with
DMSO, twice with 70% ethanol and the plate was dried again
at room temperature. A solution of 50mM SC-PEG-CM (MW
5000 Da, Laysan Bio, Arab, USA) in DMSO was heated shortly to
70◦C until the PEG dissolved. After the solution cooled down, 2%
(v/v) triethylamin (Fluka, Buchs, Switzerland) were added, the
solution was quickly vortexed and 15µl were applied per well.
After an incubation time of 1 h the wells were washed five times
with water.

The carboxymethyl groups of SC-PEG-CM on the glass
surface were then activated by addition of 30µl of 100mM EDC
(Fluka, Buchs, Switzerland)/100mM NHS (Aldrich, Milwaukee,
USA) in 0.1M MES buffer, pH 3.5 (AppliChem) per well for
30min. After flushing the wells three times quickly with MES
buffer, 15µl of 10 ng/µl capture antibody Nab228 in PBS (the
supernatant after centrifuging 10min at 18,000 g) was added to
the surface. After incubating for 90min, unbound antibody was
removed and wells were washed three times with PBST (PBS
+ 0.05% Tween20, AppliChem Panreac, Darmstadt, Germany)
and three times with PBS. Then 50µl of blocking solution
(SmartBlock, CANDOR Biosciences, Wangen, Germany) per
well were incubated for 1 h. After washing the wells three times
with PBST and three times with PBS, 15µl sample was applied to
each well and incubated overnight. The wells were washed once
with PBST and twice with PBS. The detection antibodies 6E10
labeled with Alexa Fluor 488 (Covance, Princeton, USA) and
Nab228 labeled with Alexa Fluor 647 (Santa Cruz, Dallas, USA)
were combined to each 1.25µg/ml in PBS and centrifuged for 1 h
(100,000 g, 4◦C). The supernatant was mixed and added to the
wells (15µl/well, 1 h). Finally, the wells were washed once with
PBST and twice with PBS. The buffer was removed and 100µl of
water were applied to each well for image acquisition on TIRFM
(AM TIRF MC, Leica microsystems, Wetzlar, Germany).

Image Data Acquisition

Using TIRF microscopy, 25 positions per well were imaged in
two different channels (14 bit gray scale; channel 0: excitation
at 635 nm, emission filter 705/72 nm; channel 1: excitation at
488 nm, emission filter 525/36 nm). Each image contains 1000 ×
1000 pixels and represents an area of 116 × 116µm. In total,
3.15% of the well surface was imaged.

Image Data Analysis

Prior to data analysis, images showing inhomogeneous surfaces,
e.g., due to mechanical damage of the surface or impurities,
were excluded from the analysis by automated artifact detection,
which is briefly described in the following: Each original image
was converted to a binary image by replacing all pixels having
intensities above or equal the mean pixel intensity of the
regarding image plus one standard deviation with the number
one, all others with the number zero. In the next step, erosion was
applied to these binary images by using a rectangular structuring
element with a size of 31 × 31 pixels. After erosion, the binary
image was dilated using the same structuring element as for
erosion. Each cluster that consisted of connected pixels with
the intensity one in the binary image after dilatation was then

analyzed in the original image. Clusters showing either a mean
pixel intensity of above 4000, a standard deviation of pixel
intensities above 2800, or a skewness of <0 in the original images
were defined as artificial and the whole image was excluded from
the analysis. Images that had amean pixel intensity of 16,383 over
the whole image in at least one channel were included for image
analysis although they were excluded by the artifact detection,
because those images are estimated as being saturated, but not
artificial.

To account for inhomogeneous illumination, only the central
“region of interest” containing 500 × 500 pixels of each image
were used for further analysis.

The remaining images were analyzed for colocalization: For
both channels, intensity cutoffs for exclusion of background
signal were determined. As the background signal might differ
from one matrix (i.e., PBS, CSF, and plasma fraction) to
another, the cutoff values were determined for each matrix
individually, but—in order to compare sFIDA readouts achieved
by diluting oligomers in the different matrices—in a reliable
and unbiased way. The cutoff for each channel and each matrix
was determined from the unspiked control sample to be the
value, which is exceeded by only 0.01% of total image pixels.
This value represents a reasonable compromise between efficient
background removal and retention of assay sensitivity. For
cutoffs used in this study, see Table 1.

Colocalized pixels with intensity values above the cutoffs
in both channels were counted for each image. The number
of colocalized pixels was determined for each picture and the
average pixel count from all pictures from the same sample
was referred to as “sFIDA readout”. Please note that the sFIDA
readout cannot exceed 250,000, which corresponds to the total
number of pixels per analyzed image section.

Calculation of Calibration Curves
For the calibration of assay readout (number of colocalized
pixels) to molecule concentration a weighted linear regression
analysis was performed with Matlab (The MathWorks, Natick,
USA) from experimental data points within the linear detection
range (CSF: 100 pM to 10 fM; PBS: 10 pM to 10 fM; plasma
fraction: 10 pM to 10 fM) with respective weights calculated as
1/readout. In cases of readout= 0 the weight was determined as 1.

Statistics
In order to statistically assess differences between sFIDA
readouts of different concentrations of oligomers diluted in
the same matrix, two-way omnibus Kruskal-Wallis test was
used for comparison of more than two groups. Post-hoc

TABLE 1 | Cutoffs for the different body fluids.

Matrix Cutoff channel 635nm Cutoff channel 488nm

CSF 3268 2339

PBS 4082 2773

Plasma fraction 4259 2028

Cutoffs were obtained for each channel and matrix by allowing only 0.01% of all pixels to

be above background signal for negative controls.
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analysis was performed by using two-tailed Mann-Whitney-
U test and p-value adjustment according to Benjamini and
Hochberg (1995) in order to account for multiple testing. By
Mann-Whitney-U test, sFIDA readouts from each concentration
were compared to the next lower one. Additionally, sFIDA
readouts from blank samples were compared to readouts from
10 to 100 fM. The false discovery rate controlling procedure
after Benjamini and Hochberg was calculated for 0.05 (for
significant results, indicated with ∗) and 0.01 (for very significant
results, indicated with ∗∗). Kruskal-Wallis and Mann-Whitney-
U test were calculated using the statistical software Origin
(OriginLab Corporation, Northampton, USA), false discovery
rate controlling procedure after Benjamini and Hochberg was
calculated in Microsoft Excel (Microsoft Corporation, Redmond,
USA).

RESULTS

Detection of Stabilized Oligomers by sFIDA
In a first set of experiments we sought to find out if the
stabilized oligomers can be sensitively detected by the sFIDA
assay. Therefore, a log10 dilution series of oligomers in PBS
with concentrations ranging from 1 nM to 1 fM was subjected
to sFIDA analysis in quadruplicate determination. As can be seen
in Figure 2, the sFIDA readout correlated well with the applied
concentration of stabilized oligomers in the range of 100 pM
down to 1 fM. The readouts from 1 nM to 100 pM oligomers in
PBS reached saturation, which means that all pixels were above
cutoff in both channels. At the lower end of the dilution series, the
sFIDA readout of the lowest oligomer concentration (1 fM) did
not differ significantly from the readouts from 10 fM oligomers
and the blank control. However, there was a significant difference
in the sFIDA readouts from 10 fM oligomers and the blank
control.

Spiking of CSF, PBS, and EDTA Plasma
Fraction with Stabilized Oligomers
After demonstrating the ability to detect even femtomolar
concentrations of stabilized oligomers diluted in buffer, we
investigated if different body fluid environments affect the
sensitivity of oligomer detection by sFIDA. To check for matrix
effects that possibly attenuate the specific signal of Aβ oligomers,
the oligomers were spiked into CSF and blood plasma from
healthy, non-demented control subjects. All samples containing
oligomers were determined fourfold by sFIDA analysis, while
each blank sample was measured 21-fold. Figure 3 shows the
mean sFIDA readouts for all samples.

The sFIDA readout correlated well with the oligomer
concentration down to 1 fM. However, there was no significant
difference in the readouts of 10 fM as compared to 1 fM, as well
as in the readouts from the blank sample compared to 1 and 10
fM oligomers spiked into CSF. sFIDA readouts from 100 fM and
the blank sample differed significantly.

For plasma samples, there was even a very significant
difference between the sFIDA readouts of 10 fM and blank
sample.

FIGURE 2 | sFIDA readout of stabilized oligomers diluted in PBS.

Columns and error bars represent the mean values and standard deviations

calculated from a fourfold determination of samples containing oligomers. The

blank was determined 21-fold. Cutoffs for each channel were set to discard

virtually all background from control samples except for 25 pixels, which are

0.01% of all pixels. This led to the following cutoff values (channel

635 nm/channel 488 nm): 4082/2773. Please note that the number of

colocalized pixels (sFIDA readout) is lower than the number of pixels above

background in the single channels. n.s., not significant; *p ≤ 0.05; **p ≤ 0.01.

FIGURE 3 | sFIDA readout of stabilized oligomers diluted in CSF, PBS,

and a plasma fraction. Shown are mean values and standard deviations

from fourfold (samples containing stabilized oligomers) or 21-fold (all blanks)

determinations. Cutoffs for channel 635 nm/channel 488 nm: CSF, 3268/2339;

PBS, 4082/2773; plasma fraction, 4259/2028.

Lower Limits of Detection and Lower
Limits of Quantification for Stabilized
Oligomers Diluted in PBS, CSF, and the
Plasma Fraction
As the concentration of Aβ oligomers in body fluids like CSF and
blood is presumably very low (Bruggink et al., 2013; Hölttä et al.,
2013; Savage et al., 2014), the lower limit of detection (LLOD) is
an important characteristic of every assay for the determination
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of Aβ oligomer concentration. To identify the LLOD for each
matrix used in this report, each blank sample was determined
21-fold. The LLOD was calculated as the mean sFIDA readout
from all blank samples plus three times the standard deviation. By
establishing a calibration curve from the dilution series, the Aβ

oligomer concentration corresponding to the calculated sFIDA
readout was then determined. The resulting LLODs were 22 fM
for stabilized oligomers diluted in PBS, 18 fM in CSF, and 14 fM
in the plasma fraction.

The lower limits of quantification (LLOQ) were calculated as
the mean sFIDA readout from all blank samples plus ten times
the standard deviation. The same calibration curves as used for
determination of LLOD were applied, leading to the following
concentrations: 32 fM for stabilized oligomers diluted in PBS,
24 fM for dilution in CSF, and 22 fM for dilution in the plasma
fraction.

DISCUSSION

In the present work we applied stabilized Aβ oligomers as
standard in the sFIDA assay. For dilutions in PBS, CSF from
control donors, and blood plasma from control donors, the
sFIDA readout correlated with the oligomer concentration
over five to six orders of magnitude. Although oligomer
concentrations in the upper picomolar range are presumably
not physiologically relevant, the observed linearity over several
orders of magnitude is useful to check assay functionality
and to facilitate assay calibration. The calculated LLODs for
oligomers diluted in PBS, CSF, and a plasma fraction were in
the range of 14–22 fM particle concentration. We can exclude
that endogenous Aβ oligomers, which are possibly present also
in healthy subjects, contribute significantly to the assay readout,
since the intensity cutoff was determined based on the non-
spiked control samples.

For the lower concentrations from 1 pM down to 1 fM, a
linear relation between the sFIDA readout and concentrations
of Aβ oligomers was observed. We expect that to be the
relevant concentration range for analysis of biological samples,
as published concentrations of oligomers in CSF are in the
femtomolar to low picomolar range (stated as monomeric
concentrations of Aβ; oligomeric concentrations are even lower;
Bruggink et al., 2013; Hölttä et al., 2013; Savage et al., 2014).

LLODs often refer to the concentration or mass of the total
applied peptide, although the actual portion of oligomerized
Aβ and the size of Aβ oligomers in the preparations is mostly
unknown (Santos et al., 2007; Sancesario et al., 2012). The
concentration of 14 fM of the stabilized oligomers used in this
study corresponds to 3.1 pM (13.9 ng/L) monomeric Aβ1–42. The
LLOD given in mass per volume is roughly in the same range
or above the limits of detection published for some Aβ oligomer
specific ELISA (Fukumoto et al., 2010; Bruggink et al., 2013;
Hölttä et al., 2013; Savage et al., 2014). In principle, sFIDA allows
detection and quantification of single particles of oligomers
consisting of approximately 220 Aβ monomers.

Although the stabilized oligomers used in this study might
not accurately reflect the properties of native Aβ oligomers in
terms of composition, mass, and structural heterogeneity, they

are nevertheless a valuable tool for assay development, assay
calibration, and determination of inter- and intra-assay variation
due to their stability and homogenous size. While heterogeneous
Aβ oligomer standards would resemble endogenous conditions
more closely, it is hardly possible to reliably produce such
standards with minimal batch-to-batch-variations thus limiting
their use in assay validation.

The stabilized oligomers are advantageous with regard to long
term stability and they can easily be distributed to compare
inter-laboratory results. This enables to thoroughly validate and
calibrate an assay, which is a very important feature in assay
development. However, the applicability of this standard for
biological samples will have to be addressed in future studies.
Quantification of very small oligomers in body fluids might
emphasize the need for even smaller standard oligomers than the
ones used in this study.

We have previously shown that monomers of synthetic Aβ

give not rise to significant signals in the sFIDA assay by using
overlapping epitopes in the capture and detection system (Wang-
Dietrich et al., 2013). When analyzing native CSF samples in
diagnostic setups, however, experimental conditions (i.e., pH,
incubation times, freeze/thaw cycles) have to be carefully adjusted
to avoid false-positive signals due to artificial aggregation of
endogenous Aβ monomers.

In the present version of the assay, two N-terminal antibodies
were used for capturing and detection of Aβ, i.e., Nab228 (epitope
Aβ1-11) and 6E10 (epitope Aβ3-8). By using alternative capture
and probe antibodies, it is not only possible to detect oligomers
composed of different Aβ isoforms, but also to detect hybrid
aggregates composed of different peptides or proteins. Therefore,
sFIDA assay can in future be applied for scientific purpose in
order to investigate the presence and pathological relevance of
different oligomeric species in body fluids or brain homogenates
of patients with different neurodegenerative diseases, such as AD.
Additionally, after thorough investigation and validation of the
assay and the measured targets, sFIDA might either give extra
information useful for diagnostics or even measure oligomeric
biomarkers that allow a reliable diagnosis, and might be useful
for disease monitoring in clinical trials during treatment.
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Alzheimer’s disease therapeutics
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With the demographic shift of the global population toward longer life expectancy, the 
number of people living with Alzheimer’s disease (AD) has rapidly expanded and is pro-
jected to triple by the year 2050. Current treatments provide symptomatic relief but do 
not affect the underlying pathology of the disease. Therapies that prevent or slow the 
progression of the disease are urgently needed to avoid this growing public health emer-
gency. Insights gained from decades of research have begun to unlock the pathophysiol-
ogy of this complex disease and have provided targets for disease-modifying therapies. 
In the last decade, few therapeutic agents designed to modify the underlying disease 
process have progressed to clinical trials and none have been brought to market. With 
the focus on disease modification, biomarkers promise to play an increasingly important 
role in clinical trials. Six biomarkers have now been included in diagnostic criteria for AD 
and are regularly incorporated into clinical trials. Three biomarkers are neuroimaging 
measures  –  hippocampal atrophy measured by magnetic resonance imaging (MRI), 
amyloid uptake as measured by Pittsburg compound B positron emission tomography 
(PiB-PET), and decreased fluorodeoxyglucose (18F) uptake as measured by PET (FDG-
PET) – and three are sampled from fluid sources – cerebrospinal fluid levels of amyloid 
β42 (Aβ42), total tau, and phosphorylated tau. Fluid biomarkers are important because 
they can provide information regarding the underlying biochemical processes that are 
occurring in the brain. The purpose of this paper is to review the literature regarding the 
existing and emerging fluid biomarkers and to examine how fluid biomarkers have been 
incorporated into clinical trials.

Keywords: Alzheimer’s disease, amyloid cascade hypothesis, amyloid beta, tau, clinical trials, drugs

introduction

Alzheimer’s disease (AD), the most common cause of dementia, is a progressive neurodegenerative 
disorder that becomes more prevalent with increasing age. Currently, there are more than 44   million 
people worldwide living with dementia (1). As the demographics of the global population shift 
toward longer life, it is projected that this number will be more than triple by the year 2050. With 
the estimated cost of dementia already exceeding 1% of the world’s gross domestic product (1), 
this rapid increase constitutes a looming public health emergency. Available therapies for AD were 
approved based on their ability to improve the symptoms of the disease but do not alter underlying 
pathophysiologic processes (2). In order to ease the public health burden posed by AD, drugs with 
disease-modifying properties are urgently needed.

Insights gained from decades of AD research have begun to elucidate the pathophysiology 
underlying this complex disease. It is now widely accepted that the chain of biochemical events 
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thought to be responsible for AD are triggered many years 
prior to symptom onset (3). While an enhanced understand-
ing of the two characteristic pathological changes seen in 
AD – plaques composed of amyloid β (Aβ) and neurofibrillary 
tangles (NFTs) composed of hyperphoshorylated tau  –  have 
yielded targets that may be amenable to pharmacological inter-
vention, no therapeutics with potentially disease-modifying 
properties have advanced past Phase III trials. A number 
of theories have been proposed to explain this failure:  
(1) selection of patients based on clinical diagnosis can be inaccu-
rate, leading to the inclusion of large number of patients without 
AD in clinical trials (4): (2) the timing of interventions designed 
to clear amyloid – at stages when subjects have already begun 
to manifest the symptoms of mild to moderate dementia  –  is 
too late in the disease course to affect cognitive change (5, 6): 
(3) the progression of the disease is too gradual to demonstrate 
drug–placebo differences in “typical length” drug trials (7): (4) 
candidate agents have been permitted to advance to Phase III 
trials without strong evidence of target engagement or disease 
modification from preclinical models or early clinical trials (8).

New strategies are needed to address the high failure rate in 
AD drug development. New trial designs, centralized rating and 
review, more predictive models in preclinical testing, improved 
clinical outcome measures, and more stringent testing of drugs in 
Phase II are all strategies that may improve success rates. While 
proof of efficacy of AD treatments will ultimately depend on 
demonstration of benefit on clinical measures, biological mark-
ers (biomarkers) of underlying disease processes will take on 
enhanced significance, especially as trials move toward enrolling 
subjects earlier in the disease process.

Aided by the development of biomarkers, AD is now con-
sidered one clinical disease with a continuum through several 
clinical stages (5). Reflecting this change in disease conception, 
several biomarkers have now been accepted widely enough that 

sAPP
β

Aβ Aβ

Aβ42

Gamma
Secretase

BACE1

FiguRe 1 | The amyloidogenic pathway. In the amyloidogenic pathway, 
The amyloid precursor protein (APP) is processed in two sequential steps: 
(1) in the first step, APP is cleaved by BACE1 yielding a membrane-bound 

fragment and releasing sAPP into the interstitial space. (2) In the second 
step, gamma secretase cleaves the remaining membrane-bound fragment 
releasing an abeta 42 fragment.

they have been incorporated into the two most recent research 
criteria (9–12). Three of these biomarkers are imaging biomark-
ers: hippocampal atrophy as detected by structural magnetic 
resonance imaging (MRI); decreased uptake of (18F) in charac-
teristic regions on positron emission tomography (FDG-PET); 
and increased amyloid tracer retention on PET (PiB-PET). Three 
biomarkers are cerebrospinal fluid (CSF) protein levels: low CSF 
levels of amyloid β42 (Aβ42) and elevated CSF levels of total 
(t-tau) and phosphorylated tau (p-tau). Imaging biomarkers are 
important because they can provide crucial information about 
topographical changes in the brain. There are a number of excel-
lent reviews describing their use in both clinical practice and 
drug trials (13). They will not be described here. The focus of 
this contribution is fluid biomarkers. The purpose of this paper 
is to review the literature regarding the existing and emerging 
fluid biomarkers and to examine how fluid biomarkers have been 
incorporated into clinical trials.

Fluid Biomarkers Regularly incorporated 
into Clinical Trials

CSF Aβ42
A picture of the complex chain of events leading to AD has 
emerged over the last three decades. The leading theory to 
explain the pathophysiological changes in AD is the amyloid 
cascade hypothesis (14). Based largely on models derived from 
familial cases of AD – in which, one of three autosomal domi-
nantly inherited mutations results in pathological aggregation 
and accumulation of Aβ – the amyloid cascade hypothesis posits 
that the pathological accumulation of amyloid triggers a complex 
sequence of biochemical events ultimately leading to widespread 
synaptic dysfunction, neuronal dysfunction, and cell death. An 
overview of the initial steps involved in Aβ production is pro-
vided in Figure 1.
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The amount of Aβ in the brain is determined by a balance 
between Aβ production and degradation/clearance mechanisms 
(15). Several enzymes, such as neprilysin, insulin-degrading 
enzyme, plasminogen inhibitor, break down Aβ in the interstitial 
space (16). Fragments that are not degraded in the brain are actively 
transported across the blood–brain barrier (BBB) or diffuse into 
the CSF space (17). The two transport proteins responsible for 
Aβ efflux from the brain are the low density lipoprotein receptor 
related protein-1 (LRP-1) and Apo J (15). Once in blood, Aβ is 
rapidly taken up by plasma proteins and transported to the liver 
for further degradation. A dynamic equilibrium exists between 
the amount of Aβ in the CSF and the amount of Aβ in the plasma 
space, and a small amount of non-neuronal Aβ is found in the 
CSF. A transport protein known as the receptor for advanced 
end products (RAGE) is responsible for the influx of Aβ from 
the serum into the CNS. The amount of amyloid in the brain is a 
highly regulated process and it is estimated that the entire load of 
soluble Aβ is turned over twice per day (17).

In AD, there is a significant decrease in Aβ clearance (18) 
resulting in dramatic increases (100–1,000 fold) in the amount 
of Aβ in the brain (17). Aβ fragments consisting of 42 amino 
acids (Aβ42) are particularly prone to aggregation (19). As 
amyloid concentrations rise, Aβ42 fragments rapidly aggre-
gate into oligomers of various sizes and conformations (20). 
Aβ oligomers are neurotoxic and have been shown to inhibit 
memory, disrupt long-term potentiation, and impair synaptic 
function in animal models (21, 22). Emerging data is begin-
ning to clarify the role that Aβ oligomers play in triggering AD 
pathophysiology (23). In addition to oligomerizing, Aβ frag-
ments also fibrillize into cross-β-sheets, forming the insoluble 
plaques that constitute the main neuropathological finding in 
AD. The primary role of amyloid plaques seems to be to serve 
as large reservoirs of soluble amyloid (the amount of insoluble 
fibrillar Aβ is 100-fold greater than the amount of soluble Aβ 
in the brain) (24). Plaques may serve to buffer any changes 
in the amount of circulating amyloid. Plaques, however, are 
not entirely benign species as array tomography has revealed 
that they are surrounded by a ring of dystrophic and disfigured 
neurons (25), implying that they exert local neurotoxic effects 
(26). Plaque burden, however, correlates poorly with disease 
severity (27, 28) and it is now widely thought that Aβ’s primary 
role in the pathogenesis of AD is by triggering another patho-
logical process (29).

Several commercially available, CSF enzyme-linked immu-
nosorbent assays (ELISAs) have been developed that detect CSF 
Aβ. CSF assays for Aβ detect soluble monomeric species. In 
AD, levels of CSF Aβ 40 remain stable while Aβ42 levels have 
consistently been shown drop to <50% of normal (30). The 
reduction in CSF Aβ42 levels is generally thought to reflect both 
the sequestration of Aβ42 in insoluble plaques (27) and aggre-
gation into oligomeric species (31). Post-mortem studies have 
also reported correlations between low CSF Aβ42 and increased 
amyloid plaque load (32, 33). With the development of amyloid 
PET imaging (which allows for the direct visualization of fibril-
lar amyloid), the relationship between low CSF Aβ42 levels and 
amyloid plaque has been established in vivo (34) and has been 
confirmed in many different studies (35, 36). Although low CSF 

Aβ42 levels and increased fibrillar uptake on PET scan generally 
correspond with one another and are often used interchangeably 
to diagnose AD, it is important to note that they are not detect-
ing the same form of amyloid (CSF assays detect monomeric, 
soluble amyloid while PET imaging detects fibrillar plaque). 
The discrepancy between the two measures has been illustrated 
in several studies (37, 38). A recent study using cross-sectional 
data found that 20% of cognitively normal subjects had low CSF 
Aβ42 levels but negative PET scans. This discrepancy was seen 
in only 6% of subjects with dementia (38). PET scan positivity 
was also found to correlate closely with increased CSF tau levels. 
The authors interpreted these findings to suggest that CSF Aβ42 
“positivity” comes earlier in the disease progression than amy-
loid uptake on PET scan. If this finding is verified in longitudinal 
studies, it would suggest that low levels of CSF Aβ42 may be a 
marker of early disease processes while amyloid scanning would 
have utility as a marker of disease progression.

CSF Tau
Neurofibrillary tangles composed of hyperphosphorylated tau are 
the second major neuropathologic finding in AD. Tau is a ubiqui-
tous intracellular protein that promotes cellular stability through 
interactions with microtubule proteins (39). Consequently, tau 
plays a key role in maintaining neuronal integrity, cellular signal-
ing, and axonal transport. The dynamic relationship that exists 
between tau and microtubule proteins is driven by the phospho-
rylation state of tau, which is under the control of a variety of 
kinases and phosphatases (40, 41). In AD, for reasons that remain 
to be elucidated, the phosphorylation state of tau increases (42). 
Various theories have been proposed to explain this phenom-
enon. A leading theory is that it is a direct response to the toxic 
effects of Aβ accumulation (43); however, other potential causes 
include neuroinflammation (44), oxidative stress (45), genetic 
factors (46), or even infection (47). Tau hyperphosphorylation is 
a key step in the pathogenesis of AD because hyperphorsphoryl-
ated tau no longer binds to microtubule proteins (48). This leads 
to higher cytosolic concentrations of unbound tau. Unbound, 
hyperphosphorylated tau is susceptible to aggregation, protein 
trapping, and misfolding (49, 50). Aggregated fibrils consisting of 
hyperphosphorylaed tau comprise the helical filaments in NFTs. 
The accumulation of NFTs within neuronal axons is toxic to cells. 
Both the loss of normal physiological function (i.e., loss of cellular 
integrity) and the gain of toxicity induced by NFT accretion are 
thought to contribute to neuronal dysfunction in AD (50).

In AD, NFT accumulation proceeds through the brain in a 
stereotypical pattern, appearing first in the locus coeruleus and 
the entorhinal cortex, proceeding next to the hippocampus, and 
then spreading to the temporal cortex and neocortical association 
areas (51). Neuropathological studies have reported correlations 
between NFT formation and neuronal loss, both of which increase 
in parallel with AD disease progression (52). Understanding the 
intercellular spread of NFT as it progresses through the brain 
has been the focus of recent investigation (53, 54). In mouse 
models, injection of filamentous tau induces NFT formation at 
the injection site that over time progresses to neighboring and 
synaptically connected brain regions (55). This finding suggests 
that tau exhibits prion-like behavior as it spreads from highly 
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focal brain regions to involvement of limbic, paralimbic, and 
neocortical regions (56).

In AD, CSF levels of t-tau increase to 3× normal (57). Increases 
in CSF t-tau have been associated with both NFT burden and 
Braak staging (33). Elevations in CSF t-tau, however, are not spe-
cific to AD as transient elevations are found following stroke (58) 
and traumatic brain injury (TBI) (59). This finding suggests that 
elevated CSF t-tau levels are reflective of non-specific neuronal 
injury and cell death. The highest levels of CSF t-tau are found 
in Creutzfeldt–Jakob disease (CJD), a disease characterized by 
accelerated neurodegeneration (60). It is also important to note 
that tau secretion is an active physiological process, occurring 
independently of neuronal injury (56). In AD, an additional 
source of CSF tau is the residence of this molecule in extracellular 
space during its passage from neuron to neuron. More research 
is needed to fully understand the composition of CSF t-tau levels 
in AD.

In addition to detecting total tau (t-tau), several ELISAs have 
been developed that reflect the phosphorylation state of tau. In 
AD, CSF levels of p-tau increase to approximately twice normal 
levels. Commonly used assays measure tau phosphorylation at 
residue either 181 or 231, both of which increase to similar levels 
in AD (61). Autopsy studies reveal that CSF p-tau correlates with 
NFT burden in AD (62). Because levels of p-tau are thought 
to reflect both NFT load and phosphorylation state, elevations 
in p-tau are generally thought to be a more specific finding in 
AD than elevations in CSF t-tau (61, 63). Dissociations between 
high t-tau and normal p-tau levels have been reported in several 
dementing diseases including CJD (64), frontotemporal demen-
tia, and vascular dementia (61).

utility of CSF Aβ42, t-Tau, and p-Tau
Used individually, CSF markers (CSF Aβ42 or tau) demonstrate 
good sensitivity in distinguishing subjects with AD from non-
controls (41); however, several studies have reported poor speci-
ficity in distinguishing subjects with AD from non-AD dementias 
(65–67). Diagnostic precision has also been shown to decrease 
with increasing age (68). Diagnostic accuracy increases consid-
erably when these measures are combined into a so-called “AD 
signature” consisting of low Aβ42 and elevated total and p-tau. 
This signature demonstrates 80–95% sensitivity and specificity in 
identifying subjects with AD in the dementia phase of disease (5) 
and has been shown to be highly predictive of AD pathology at 
autopsy (28). The ability of CSF biomarkers to identify subjects 
harboring AD pathology is considerably better than the accuracy 
of a diagnosis made on clinical grounds alone. In a study looking 
at 919 autopsy-confirmed cases of AD that comprise the National 
Alzheimer’s Coordinating Center (NACC) database, clinical diag-
nosis was 71–88% sensitive but only 44–71% specific in predicting 
AD pathology at autopsy (69). The challenge of accurately iden-
tifying subjects with AD pathology based on clinical diagnosis 
alone has also been demonstrated in clinical trials that have incor-
porated amyloid PET scans (4, 70, 71). Data from several clinical 
trials suggest that a substantial percentage of subjects enrolled in 
clinical trials do not actually have evidence of AD pathology on 
PET scan. For example, in the Phase III trial of bapineuzumab 
>35% of APOE ε4 non-carriers had negative amyloid scans (70). 

As it is unlikely that compounds with putative anti-AD properties 
will produce clinical benefits in subjects without AD pathology, 
inaccurate inclusion rates increase the likelihood of trial failure. 
Incorporating CSF biomarkers into inclusion criteria is a strat-
egy that can be used to enrich patient samples, increase a trial’s 
statistical power, and ensure that candidate compounds are being 
accurately tested against the AD substrates they are designed to 
ameliorate.

The temporal relationship among Aβ42, t-tau, and p-tau levels 
has been the subject of much exploration and several models 
have been proposed to explain the complex dynamics that exist 
between CSF biomarkers and disease progression (43, 72). There 
is now convincing evidence that CSF Aβ42 and tau levels convert 
from normal to “pathologic” years before the onset of clinical 
symptoms, providing a powerful tool to assess which individuals 
are at risk for developing AD dementia (73). Decreases in CSF 
Aβ42 are typically appreciated before changes in CSF tau, and 
in accordance with the amyloid cascade hypothesis, suggest that 
amyloid accumulation drives tau pathology. Examining a cohort 
of subjects with autosomal dominant AD, Bateman et al. dem-
onstrated that changes in Aβ42 can be fully appreciated 25 years 
before expected symptom onset and changes in tau 15  years 
before expected symptoms onset (3). In cohorts without AD 
mutations, several studies have reported that decreases in CSF 
Aβ42 (with or without changes in CSF tau) can be detected in 
cognitively normal subjects and predict the development of cog-
nitive decline (74) and dementia (75, 76). CSF biomarkers have 
also showed good sensitivity (83–95%) and specificity (71–90%) 
in predicting which subjects with mild cognitive impairment 
(MCI) will progress to develop AD dementia (77–80). The accu-
rate identification of patients in this early stage of the disease 
is important because MCI is a non-specific syndrome and only 
around 50% of subjects with MCI are thought to have AD (81). 
Using CSF biomarkers to accurately identify subjects harboring 
AD pathology as early as possible in the disease course will allow 
for testing of candidate compounds earlier in the disease course 
and at time points that may prove more amenable to pharmaco-
logical intervention.

While the CSF biomarkers discussed above provide a powerful 
window into the pathological processes occurring in AD, several 
limitations deserve mention. An innate limitation of all fluid 
biomarkers is that they lack anatomical precision (82). Unlike 
imaging biomarkers, CSF biomarkers do not provide insight 
into the topographic distribution of pathological changes in 
the brain. Another limitation of current CSF biomarkers is that 
aside from small increases in t-tau (83), they remain fairly stable 
during the dementia phase of disease (84). Therefore, current CSF 
biomarkers have limited utility in disease staging or prognosis 
(73). Furthermore, because only weak associations between CSF 
biomarkers and clinical measures have been reported (85), it is 
unknown if drug-induced changes in these measures will result 
in clinically meaningful effects (16). Unknown variables include 
when interventions need to be timed and to what degree a bio-
marker change may be correlated with a clinical outcome (86). 
An additional limitation of CSF biomarkers is the high degree 
of variability and lack of assay standardization that exists among 
laboratories. A 2013 study analyzing data from Alzheimer’s 
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TABle 1 | Candidate CSF biomarkers.

Biomarker Role in the pathogenesis of AD evidence for clinical utility

CSF BACE1 Transmembrane secretase responsible for the 
rate-limiting step in the generation of amyloid

Increased CSF BACE in AD in some (94) but not all studies (209)
Increased CSF BACE levels predicted which subjects with MCI progressed to dementia (96)

CSF sAPP Byproduct of BACE activity Increased CSF levels in MCI (98), AD (99), and incipient AD (100)
Elevated CSF levels were not predictive of subjects converting from MCI to dementia (79)

CSF Aβ oligomers Neurotoxic species that inhibit memory,  
long-term potentiation, and synaptic function

Low levels make detection difficult (103, 104) (105)
Inverse correlation between CSF Aβ oligomers and MMSE score (104, 105)

CSF Aβ38 Aβ fragment consisting of 38 amino acids Increased CSF levels do not correlate with amyloid uptake on PET scan (110)
CSF levels did not discriminate between healthy controls and subjects with AD (111)

CSF visinin-like 
protein-1 (VILIP-1)

Neuronal calcium sensor protein that  
functions in membrane trafficking

CSF VILIP-1 levels correlated with elevated CSF t-tau and p-tau and decreased brain 
volumes (115)
Elevated CSF levels predicted cognitive decline in subjects with MCI (117)

CSF F2-isoprostanes Markers of lipid peroxidation caused by free 
radicals

Increased CSF levels in AD (121)
Increased CSF levels predicted cognitive decline in MCI (122)
Increased CSF levels improved diagnostic accuracy when combined with MRI and memory 
testing (123)

YLK-40 Marker of plaque-associated neuroinflammation 
secreted by activated microglia

Elevated CSF levels in early AD (126)
Elevated CSF levels predicted cognitive decline in MCI (127)

Neurogranin Synaptic protein involved in plasticity and  
long-term potentiation

Elevated CSF levels in AD but not MCI (130)
Elevated CSF levels predict conversion from MCI to AD and predicted a more rapid rate of 
decline in subjects with MCI and a positive amyloid PET scan (131)
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Association quality control program reported a 20–30% discrep-
ancy among laboratories in measuring CSF biomarkers (68). This 
is too high for globally accepted reference ranges to be assigned 
(87). Quality control and standardization projects have been ini-
tiated with the intent of improving precision and reproducibility 
across laboratories (5).

emerging CSF Biomarkers

Given the limitations of the currently used CSF biomarkers, 
substantial research has been devoted to finding and validating 
additional CSF biomarkers. Guided by an enhanced understand-
ing of the neurobiological changes in AD, several promising 
candidate markers have been identified. Table 1 summarizes the 
development of CSF candidates.

Amyloid-Related CSF Biomarker Candidates

BACe1
BACE1 is an aspartic protease that catalyzes the rate-limiting 
step in the generation of Aβ42 (Figure  1). BACE1 also plays 
a role in the processing of other membrane proteins, such as 
neuregulin (88), and is thought to influence myelination (89) 
and synaptic plasticity (90). Because of its diverse and important 
role in normal brain functioning, BACE1 activity is synchro-
nized by a variety of complicated regulatory mechanisms at 
both the transcriptional and translational levels (91). Increased 
levels of BACE1 and indicators of BACE1 activity have been 
found in the brains of patients with AD (92, 93). Elevations in 
CSF BACE1 have also been detected in the CSF of patients with 
AD (94, 95) and subjects with MCI who later went on to develop 
AD (96). Several explanations have been proposed to account 
for the increases in CSF BACE1 in AD. Increased CSF BACE1 
levels have been found to correlate with increases in CSF t-tau 

(96) and one possibility is that BACE1 release into the CSF is 
a product of a non-specific release of proteins from injured or 
dying neurons. New research, however, suggests a more compli-
cated picture, in which, normal regulatory controls on BACE1 
activity are lost. Faghihi et al., for example, has reported that a 
non-coding antisense RNA that stabilizes BACE1 mRNA and 
results in increased BACE1 activity is increased in the brains 
of subjects with AD. Furthermore, in vitro exposure of cells to 
Aβ42 induces this antisense RNA, laying the groundwork for 
a deleterious feed-forward cycle of AD disease progression, in 
which, increased levels of Aβ induce the expression of increased 
BACE1 activity and further Aβ production (97). CSF BACE1 will 
be important in establishing target engagement in compounds 
with putative BACE1 inhibiting properties.

sAPP-β
The first step in APP processing is the proteolytic cleavage by 
BACE1. This cleavage yields two products, one of which is the 
membrane bound fragment (which then undergoes further pro-
cessing by gamma secretase to eventually form Aβ) and the other, 
a larger amino acid fragment, sAPP-β, which is secreted into the 
interstitial space. Levels of CSF sAPP-β may serve as an indirect 
marker of BACE activity and Aβ production. Studies looking at 
the clinical correlation between CSF sAPP-β have generally been 
positive and elevated levels of sAPP-β have been reported in MCI 
(98), AD (99), and patients with incipient AD (100). However, not 
all studies have demonstrated meaningful clinical correlations 
(79). Changes in CSF levels of sAPP-β may eventually be used 
in clinical trials to provide evidence of target engagement and to 
monitor for drug effects.

Aβ Oligomers
In  vitro exposure of Aβ oligomers to hippocampal neurons 
quickly impairs synaptic function and is more toxic than 
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exposure to monomeric or fibrillar forms of amyloid (101). This 
finding, in conjunction with reports from several animal models 
that demonstrate neuroanatomical and behavioral abnormalities 
before the appearance of plaques (25), has led the field to consider 
the role of Aβ oligomers in AD pathogenesis. The steady state of 
Aβ oligomers in the CSF is very low – <0.02% of total CSF Aβ 
levels (102) – and attempts to detect them standard assays have 
failed (101) while other attempts have produced variable results 
(103–105). Recently, Hong et al. were able to demonstrate that 
Aβ oligomers in the interstitial fluid were quickly sequestered 
onto cellular membranes, displaying a particular affinity for GM1 
gangliosides (102). In this study, Aβ oligomers demonstrated a 
higher binding affinity for cell membranes than monomeric Aβ 
species, potentially explaining the low contribution of oligomers 
to the overall composition of CSF Aβ levels. The authors were 
also able to detect low levels of GM1-bound Aβ in human CSF. 
These levels correlated with CSF Aβ42. Further investigation is 
needed to determine if CSF GM1-bound Aβ will prove useful as 
a biomarker in AD. It is also important to note that soluble Aβ oli-
gomers may have utility as a progression biomarker, as two stud-
ies – one using flow cytometry (105) and the other using ELISA 
(104)  –  have reported an inverse correlation between levels of 
CSF Aβ oligomers and score on MMSE. The challenges of reliably 
quantifying Aβ oligomers in CSF will need to be overcome before 
the potential of this biomarker can be fully realized.

Aβ isoforms
While most Aβ species exist as peptide fragments consisting of 
either 40 or 42 amino acids, isoforms of varying length have also 
been detected in the CSF of patients with AD (106–108). One 
small study reported that a particular CSF amyloid “signature” 
consisting of Aβ16, Aβ33, Aβ39, and Aβ42 could distinguish 
subjects with AD from controls with an accuracy of 86% (106). 
The performance of Aβ38 has been investigated in a number 
of studies and as an exploratory measure in a phase II trial of 
avagacestat (109). The utility of CSF Aβ38 appears to be limited 
given that levels do not correlate with amyloid uptake on PET 
(110) and did not discriminate controls from subjects with AD 
in another study (111).

Non-Amyloid CSF Biomarker Candidates
Cerebrospinal fluid markers that reflect processes that occur 
after amyloid deposition, including neurodegeneration, synapse 
loss, neuroinflammation, oxidative stress, etc. may also provide 
diagnostic and prognostic utility. A select group of candidates 
will be discussed here. For a comprehensive review, the reader is 
directed to the review by Fagan and Perrin (112).

visinin-like Protein-1
Visinin-like protein-1 (VILIP-1) is a neuronal calcium sensor 
protein that can be detected in most regions of the brain (sparing 
the caudate and putamen) (113). It belongs to a family of proteins 
thought to play a role in membrane trafficking (Braunewell Cell 
Tissue Res) and is thought to play a role in calcium-mediated 
neuronal death (114). CSF levels of VILIP-1 have shown to 
correlate with CSF t-tau, p-tau, and brain volumes (115, 116). 
High levels of CSF VILIP-1 have also been reported to predict 

the cognitive decline in a cohort of patients with mild AD 
followed over a period of 2.6  years (117). Several studies have 
shown that higher levels of CSF VILIP-1 are seen in AD than 
other dementing diseases, such as dementia with Lewy bodies 
(114), frontotemporal dementia, and progressive supranuclear 
palsy (117).

F2-isoprostanes
There is a growing body of evidence suggesting that oxida-
tive damage plays a key role in the pathogenesis of AD (118). 
F2-isoprostanes are markers of lipid peroxidation caused by free 
radicals (119). Increased levels of F2-isoprostanes are found in AD 
brains (120) and in the CSF of patients with AD (121). Elevated 
levels of CSF F2-isoprostanes have also been shown to correlate 
with eventual cognitive decline in MCI (122) and improve diag-
nostic accuracy of AD when combined with memory testing and 
MRI (123).

YKl-40
Neuropathological, biochemical, and genetic studies indicate 
that alterations in neuroinflammatory pathways play a role in 
the pathogenesis of AD (124). YKL-40 is a marker of plaque-
associated neuroinflammation that is secreted by activated 
microglia (125). Several studies suggest that YKL-40 may be an 
early marker of AD as levels have been shown to be increased in 
the preclinical phase (116, 126) and to predict cognitive decline 
in early stage dementia (127).

Neurogranin
Neurogranin is a synaptic protein that is enriched in forebrain 
areas (128). It is thought to be involved in synaptic plasticity and 
long-term potentiation (129). Elevated levels of neurogranin have 
been reported in the CSF of subjects with AD (but not MCI) 
(130). Elevated levels of CSF neurogranin have been shown to 
predict conversion from MCI to AD and to predict a more rapid 
rate of decline in subjects with MCI and a positive amyloid PET 
scan (131).

Serum Biomarkers

The process of obtaining CSF fluid by lumbar puncture (LP) 
is invasive and associated with a small but significant risk of 
post-LP headache (132). Given the negative public perception 
of the LP procedure, it is unlikely that all patients in a clinical 
trial would agree to have CSF sampling. Serum samples are easily 
obtained and readily accepted by patients. The development of 
a reliable serum biomarker could potentially be integrated into 
a multi-stage screening and diagnostic process, to provide valu-
able information about which patients should proceed to more 
expensive/invasive testing, and to monitor disease progression 
(133). Currently, there has been little success in finding reliable 
serum biomarkers in AD or MCI (41). Table 2 summarizes the 
findings regarding candidate serum biomarkers in AD.

Serum Aβ
Despite being the focus of intense investigation, the utility of 
serum Aβ as AD biomarkers has not been fully defined. Serum 
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TABle 2 | Candidate non-CSF biomarkers.

Biomarker Role in the pathogenesis of AD evidence for clinical utility 

Serum Aβ40 Major byproduct of APP processing Associated with increased risk of AD dementia in some but not all studies (134, 135)

Serum Aβ42 Primary component amyloid plaques Associated with increased risk of AD dementia in some but not all studies (136)

Serum tau NFTs composed of hyperphosphorylated 
tau comprise major neuropathological 
finding in AD

Undetectable by traditional assays (148)
Ultra-sensitive assays have detected and report increased levels in AD compared to normal but with 
considerable overlap; do not discriminate between subjects with MCI who remained stable and those 
who progressed to AD (150)
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Aβ (40,42) levels in AD show considerable overlap with non-AD 
controls, which limits its use as a diagnostic marker (92). The use 
of serum Aβ as a marker of risk is also unclear as some studies 
have reported an increased risk with increased Aβ40 (134, 135) or 
Aβ42 (136) while others have reported that increased risk is asso-
ciated with low levels of Aβ42 (137). In addition, several studies 
have failed to find an association between serum Aβ levels and AD 
risk (138, 139). One meta-analysis reported that a low Aβ42:Aβ40 
ratio was associated with an increased risk of AD (140); however, 
the generalizability of this analysis is limited by the heterogeneity 
of included studies. Little is known about the prognostic value of 
serum levels of Aβ. One study has reported that higher baseline 
levels of serum Aβ42 were associated with faster rates of cognitive 
decline over a 1-year period in subjects with AD (141). The small 
sample size and the lack of follow-up analysis of plasma levels 
means that additional research is needed to determine if serum 
levels can be used for patient stratification. Changes in serum Aβ 
levels have also been detected in several clinical trials and have 
been used as evidence to support claims of target engagement (71, 
142). Further investigation is needed to clarify the association 
between serum Aβ levels and AD pathophysiology.

One potential explanation for the discrepancy between the 
performance of CSF Aβ and serum Aβ is that serum levels do not 
accurately reflect CSF Aβ levels (143). The majority of CSF Aβ is of 
neuronal origin and is thought to directly reflect Aβ production in 
the brain. Serum Aβ, on the other hand, is derived from a variety 
of non-neuronal sources including the liver, bone, muscle, kidney, 
pancreas, and platelets (66). The physiologic milieu in the CSF 
is also drastically different from the serum compartment. In the 
serum, there are 300× more Aβ binding proteins than in the CSF 
(15) and the majority of Aβ in the serum is protein bound (144).

Serum Tau
Transient elevations in serum tau are detected in response to 
neuronal injury from ischemic stroke (145), hypoxic brain injury 
during cardiac arrest (146), and TBI (147). There is considerable 
evidence that the biochemical regulation of tau is dependent on 
which biological compartment it resides. For example,  follow-
ing neuronal injury, CSF tau may stay elevated for weeks while 
in the serum, tau is cleared rapidly, returning to normal levels 
within hours (58). As a result, serum tau levels are not thought to 
accurately reflect CSF tau levels. In a small study using a sandwich 
ELISA, serum tau levels were essentially undetectable in patients 
with AD despite having elevated CSF t-tau levels (148). More 
recently, ultra-sensitive assays have been developed that have cap-
tured changes in serum tau levels following TBI (146) and cardiac 

arrest (149). This assay has been tested in one cohort with AD 
(150). In this study, higher serum tau levels were seen in patients 
with AD as compared to subjects with MCI and controls; however, 
a considerable degree of overlap was noted across the three groups, 
limiting its diagnostic utility (150). Additionally, serum tau levels 
did not discriminate between subjects with MCI who remained 
stable and those with MCI who went on to develop AD.

Other Serum Markers
Other novel serum targets for development include 
F2-isoprostanes (151) and plasma complement factor H (152); 
however, the results of studies looking at these candidates have 
been disappointing and do not support their application as diag-
nostic or prognostic factors at this time.

Proteomic Approaches
An alternative approach to developing serum biomarkers in AD 
is to identify a characteristic profile of protein markers, which, 
taken together, would constitute a pathological “fingerprint” 
(133). Significant interest in proteomic strategies was generated 
following a study, which identified a characteristic pattern of 18 
abnormal plasma signaling and inflammatory proteins in a sample 
of patients with AD (153). Applied to a pre-existing data set, this 
profile correctly identified subjects with AD from healthy controls 
with 90% accuracy. In addition, this profile predicted conversion 
from MCI to dementia in 20 of 22 patients (followed up to 6 years). 
With advances in bioinformatics, the numbers of trials employing 
proteomic approaches have increased. Using pre-existing data 
sets, a number of proteomic profiles have been identified, which 
have shown high diagnostic accuracy (154–157). Challenges to 
the proteomic approach include successful replication of findings 
across studies (154) and whether profiles can reach appropriate 
standardization levels to be replicated across laboratories (133). 
Guidelines designed to approach these challenges have recently 
been published (158). No consensus has been reached on a spe-
cific proteomic profile that provides reliable information in AD.

urine and Saliva
Urine and saliva are appealing targets for biomarker develop-
ment due to their ease of collection. Molecules sampled from 
these sources, however, are subjected to filtration and metabolic 
processing and may not reflect biochemical changes occurring 
in the brain. For this reason, AD research has largely ignored 
these biological compartments (159). One small study detected 
reduced acetylcholinesterase activity in the saliva of patients with 
AD compared to normal controls (160) while another found no 
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difference (161). Increased levels of salivary Aβ42 have been dem-
onstrated in patients with mild AD compared to normal controls 
and patients with Parkinson’s disease (162). In another study using 
mass spectroscopy, an increased salivary p-tau to t-tau ratio was 
found in AD patients compared to normal controls (163). More 
research is needed on these readily accessible fluids to determine 
if they contain meaningful information on brain states.

use of Fluid Biomarkers in Clinical Trials

The scope of use of fluid biomarkers in clinical trials is described 
below. Here, we describe the results of several clinical trials in 
which fluid biomarkers were included among outcome measures. 
Table 3 summarizes the results of these studies as well as others 
that are not described.

Active Amyloid immunization Strategies
The impetus for the development of amyloid immunotherapy 
strategies came from a landmark study involving the PDAPP 
transgenic mouse, which overexpresses mutant human APP. In 

this study, it was shown that amyloid plaque deposition could be 
prevented by immunizing mice against Aβ42 (164). Subsequent 
studies reported that active immunization attenuated memory 
changes and reduced behavioral impairment (165, 166). Testing 
in several different models revealed that the greatest benefit was 
seen when immunization was achieved before the expected age 
of amyloid deposition (164, 167), signifying that immunization 
strategies work best in a clearance paradigm (167).

Composed of a full-length synthetic Aβ42 molecule, AN1792 
was the first anti-amyloid vaccine evaluated in clinical trials. 
Despite appearing safe and demonstrating efficacy on an explora-
tory measure of functional decline in Phase I (168), further 
development of AN1792 was halted after 6% of subjects devel-
oped meningoencephalitis during Phase II testing (169). While 
the exact cause of this response remains unknown, the type of 
T-cell response (Th2-biased in the Phase I study and Th1-biased 
in the Phase II study) differed between the two studies (170). 
Treatment was terminated early (only 20% developed the prede-
termined antibody response), but double-blind assessments were 
continued during the entire 12-month period. Antibody response 

TABle 3 | Fluid biomarkers in clinical trials.

Compound Mechanism of action Relevant clinical outcome Fluid biomarker outcome

AN1792 Active immunization against full-
length Aβ42

PII: halted because of the development of 
meningoencephalitis (169)

PII: reduction in CSF tau; no change in CSF Aβ42 (169)

CAD106 Active immunization against Aβ 
fragment

PI: well tolerated in subject with AD (176) PI: no changes in CSF Aβ40, Aβ42, p-tau, or t-tau; increase in 
total serum plasma Aβ and decrease in free Aβ (176)

Bapineuzumab Monoclonal antibody directed 
against N-terminus of Aβ

PII: post hoc analysis showed effect on 
cognition in APOE ε4 non-carriers (185)

PII: reduction in CSF p-tau and t-tau; no effect on CSF Aβ40 or 
42 (186)

PIII: two separate studies (one with APOE 
ε4 carriers and one with non-carriers) 
failed to reach clinical endpoints (70)

PIII: decrease in CSF p-tau (carriers); no effect on any CSF 
measures (Aβ42, p-tau, t-tau) in non-carriers; no effect on Aβ42 
in carriers (70)

Development of MRI changes in ~20% of 
treated patients (210)

Solanezumab Monoclonal antibody against 
middle portion of Aβ

PIII: two large trials failed to reach clinical 
endpoints. A pooled analysis of the two 
trials demonstrated an effect on cognition 
in subjects with mild dementia (142)

PII: increase in serum and CSF Aβ40 and 42 (190)

PIII: increase in both CSF Aβ40 and 42; no effect on CSF p-tau 
or t-tau; increases in serum Aβ40 and 42 (142)

Crenezumab Monoclonal antibody against 
middle portion of Aβ; built on 
IgG1 backbone

PI: well tolerated in subjects with mild to 
moderate AD (211)

PI: increase in serum Aβ levels (211)

Gantenerumab Entirely humanized monoclonal 
antibody binds the N-terminus of 
Aβ fibrils

PIII: results not yet published, trial 
discontinued

No fluid biomarker data have been reported

Ponezumab Humanized monoclonal antibody 
binds the C-terminus of Aβ

PI: well tolerated in subjects with AD 
(212–214)

PI: increase in serum and CSF Aβ levels w/single dose (212)

Tramiprosate Molecule that binds Aβ and 
prevents aggregation

PIII: no benefit on clinical endpoints (215) PII: reduction in CSF Aβ42 (216)

Avagacestat Gamma secretase inhibitor PII: well tolerated at low doses; at doses 
found to have CSF effects, a trend 
worsening cognition was detected (109)

PII: at higher, poorly tolerated doses, reductions in CSF Aβ 
38, 40, and 42 were reported. Non-significant trend toward 
reduction in CSF p-tau and t-tau at all doses
No changes in CSF Aβ at lower doses (109)

Semagacestat Gamma secretase inhibitor PIII: preplanned analysis showed an 
association with worsening cognitive and 
functional outcomes resulting in early 
termination (71)

PII: no effect on CSF Aβ40 or 42; reduction in plasma Aβ40 
(201)
PI: dose-dependent reduction in Aβ production as measured by 
SILK (18)
PIII: no changes in CSF Aβ or t-tau; p-tau remained the same 
(increased in placebo) dose-dependent reduction in serum Aβ40 
and 42 (71)
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was associated with two positive clinical effects: improvement 
on composite scores of memory function and, in an extended 
follow-up study, significantly less functional decline (171). CSF 
monitoring in a subset of 11 subjects deemed “antibody respond-
ers” showed significant reductions in CSF t-tau (−204 ± pg/mL) 
at 1 year. Changes in CSF Aβ42 levels were not appreciated (169).

Several post-mortem neuropathological studies have been 
completed on subjects receiving the AN1792 vaccine (172–175). 
Because of the small number of participants and lack of infor-
mation about baseline (or pretreatment) plaque burden, it is 
difficult to make definitive conclusions about these studies (8). 
Nonetheless, several interesting findings have been reported 
including reductions in plaque load (174) and decreased micro-
glial activation (173). Evidence of pathological change was not, 
however, associated with improvement in survival time or time 
to severe dementia (174). Only one study (examining five brains) 
reported evidence of a reduction in tau pathology (175).

It is difficult to make accurate assessments regarding the CSF 
and neuropathological data from the AN1792 trials given the 
small sample sizes and the heterogeneity of the reported findings. 
According to the amyloid hypothesis, an active immune response 
would likely only be beneficial if achieved prior to the event that 
triggers the cascade (29). From a fluid biomarker perspective, it is 
unknown if the dramatic changes in CSF t-tau had any association 
with the positive signal seen on several clinical metrics. This is 
one of many unanswered questions that remain after this trial. 
Clearly, additional study is required to fully inform decisions 
about whether active immunization strategies can be efficacious 
in the treatment or prevention of AD. Several vaccines designed to 
illicit a safer B-cell response, including ACC-001, CAD106, V950, 
and Affitope AD02, are in various stages of clinical testing (86). 
The results of both Phase I and IIa testing have been published 
for CAD106 (176, 177). Although the vaccine appears much safer 
than AN1792, neither study demonstrated a significant biomarker 
or clinical effect.

Passive Amyloid immunization Strategies
Passive immunization strategies involve the infusion of human-
ized monoclonal antibodies designed to bind amyloid species. 
Preclinical studies have shown that passively administered anti-
bodies can enter the CNS and bind to various forms of amyloid 
(178). Compounds in this class differ depending on what domain 
within the Aβ fragment they bind (179).

Bapineuzumab
Bapineuzumab is a humanized monoclonal antibody directed 
against the N-terminus of Aβ. Recognition of the N-terminus 
ensures that bapineuzumab can attach to both soluble and 
insoluble amyloid species. Several theories have been proposed 
to explain bapineuzumab’s mechanism of action including direct 
inhibition of plaque formation (180) and antibody-mediated 
triggering of microglial cells to clear plaques (181). In preclini-
cal models, bapineuzumab-treated PDAPP mice show reduced 
cortical amyloid plaque burdens (178). As with other amyloid 
therapies, treatment with bapineuzumab appears most effective 
for preventing rather than clearing pre-existing plaques (6). One 
potential explanation for the inability of bapineuzumab to clear 

existing plaques is proposed by Demattos et al. who hypothesize 
that in advanced disease, bapineuzumab is unable to bind plaques 
because it is saturated by soluble amyloid species that surround 
mature plaques (182). Infusion of bapineuzumab has also been 
associated with an increased incidence of microhemorrhage, 
which is thought to be due to its binding to vascular amyloid (183).

A Phase II study was undertaken to assess the safety of 
bapineuzumab in subjects with mild to moderate AD dementia 
(184). Higher rates of edema known as amyloid-related imaging 
abnormalities (ARIA) were seen at higher infusion doses and in 
subjects possessing the APOE ϵ4 genotype. Although clinical 
benefits were not initially detected, a post hoc analysis using mul-
tiple comparisons suggested possible benefits on both cognition 
and function (185). The biomarker data from Phase II testing also 
detected a possible disease-modifying signal as CSF data (n = 27) 
showed significant reductions in p-tau (−9.9 pg/mL) and a trend 
toward reduction in t-tau (−72.3  pg/mL) (186). In a smaller 
trial using an identical protocol, change in amyloid uptake as 
measured by PET scan was assessed as a primary outcome. In 
this trial, treatment with bapineuzumab (N = 20) was associated 
with reduced cortical binding compared with baseline (4).

Based on the positive signals seen in the Phase II trials, bap-
ineuzumab advanced to Phase III testing (9). To reduce the risk 
of ARIA-E, dose selection was based on APOE ϵ4 status. Included 
in the secondary analysis was amyloid PET, volumetric MRI, 
and CSF biomarkers. Results of this study were disappointing 
as primary endpoints were not met. Although there were some 
signs of a positive biomarker effect, the signal was much weaker 
in Phase III testing than had been seen in the Phase II trial. APOE 
ϵ4 carriers (N = 127) experienced significant but small reductions 
in CSF p-tau (−5.8 pg/mL) compared to the placebo compari-
son group. In non-carriers, significant reductions in CSF p-tau 
were reported but only at the highest dose (−8.17 pg/mL). No 
significant changes were noted in CSF Aβ42 levels or t-tau levels. 
In both APOE ϵ4 carriers and non-carriers, amyloid uptake (as 
measured by PET scan) remained unchanged during the course 
of the trial.

The interpretation of outcome data from the bapineuzumab 
trials is complicated by the finding that a significant percentage of 
participants (6% of APOE ϵ4 carriers and 36% of APOE ϵ4 non-
carriers) did not have evidence of amyloid pathology on PET scan. 
Nonetheless, the reduction of CSF p-tau is notable and suggests 
that passive immunization strategies targeting amyloid may be able 
to effect key pathological processes. Additional studies are needed 
to replicate this finding. The preclinical data suggest that bapineu-
zumab may be more effective when timed earlier in the disease 
course or at higher doses (182). The candidacy of bapineuzumab, 
however, is limited by ARIA-E.

Solanezumab
Solanezumab is a humanized monoclonal antibody directed 
against the middle amino acid section of Aβ. Because this 
epitope is not accessible on amyloid plaques, solanezumab only 
binds soluble Aβ species and does not bind Aβ plaques (187) or 
oligomers (188). In mouse models, infused solanezumab rapidly 
binds and completely sequesters plasma Aβ (187). By capturing 
the entire pool of soluble Aβ, solanezumab prevents this pool 
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of amyloid from re-entering the brain, potentially shifting the 
amyloid gradient toward plaque dissolution and efflux out of 
the brain (29). According to this hypothesis, solanezumab acts 
as a “peripheral sink” as it draws amyloid out of the brain. In 
mouse models, peripheral administration of solanezumab results 
in rapid, 1,000-fold increases in plasma Aβ and significant 
reductions in plaque deposition (187). Not all preclinical data on 
solanezumab has been positive as one study found that treatment 
neither prevented nor reduced amyloid deposition (189). Unlike 
bapinezumab, solanezumab has not been associated with ARIA-E 
in either preclinical or human testing.

In a Phase II testing, treatment with solanezumab was associ-
ated with dose-related increases in both plasma and CSF levels of 
Aβ40 and 42 (190). Notably, both antibody-bound and antibody-
free levels of CSF Aβ42 increased. Increases in unbound CSF 
Aβ42 could be interpreted as evidence of Aβ42 leaving plaques 
and diffusing down the gradient to replace sequestered plasma Aβ 
species consistent with the peripheral sink hypothesis. Amyloid 
PET scanning would have been informative in determining if the 
source of the increased unbound Aβ42 was in fact from plaque.

Solanezumab advanced to two large Phase III trials known as 
EXPEDITION 1 and 2 (142). Although both trials failed to meet 
primary endpoints, identical study designs allowed for pooling of 
data across the two studies. In the pooled analysis, the subgroup 
identified as having mild AD showed statistically significant 
slower rates of cognitive decline and positive trends on functional 
measures (185). Consistent with the Phase II trial, serum levels 
of both Aβ40 and 42 increased following infusion and remained 
significantly elevated during the entire trial. In a smaller subset of 
patients with CSF data (N = 44), significant increases were seen 
in both total CSF Aβ40 and 42, but unlike the Phase II trial, there 
were no significant changes in unbound Aβ42. Treatment was 
also not associated with changes in CSF tau, volumetric MRI, or 
amyloid PET.

Any interpretation of outcome data from the Phase III study of 
solanezumab must be tempered by the finding that a significant 
percentage (>20%) of enrollees who underwent amyloid PET 
scanning during the trial had negative scans (29). The dramatic 
increases in both serum and CSF levels of Aβ species in those 
treated with solanezumab could be interpreted as evidence of 
amyloid mobilization in the CNS. Whether antibody-mediated 
sequestration of soluble amyloid is enough to drive deposited 
amyloid out of plaque is still unknown and was not demonstrated 
in this trial with PET scanning (187). Clearly, the preclinical 
evidence regarding solanezumab has suggested a more profound 
effect on amyloid plaque prevention than clearance, and, as 
with other anti-amyloid therapies, treatment may prove more 
effective earlier in the disease course. Two ongoing trials of 
solanezumab – one enrolling patients with mild AD and the other 
enrolling cognitively subjects – will hope to shed light on these 
lingering issues.

gamma Secretase inhibitors
Gamma secretase is a multi-unit enzyme complex that facilitates 
the second enzymatic step in the processing of APP to Aβ. It con-
sists of four subunits: nicastrin, presenilin-1 (PSEN1), anterior 
pharynx-defective-1, and presenilin-2 (PSEN2). Mutations in 

the genes that code for PSEN1 or PSEN2 cause early-onset AD 
by increasing the fractional production of Aβ42 (27). In animal 
models, compounds that decrease gamma secretase activity have 
been shown to reduce Aβ42 synthesis and improve behavioral 
and cognitive symptoms (191, 192). Development of safe gamma 
secretase inhibitors is complicated by the enzyme’s crucial role in 
the regulation of Notch protein signaling pathways. Notch signal-
ing is involved in cell fate pathways in rapidly dividing cells and 
disruption of normal Notch protein function can result in adverse 
gastrointestinal, hematologic, and dermatologic effects (193). 
Safe gamma secretase inhibitors must show a selective preference 
for Aβ inhibition over disruption of Notch signaling pathways.

Semagacestat
Semagacestat is a gamma secretase inhibitor that demonstrates 
selective inhibition of APP processing over Notch inhibition in 
several in vitro studies (194, 195). Not all studies have reported 
this preference, and in the most recent study (published after 
the Phase III trials were completed) semagacestat showed greater 
affinitiy for inhibiting Notch signaling pathways than BACE 
(196). In animal models, semagacestat reduces soluble Aβ in 
brain, CSF, and serum. Because studies using microdialysis show 
significant reductions in interstitial amyloid, there was also hope 
that gamma secretase inhibition would drive the amyloid gradi-
ent and promote the dissolution of amyloid out of plaques and 
into the interstitial space (197). Data from several mouse models 
suggested that although gamma secretase reduced soluble Aβ 
levels and prevented the formation of new plaques, there was 
little evidence that treatment promoted the clearance of pre-
existing plaques (198, 199).

Early human testing of semagacestat was enriched by the use 
of stable isotope labeling kinetics (SILK) (18). By continuously 
labeling and monitoring soluble Aβ in the CSF, SILK provides an 
estimation of the production and clearance of Aβ over a specified 
period of time (200). Using SILK, it was shown that single doses 
of semagacestat caused dramatic reductions in Aβ production 
in healthy human subjects. This finding provided convincing 
evidence of target engagement and semagacestat advanced to 
additional testing. In a 14 week Phase II study powered to detect 
safety, treatment was associated with significant reductions in 
serum Aβ40, but somewhat surprisingly, not with significant 
changes in either CSF Aβ40 or Aβ42 (post hoc analyses suggested 
a trend toward CSF Aβ40 reduction) (201).

Two large multicenter trials enrolling more than 2,000 
patients have been conducted (71). Known as the IDENTITY 
1 and IDENTITY 2, both trials were terminated early after 
a preplanned interim analysis revealed that treatment was 
associated with an increased incidence of adverse side effects. 
Patients receiving active treatment experienced skin cancers, 
GI symptoms, and dermatological side effects at twice the rate 
of those receiving placebo. In the modified intention-to-treat 
population, treatment was associated with worsening cognition 
and functional status. Biomarker from IDENTIY included both 
serum and CSF biomarkers as well as neuroimaging. Significant 
dose-dependent reductions in both serum Aβ40 and 42 were seen 
with treatment. Notably, the reduction in serum Aβ40 was more 
than twice that seen for Aβ42. CSF monitoring of Aβ (40,42) and 
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compared on clinical measures while an effect on disease pathology 
would be demonstrated by showing differences on a biomarker 
measure of disease progression. A correlation between drug–placebo 
difference and a biomarker outcome could potentially support a claim of 
disease modification.
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tau was done in a smaller subset of patients (N = 47). Although 
no significant changes were seen in either Aβ or t-tau, there 
was a significant reduction in p-tau levels, which was greater in 
the lower dose group (8% vs. 4%). Changes in amyloid uptake 
were not appreciated in 59 patients with multiple amyloid PET 
scans. Worsening cognition and an increased rate of side effects 
were also seen in Phase II testing of avagacestat, another gamma 
secretase inhibitor (109).

Unless gamma secretase inhibitors without Notch signal-
ing inhibition can be developed (and definitively proven 
in  vitro), it is unwise to devote further resources to gamma 
secretase inhibition as a viable treatment for AD. Inhibition of 
Aβ production, however, remains a promising option for AD 
therapies. Biomarker data from the semagacestat trial, which 
showed significant (albeit, modest) reductions in CSF p-tau 
levels, may indicate that reducing Aβ production may alter the 
neuropathological process of AD. An alternative pathway to 
reduce Aβ production is with BACE1 inhibition. Several lines of 
research support the role of BACE1 activity in the pathogenesis 
of AD including two studies that have reported allelic varia-
tions, that reduce BACE1 activity, are protective against AD 
(202, 203). A significant barrier to BACE1 inhibitor develop-
ment is that its large active site requires the development of 
bulky compounds that do not pass through the BBB into the 
brain (204). Nonetheless, several BACE1 inhibitors have been 
developed and are entering clinical testing. Preliminary data 
suggest that BACE1 inhibitors significantly reduce CSF Aβ42 
levels (205).

Conclusion

Aided by the development of several validated biomarkers, the 
concept of AD has drastically changed over the past 30  years. 
Reflected in new research criteria, AD is now seen as a disease 
that progress through several stages (ranging from a prodromal/
asymptomatic stage to mildly symptomatic to frank dementia) (5). 
We now know that the biological processes that lead to the disease 
are triggered years to decades before the onset of symptoms (9). 
Fluid biomarkers, which provide a window into the complex 
biochemical process in the brain, will take on an enhanced role 
in overcoming the challenges of developing therapeutic agents 
with disease-modifying properties. Three CSF fluid biomarkers 
(consisting of low Aβ42 and elevated t-tau and p-tau) are now 
widely accepted and commonly used in both clinical practice and 
research. When combined, these three biomarkers constitute an 
“AD signature” that better predicts the presence of AD pathol-
ogy on autopsy than a diagnosis made on clinical grounds (73). 
Because changes in these biomarkers can be detected years 
before the dementia phase of disease, they have also been shown 
to demonstrate good accuracy in identifying individuals at risk 
for disease progression (77). As a result, they should be used to 
enhance clinical trial enrichment strategies, especially as trials 
move toward enrolling patients earlier in the disease course. Less 
is known about their utility in tracking disease progression or 
monitoring therapeutic responses. There are some data to suggest 
that CSF tau tracks more closely with disease progression (52) 
and may be better suited in this role than Aβ. It is still unknown 

if drug-induced changes in these markers will result in clinically 
meaningful benefits.

Due to several shortcomings in the current fluid biomarkers, it 
is imperative that new biomarkers be developed. Several promis-
ing new candidates have emerged with good preliminary data to 
support their further development. These include CSF BACE1 
(96), VILIP-1, and YLK-40 (116). The matching of a biomarker 
with a particular drug designed to modulate that aspect of AD 
pathophysiology (CSF BACE1 with a BACE1 inhibitor) has 
the potential to provide information about target engagement, 
inform dosing decisions, and to monitor for drug effects. Perhaps, 
the most promising of all emerging approaches is the develop-
ment of proteomics. With further development of biotechnology 
that promises to increase the capacity to analyze larger datasets, 
it seems likely that an “AD fingerprint” composed of several fluid 
biomarkers will emerge that will enhance our ability to identify, 
stage, and maybe even chose appropriate treatments for AD.

Several candidate agents with potential disease-modifying 
properties have advanced to Phase III testing, each has failed to 
meet clinical endpoints. A few trials have included biomarker 
data as secondary outcomes. Owing to the heterogeneity of 
the findings and lack of correlation with clinical metrics, these 
results are difficult to interpret. The slow progression of the 
disease, complicated pathophysiology, and difficulty in accurately 
modeling the pathology of sporadic AD in animal models present 
formidable challenges to clinical trial design and implementation. 
Biomarkers, however, have the ability to answer questions more 
quickly and effectively about target engagement, patient selec-
tion, and disease monitoring. In preclinical studies, biomarkers 
can be used to verify that a candidate agent is having its proposed 
effect on the biological systems it is designed to target. Because 
animal models are limited in their ability to replicate all of the 
behavioral and pathological features of AD (206), testing in mul-
tiple animals may improve the predictive value of clinical testing. 
Preclinical testing should also include biomarker data that are 
translatable to humans (including both CSF and serum). CSF 
testing in larger animals like guinea pigs and canines can provide 
valuable information about a candidate drug’s effects in the CSF 
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the whole spectrum of molecular
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This paper gives a short review on cerebrospinal fluid (CSF) biomarkers for Alzheimer’s

disease (AD), from early developments to high-precision validated assays on fully

automated lab analyzers. We also discuss developments on novel biomarkers, such

as synaptic proteins and Aβ oligomers. Our vision for the future is that assaying a set

of biomarkers in a single CSF tube can monitor the whole spectrum of AD molecular

pathogenic events. CSF biomarkers will have a central position not only for clinical

diagnosis, but also for the understanding of the sequence of molecular events in the

pathogenic process underlying AD and as tools to monitor the effects of novel drug

candidates targeting these different mechanisms.

Keywords: Alzheimer disease, biomarker, cerebrospinal fluid, neurogranin, oligomers, synaptic proteins, tau

proteins

Laboratory medicine tests influence up to 70% of clinical decisions and thus have a central
position in clinical medicine (Beastall and Watson, 2013). Biochemical markers for chronic
neurodegenerative disorders are especially important, since the slow progression and diffuse
symptomatology results in diagnostic difficulties, and tissue sampling with direct visualization of
central nervous system (CNS) pathology is not clinically applicable. For this reason, the Alzheimer’s
disease (AD) arena is in the good situation that a set of highly validated and specific biomarkers
are at hand; in addition to amyloid positron emission tomography (PET) and magnetic resonance
imaging (MRI) measurements, a set of cerebrospinal fluid (CSF) tests reflecting key aspects of
disease pathology are available. This paper comments on some caveats on the road to develop and
validate these CSF biomarkers and some recent developments on novel biochemical tests.

Early Assay Developments

The story on modern AD biomarker development started in 1995 with a series of publications on
enzyme-linked immunosorbent assays (ELISA) based on monoclonal antibodies to measure CSF
levels of total tau (T-tau) and phosphorylated tau (P-tau) and the 42 amino acid isoform (Aβ42)
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of β-amyloid (Blennow et al., 1995; Motter et al., 1995). These
papers reported a marked increase in CSF T-tau and P-tau
accompanied by a marked decrease in Aβ42 in AD (Blennow
et al., 1995; Motter et al., 1995). The following years, many
research reports consistently showed that the “AD profile” of
increased CSF levels of T-tau and P-tau together with decreased
Aβ42 had high sensitivity and specificity, both in the range of
85–90%, to identify AD dementia, for review see (Blennow and
Hampel, 2003). Since these three CSF biomarkers reflect key
elements of AD pathophysiology, i.e., neuronal degeneration (T-
tau), tau pathology (P-tau), and amyloid plaques (Aβ42), they are
often termed the “core” AD biomarkers (Hampel et al., 2004).

The Problem with Studies Based on
Clinical Diagnosis

The vast majority of studies were cross-sectional and the
diagnoses were based on the exclusion criteria published in 1984
by the National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA). In the studies
evaluating the diagnostic performance of CSF biomarkers, the
diagnostic entity “probable AD” based on the NINCDS-ADRDA
criteria, i.e., an exclusion diagnosis made on pure clinical
grounds, was used as gold standard in the evaluation of the CSF
biomarkers (McKhann et al., 1984). For logical reasons, the poor
diagnostic accuracy of these criteria (Knopman et al., 2001), and
the overlap in pathology between AD and other dementias, such
as Lewy body dementia and vascular dementia (Blennow et al.,
2006), made it impossible to achieve full diagnostic separation
between AD and aging or other dementias using biomarkers.

The Issue of Biomarker-positive Elderly

The introduction of amyloid PET in the arsenal of AD
biomarkers marked a major change in AD biomarker research,
since it became clear that 20–30% of apparently healthy elderly
showed positive on scans (Klunk, 2011). In 2006, the first study
showed that high amyloid ligand retention on amyloid PET
almost completely corresponds to low CSF Aβ42 (Fagan et al.,
2006), and vice versa, a finding that has been verified in numerous
subsequent studies, for review see Blennow et al. (2015). This
knowledge rather quickly changed the view on how to interpret
low CSF Aβ42 levels in cognitively intact elderly, from poor
assay quality or biomarker performance to an indicator of
preclinical AD.

In support of this, reliable biomarkers for cerebral β-
amyloidosis also made it possible to follow cognitively normal
Aβ-positive individuals over time. Such longitudinal studies
are relevant given the fact that many individuals with
AD neuropathology could be dementia-free when they died.
Longitudinal Aβ biomarker studies suggest that the majority
of Aβ-positive individuals followed over many years develop
cognitive impairment and eventually dementia. In other words,
if the dementia-free individuals with AD neuropathology would
have lived 5–10 years longer they would most likely have
developed AD (Buchhave et al., 2012).

Turning Direction Toward Early Diagnosis

The failures of Phase 2 and 3 trials testing anti-Aβ disease-
modifying drug candidates on AD patients in the dementia stage
initiated a discussion on the whether this type of treatment need
to be initiated before the dementia phase of the disease, i.e., before
the neurodegenerative process is too severe and widespread
(Blennow, 2010). An attractive option was therefore to perform
further trails on AD patients in the mild cognitive impairment
(MCI) stage of the disease. However, this would also introduce
diagnostic challenges since MCI is a heterogeneous syndrome
that may have many different underlying causes. Around 50–
60% of MCI cases have prodromal AD (Dubois et al., 2007),
meaning that they have underlying AD pathology and will
progress to AD with dementia. MCI symptoms may also be
caused by other neurodegenerative disorders such as Lewy body
dementia and vascular dementia or be due to age-related benign
cognitive disturbances, stress and depression. Further, symptoms
in MCI cases are by definition vague and diffuse, which makes it
impossible to diagnose AD clinically in unselected MCI cohorts
(Petersen et al., 1999). This created a need to test if the CSF
biomarkers have value also for early diagnosis.

In 1999, a first paper showed that MCI patients progressing
to AD with dementia, which is sometimes called “converting,”
during the clinical follow-up period had the typical AD CSF
profile of high T-tau and P-tau together with low Aβ42, and levels
were equally abnormal in the MCI and the dementia stage in
cases with longitudinal sampling (Andreasen et al., 1999). In the
first studies, no MCI group with long clinical follow-up, which
is needed to ascertain that stable MCI cases will not progress,
was presented. The first study with an extended clinical follow-
up period, showed that the AD CSF profile had a 95% sensitivity
for prodromal AD at a specificity of 83–92% against controls
and stable MCI cases and MCI cases that proved to have other
dementias (Hansson et al., 2006). A series of large multi-center
studies could verify such a high diagnostic accuracy of the AD
CSF biomarker profile to identify prodromal AD (Mattsson et al.,
2009; Shaw et al., 2009; Visser et al., 2009).

Entering Diagnostic Criteria

In 2007, the International Work Group (IWG) published the
first research criteria for the diagnosis of prodromal AD for New
Research Criteria for the Diagnosis of AD (Dubois et al., 2007).
These criteria provided a new conceptual framework stating that
AD could be diagnosed based on the combination of a clinical
phenotype of episodic memory disturbances and one or more
abnormal AD biomarker including CSF biomarkers (Aβ and
tau proteins), volumetric MRI and amyloid PET) (Dubois et al.,
2007). In 2011, similar, but not identical, criteria for MCI due
to AD (Albert et al., 2011) and dementia due to AD (McKhann
et al., 2011) were published by the National Institute on Aging—
Alzheimer’s Association (NIA-AA) workgroups on diagnostic
guidelines for AD. The IWG criteria for prodromal AD and
NIA–AA criteria for MCI due to AD are similar, and most
cases fulfilling one set of criteria will also fulfill the other, but
the NIA–AA criteria allow for assessment of the likelihood of
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being correctly diagnosed, with both amyloid and (neuronal)
injury biomarker positive cases having the highest likelihood
(Visser et al., 2012). In the updated IWG-2 criteria (Dubois et al.,
2014), CSF biomarkers got a more central role, together with
amyloid PET, due to their high diagnostic performance (Hansson
et al., 2006; Li et al., 2007; Brys et al., 2009; Snider et al., 2009;
van Rossum et al., 2012), while downstream topographical AD
biomarkers, such as volumetric MRI and FDG- PET, were judged
to function better in monitoring disease course in AD.

Cut-offs and Clinical Interpretation

The issue of identifying unified cut-offs for the CSF biomarkers
was brought up in the updated IWG-2 criteria (Dubois
et al., 2014). For CSF biomarkers, this problem stems from
differences in pre-analytical procedures between clinics and in
analytical procedures between laboratories, and not the least
from variability in manufacturing procedures for the assays, with
batch-to-batch variations (Mattsson et al., 2013). To overcome
these problems, several standardization initiatives have been
launched with the aim to minimize this type of variability,
including the Global Biomarker Standardization Consortium
(GBSC) and the International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC) Work Group for CSF proteins,
that aims to develop certified reference materials and methods
to serve as “gold standards” for CSF biomarker measurements
(Carrillo et al., 2013). These initiatives will, together with
novel validated assays produced under rigorous quality control
measures and CSF biomarker methods run on fully automated
lab analyzers, allow to uniform cut-off levels for diagnosis, and
a more widespread use of CSF biomarkers in the routine clinical
diagnostic setting.

However, for common age-related disorders such as diabetes
type II and hypertension, there is no distinct line between health
and disease, and recommended cut-offs must therefore be based
on estimations of risk and values in the individual patient must
always undergo clinical interpretation. The situation is the same
for AD, with an increasing overlap in neuropathological changes
(Mountjoy et al., 1983; Mann et al., 1984; Hansen et al., 1988)
and in CSF biomarker levels (Andreasen et al., 1999a; Mattsson
et al., 2012) between aging and AD with increasing age. Indeed,
studies comparing the diagnostic performance of CSF biomarker
levels (Aβ42) and amyloid PET show that the overlap around
the proposed cut-off for both biomarker modalities (Mattsson
et al., 2014) makes it questionable to dichotomize results into
biomarker (CSF Aβ42 or amyloid PET) “positive” or “negative.”
The tradition in Laboratory medicine is to report the actual
concentration of a biomarker back to the clinician who based on
clinical experience interprets biomarker values near the cut-off
with caution.

Ratios such as T-tau/Aβ42, combining one injury and
one amyloid biomarker, are commonly evaluated in clinical
biomarker studies, and often found to perform better than either
biomarker alone. Even if this type of ratios show excellent
diagnostic separation in selected AD and control populations,
they may be difficult to implement in unselected populations
in the clinic. This is since an increase in CSF T-tau in patients

with minor stroke, encephalitis or CJD will have a very high
ratio despite having normal CSF Aβ42, and thus no indication
of amyloid pathology (Blennow et al., 2006).

The Putative APOE Dependence of CSF
Aβ42

The apolipoprotein E (APOE) ε4 allele is the main genetic risk
factor for AD (Bertram and Tanzi, 2008). In the late 1990ies,
several studies reported that AD patients possessing the APOE ε4
allele had lower CSF Aβ42 than those without this gene variant
(Galasko et al., 1998; Hulstaert et al., 1999). This association is
present also in cognitively normal elderly (Prince et al., 2004). In
contrast, CSF tau levels do not depend on the ε4 allele (Andreasen
et al., 1999b).

These results raised the question whether the ApoE4 isoform
modulates brain and CSF Aβ levels through a physiological
mechanism. Some studies on mice found that the ApoE isoforms
differentially regulates Aβ clearance, and suggested that the
APOE genotype contribute to AD risk by differentially regulating
clearance of Aβ the brain throughout life (Castellano et al.,
2011; Verghese et al., 2013). In a clinical study challenging
this hypothesis, MCI patients stratified by for cortical amyloid
deposition as evaluated by amyloid PET, amyloid positive cases
had low CSF Aβ42 levels, and amyloid negative cases normal
Aβ42 levels, independently of ε4 status (Lautner et al., 2014).
These findings indicate that the gene-dose dependent association
between the APOE ε4 allele and Aβ42 is caused by more severe
amyloid deposition in patients that are ε4 carriers. In support of
this conclusion, there is no association between CSF Aβ42 and
the APOE ε4 allele in young individuals, that are likely to be free
of brain amyloid deposition (Lautner et al., 2014), and thus no
evidence of a physiological effect on Aβ clearance in man. In
addition, these findings show that there is no need for APOE
allele-dependent cut-off levels for CSF Aβ42.

Compensating for Differences in Basic Aβ

Production—the Aβ42/Aβ42 Ratio

Except for Aβ42, the CSF contains several other Aβ isoforms, the
most abundant variant being Aβ40 (Portelius et al., 2006). Even
if CSF Aβ40 is relatively unchanged in AD, the CSF Aβ42/Aβ40
has been suggested to have stronger diagnostic accuracy for
AD compared to CSF Aβ42 alone (Hansson et al., 2007).
The explanation may be that the ratio normalizes individuals
according to their Aβ production level, so that low CSF Aβ42
can be more easily detected in “high Aβ producers” and vice
versa (Lewczuk et al., 2015). Recent studies show that the
CSF Aβ42/Aβ40 ratio is valuable also in the clinical setting
(Dumurgier et al., 2015).

The Everlasting Promise of Blood
Biomarkers for AD

The CSF is continuous with the brain extracellular space, with
a free exchange of molecules that makes it possible to monitor
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brain biochemistry by CSF analyses. Nevertheless, since blood
is more accessible than CSF, for which a lumbar puncture
is needed, blood biomarkers are desirable both for clinical
diagnosis or screening and for multiple sampling in clinical
trials. However, there are several circumstances that make blood
a more challenging matrix than CSF for brain biomarkers.
First, peripheral blood (plasma and serum) and the brain are
separated by the blood-brain barrier, making only a small fraction
of brain proteins enter the bloodstream. Second, the minute
amounts of brain proteins entering the blood will be diluted in
a compartment containing very high levels of other proteins such
as albumin and IgG, introducing a high risk of interference in
analytical methods (Blennow and Zetterberg, 2015). Third, brain
proteins in the bloodstream will be subjected to degradation by
proteases, degradation in the liver or clearance in the kidneys,
which will introduce a risk of confounding data. As an example,
the Australian Imaging Biomarkers and Lifestyle (AIBL) research
team have reported that plasma Aβ levels are influenced by
inflammatory and renal function covariates and that absolute
levels of either Aβ40 or Aβ42 do not associate with AD or
neocortical Aβ burden (Rembach et al., 2014). These factorsmake
development of blood biomarkers for chronic neurodegenerative
disorders challenging and limits the potential of blood samples as
biomarker sources for AD.

One possible approach is to apply hypothesis-free proteomics,
lipidomics, and similar methods in the search for AD blood
biomarkers. Such studies report combinations of proteins, lipids,
metabolites, or other molecules that discriminate AD from
controls, and propose such panels as novel AD blood biomarkers,
for review see (Henriksen et al., 2014). These studies often
screen a high number of unselected molecules, each showing
a marked overlap between AD and controls. However, when
combining a number of molecules using multivariate statistics,
a diagnostic separation is found. This type of studies have several
challenges. First, analytical standardization is difficult for a panel
of analyses consisting of high number of proteins or molecules
with different characteristics (O’Bryant et al., 2015). Second,
pre-analytical factors, such as influence of age, gender, other
diseases, medications, food-intake, or physical activity may vary
considerably between these molecules, or are not known or not
examined. Third, patient and control cohort differences may
influence outcome, but the panel is often evaluated in a “training”
and “validation” set of patients and controls from the same
cohort. Last, but not least, the issue of potential statistical over-
fitting of data to identify a “biomarker panel” from a very large
number of molecules in samples from a specific cohort with
limited number of cases may introduce bias. For these reasons,
such panels of molecules unrelated to AD pathogenesis often fail
to replicate in independent clinical cohorts (Zhao et al., 2015), or
alternative protein biomarker panels are proposed in the different
studies (Henriksen et al., 2014).

Biochemical Tests Covering the Whole
Spectrum of Molecular Events

Despite that the core CSF AD biomarkers reflect central
pathogenic mechanisms of the disease, novel biomarkers

to monitor additional important molecular mechanisms in
AD are constantly sought. Two important aspects of AD
pathophysiology are soluble oligomeric Aβ species and synaptic
dysfunction and degeneration.

Oligomeric Aβ May Give Clues to Disease
Pathogenesis
Amyloid plaques are composed of aggregated Aβ, but research
during the last decade has put focus on soluble oligomers of
Aβ that may inhibit long-term potentiation (LTP) and cause tau
hyperphosphorylation and neuritic dystrophy (Walsh et al., 2002;
Jin et al., 2011), possibly by specifically affecting synapses and
disturbing synaptic signaling pathways (Pozueta et al., 2013).
LTP is thought to be the key mechanism behind memory
encoding, the possible causation between Aβ oligomers and
synaptic dysfunction and damage has evolved into an active area
of research. However, LTP cannot be measured in vivo in man,
and a key question is whether there is a primary Aβ oligomer-
induced deficit in LTP in the early stages of AD, or whether
the synaptic degeneration in AD causes memory impairment
through other mechanisms, with LTP deficits being downstream
consequences of the synaptic dysfunction and loss. Tools to study
these molecular mechanisms in man would thus be valuable.

Aβ oligomers, ranging from dimers, trimers, dodecamers, and
larger molecular weight species have been found to be present
in CSF (Klyubin et al., 2008; Handoko et al., 2013). However, in
addition to the molecular heterogeneity, CSF Aβ oligomer levels
are very low, making reliable quantification challenging. Indeed,
different studies have applied a wide variety of methodologies
to allow quantification of these soluble aggregates, such as
fluorescence correlation spectroscopy (Pitschke et al., 1998), bio-
barcode assay (Georganopoulou et al., 2005), misfolded protein
assay (Gao et al., 2010), ELISA with the same monoclonal
antibody both for capture and detection (Fukumoto et al.,
2010), flow cytometry based assays (Santos et al., 2012),
immunoprecipitation and Western blot (Handoko et al., 2013),
and ultrasensitive bead-based immunoassays (Savage et al.,
2014). Several studies have found increased Aβ oligomer levels
in CSF of AD patients (Pitschke et al., 1998; Georganopoulou
et al., 2005; Fukumoto et al., 2010; Gao et al., 2010; Handoko
et al., 2013; Holtta et al., 2013; Savage et al., 2014), but with large
overlap with control groups, while other studies have reported no
change (Santos et al., 2012; Bruggink et al., 2013; Jongbloed et al.,
2015) or lower levels (Sancesario et al., 2012).

The reason for these contradictory results is unclear, but may
include analytical shortcomings, variability in how and in which
type of oligomer assemblies are secreted from the brain to the
CSF, instability of Aβ oligomers in CSF or during the analytical
procedures, or other factors. Nevertheless, if these analytical
shortcomings and variability between studies can be overcome,
CSF Aβ oligomers measurements may provide important clues
to disease pathogenesis when applied in longitudinal studies in
the different stages of AD and related to both neuropsychological
evaluations and other AD biomarkers such as amyloid PET
and MRI measurements. However, the finding in several
studies that CSF Aβ oligomer levels correlate with disease
severity, with higher CSF levels in more advanced disease
(Fukumoto et al., 2010; Santos et al., 2012; Savage et al., 2014),
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does not support that they are associated with early disease
pathogenesis.

Synaptic Biomarkers Enter the Arena
Synapses are the building blocks of neuronal networks. Synapses
consist of a pre-synaptic unit with synaptic vesicles containing
the neurotransmitters that upon release, regulated by a delicate
machinery of pre-synaptic proteins, bind to post-synaptic
receptors at the dendritic spines and activate a cascade of
molecular events to advance the signal (Jahn and Fasshauer,
2012). Synaptic dysfunction and degeneration is likely the
direct cause of the cognitive deterioration in AD. Synaptic
degeneration is an early pathogenic event in AD (Masliah et al.,
2001; Scheff et al., 2007), with synaptic loss being more tightly
correlated with cognitive impairment than either plaque or tangle
pathology (DeKosky and Scheff, 1990; Blennow et al., 1996; Sze
et al., 1997). Thus, synaptic biomarkers may serve as a tool to
study the link between the molecular pathology and cognitive
symptoms.

As mentioned above, there is no method to measure LTP
in man, but some synaptic proteins such as neurogranin has
been shown to play a critical role in LTP (Wu et al., 2002;
Huang et al., 2004). Neurogranin is highly concentrated in
dendritic spines, and neurogranin levels are markedly reduced
in the hippocampus and the frontal cortex in AD, indicating
loss of post-synaptic elements (Davidsson and Blennow, 1998;
Reddy et al., 2005). A pilot study using immunoprecipitation
and Western blot showed increased CSF levels of neurogranin
in AD (Thorsell et al., 2010). The first study using a quantitative
immunoassay showed a marked increase in CSF neurogranin
in AD dementia and high levels predicted progression to AD
dementia among MCI patients (Kvartsberg et al., 2014). Further,
in amyloid positive MCI cases, high neurogranin correlated with
a more rapid cognitive deterioration during clinical follow-up
(Kvartsberg et al., 2014). Among proteins specific for the pre-
synaptic part of the synapse, SNAP-25 CSF levels are clearly

elevated in AD, also in the prodromal phase of the disease
(Brinkmalm et al., 2014a), probably reflecting the ongoing
destruction of presynaptic terminals (Davidsson and Blennow,
1998; Brinkmalm et al., 2014b).

Concluding Remarks

Three CSF biomarkers reflecting the core pathological features
of AD are available: T-tau (neurodegeneration), P-tau (tau
hyperphosphorylation and, potentially, tangle formation), and
Aβ42 (plaque pathology). According to revised clinical criteria,
these markers may help diagnose AD more accurately and open
up the possibility of detecting pre-dementia stages of the disease.
At present, their most obvious utility is in clinical trials of novel
disease-modifying treatments against AD. In the future, they
may help selecting the right treatment for individual patients
by making it possible to assess which molecular pathology is
most likely to cause the patient’s symptom at different stages of
the disease. Standardization efforts are now moving the CSF tau
and Aβ biomarker tests toward automated clinical-grade assays,
which hopefully will become as established and standardized

as clinical chemistry tests for other common human diseases.
In addition, there is considerable promise that CSF biomarkers
will provide in vivo measurement of a range of additional
pathophysiological processes in AD. New biomarkers including
synaptic proteins and Aβ oligomers, will broaden the arsenal
toward a panel that covers the whole spectrum of molecular
events in AD. The application of such panels in longitudinal
clinical studies will give essential additional information of the
evolution of pathogenic processes in AD.
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introduction

There is an urgent need for biomarkers facilitating diagnosis of 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) at an early 
stage in the disease course before the onset of clinical symptoms 
and to predict disease progression. For AD, the 42 amino acid 
form of β-amyloid (Aβ42) reflecting Aβ deposition in plaques, 
total tau (T-tau) reflecting the intensity of neuroaxonal degen-
eration, and phosphorylated tau (P-tau) reflecting the amount of 
brain tangle pathology are promising cerebrospinal fluid (CSF) 
biomarkers for early detection (1), but they do not cover all the 
neurodegenerative processes involved. For PD and dementia 
with Lewy bodies (DLB), no diagnostic or prognostic CSF or 
blood biomarkers exist, except for α-synuclein in CSF (2). The 
use of Aβ42, tau proteins, and α-synuclein for the diagnosis and 
prognosis of AD and PD is challenged by the high intra- and 
inter-center variability in biomarker concentration measure-
ments (3–5). The variability in measurements is likely caused by 
differences in pre-analytical and analytical protocols for sample 
collection, sample handling, and local assay handling (3, 6–10), 
as well as by inconsistencies in kit production with batch-to-batch 
and even within-plate variation (11, 12).

Biomarkers for Alzheimer’s and Parkinson’s Disease 
(BIOMARKAPD) was a European multicenter study, funded 

by EU Joint Programme-Neurodegenerative Disease Research 
(JPND), designed to standardize the assessment of existing assays 
and to validate novel fluid biomarkers for AD and PD. To sup-
port these objectives, BIOMARKAPD has established a central 
biobank and a virtual biobank for neurodegenerative diseases. 
Samples for the central biobank have been collected and handled 
according to standardized operating procedures (13). The virtual 
biobank provides an overview of the local sample stock at each 
site. In this article, we will give an overview of clinical data, avail-
ability of samples, and the methods for sample collection and 
processing. Finally, we will explain the procedures for requesting 
samples.

Materials and Methods

central Biobank
Study Population
Inclusion criteria for subjects in the central biobank of 
BIOMARKAPD were a diagnosis of normal cognition, mild cog-
nitive impairment (MCI), AD, PD, dementia with Lewy bodies 
(DLB), frontotemporal dementia (FTD), vascular dementia (VaD), 
progressive supranuclear palsy (PSP), multiple system atrophy 
(MSA), or another type of dementia. Subjects were required to 
be at least 55 years old (in the MCI group) or at least 40 years old 
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(in all other diagnostic groups). Subjects with normal cognition 
were clinically evaluated and were required to score above the 
10th percentile on the age and education corrected mini-mental 
state examination (MMSE) (14). MCI was defined as referral to 
a memory clinic because of cognitive complaints in the absence 
of dementia. MCI subtypes could be defined post hoc based on 
neuropsychological test performance or CDR score. Subjects with 
PD were clinically diagnosed according to the UKPDBB criteria 
(15) or Gelb criteria (16). Subjects with dementia had a minimum 
score of 18 on the MMSE and were clinically diagnosed accord-
ing to the NINCDS-ADRDA criteria for probable or possible AD 
(17), Neary criteria for FTD (18), NINDS-AIREN criteria for 
VaD (19), and McKeith criteria for DLB (20). Exclusion criteria 
for all subjects were contra-indications for lumbar puncture and 
other obvious causes of cognitive impairment such as strokes, 
severe depression, or endocrine disorders.

clinical Data
The central biobank collected information on age, gender, edu-
cation, clinical history [e.g., diagnosis, medication use, a selec-
tion of co-morbid disorders (cardiovascular, cerebrovascular, 
neurological, endocrine, somatic, and psychiatric disorders)], 
smoking habits and alcohol intake, physical examination [i.e., 
blood pressure, height, weight, and body mass index (BMI)], 
general cognition (CDR and MMSE), neuropsychological test 
performance for the domains of memory, fluency, visuospatial 
construction, attention, and executive functioning (expressed as 
raw scores and as z-scores according to local norms corrected for 
age, gender, and education), procedures for sample collection and 
processing, and the availability of imaging data (e.g., MRI, PET). 
Clinical data were collected within a timeframe of 6  months 
around blood/CSF collection.

standardized Operating Procedures
Samples for the central biobank were collected according to defined 
biobanking pre-analytical standard operating procedures (SOPs) 
of the BIOMARKAPD project. For CSF collection, processing, 
and storage, we adhered to the BIOMARKAPD SOP published by 
del Campo et al. (13). For plasma and serum samples, we adhered 
to the biobanking guidelines published by Teunissen et al. (21). 
In addition, we recommended a 60 min minimum clotting time 
for blood for serum samples in accordance with the instructions 
of the tube manufacturer. For blood for DNA samples, we recom-
mended storage at maximal −20°C consistent with the guidelines 
by Teunissen et al. (22). Centers were asked to report deviations 
from the SOP.

sample collection, Processing, and storage
Tubes for sample collection and storage were distributed by 
Integrated BioBank of Luxembourg (IBBL). Blood samples were 
collected in the following polypropylene tubes: 10  mL EDTA 
[Becton, Dickinson and Company (BD), ref. 367525] for plasma, 
4 mL EDTA (BD, ref. 368861) for whole blood, and 10 mL clot acti-
vator tubes (CAT) (BD, ref. 367896) for serum. CSF was collected 
in 10 mL polypropylene tubes (Sarstedt, ref. 62.610.018). Blood 
samples for DNA were not centrifuged and stored at maximal 
−20°C. All other samples were centrifuged at room temperature 

at 2,000 × g (min 1,800 × g, max 2,200 × g) and stored at −80°C. 
A maximum of 2 h was allowed between collection and freezing. 
A more detailed description of the SOP used for the collection 
of samples for the central biobank can be found elsewhere (13). 
For every subject 2 mL CSF, 2 mL serum, and 2 mL plasma were 
stored in 0.5 aliquots (in 0.5 mL Matrix 2D Thermo tubes) and 
4  mL blood was stored for DNA isolation. Primary specimens 
and samples derivatives were coded with a three-letter center 
code and a subject number. Samples were at first stored locally, 
and then shipped on dry ice to IBBL for long-term storage. DNA 
extraction was performed at the IBBL. Samples and associated 
data were processed and stored at IBBL in compliance with ISO 
9001:2008, NF S96-900: 2011, and ISO 17025:2005 standards and 
the ISBER Best Practices.

Virtual Biobank
The virtual biobank provides an estimation of the number of 
samples, and clinical (i.e., age, gender, education, CDR scores, 
MMSE scores, Parkinson scales, neuropsychological test results, 
information on medication use, and co-morbid disorders) and 
other biomarker data (i.e., MRI data, amyloid PET, dopamine 
SPECT) available at each center of subjects with normal cognition, 
MCI, AD, PD, PD with dementia, DLB, FTD, VaD, PSP, MSA, 
and other types of dementia. Retrospectively collected samples 
had been collected according to the center’s own SOPs. Centers 
that changed to the standardized BIOMARKAPD SOP during the 
project reported the transition date. All samples remained stored 
on site.

ethics
Centers received approval from their local Ethical Committee and 
all subjects provided informed consent. All human research was 
conducted in accordance with the principles of the Declaration 
of Helsinki.

results

central Biobank
Sample collection for the central biobank was performed in the 
period October 2013–December 2015. A total of 14 European 
centers have contributed samples and data to the central biobank. 
Currently, the central biobank database contains clinical infor-
mation on 419 subjects, of which 49 had normal cognition, 
117 MCI, 164 AD, 24 FTD, 3 VaD, 11 DLB, 25 PD, 5 PD with 
dementia, 3 PSP, 1 MSA, and 18 other types of dementia (i.e., 
either unknown or mixed pathology). From almost all subjects 
CSF samples (n = 410), plasma samples (n = 413 subjects), serum 
samples (n = 414), and DNA samples (n = 414) are available at 
the central biobank. At the local sites, MRI imaging data are 
available from 299 subjects, SPECT from 6 subjects, amyloid PET 
from 14 subjects, and FDG-PET from 28 subjects. Table 1 lists 
demographic information, neuropsychological tests results, and 
available imaging data according to diagnostic group. At least 1 
neuropsychological test result was available from 307 subjects. 
The deviations reported from the SOP are shown in Table 2. The 
most common deviation (82%) was the use of a different needle 
than the 25G atraumatic needle. For most lumbar punctures,  Ta
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at 2,000 × g (m
in 1,800 × g, m

ax 2,200 × g) and stored at −
80°C

. 
A

 m
axim

um
 of 2 h w

as allow
ed betw

een collection and freezing. 
A

 m
ore detailed description of the SO

P used for the collection 
of sam

ples for the central biobank can be found elsew
here ( 13). 

For every subject 2 m
L C

SF, 2 m
L serum

, and 2 m
L plasm

a w
ere 

stored in 0.5 aliquots (in 0.5 m
L M

atrix 2D
 Th

erm
o tubes) and 

4 m
L blood w

as stored for D
N

A
 isolation. Prim

ary specim
ens 

and sam
ples derivatives w

ere coded w
ith a three-letter center 

code and a subject num
ber. Sam

ples w
ere at first stored locally, 

and then shipped on dry ice to IBBL for long-term
 storage. D

N
A

 
extraction w

as perform
ed at the IBBL. Sam

ples and associated 
data w

ere processed and stored at IBBL in com
pliance w

ith ISO
 

9001:2008, N
F S96-900: 2011, and ISO

 17025:2005 standards and 
the ISBER Best Practices.

V
irtual B

io
b

ank
Th

e virtual biobank provides an estim
ation of the num

ber of 
sam

ples, and clinical (i.e., age, gender, education, C
D

R scores, 
M

M
SE scores, Parkinson scales, neuropsychological test results, 

inform
ation on m

edication use, and co-m
orbid disorders) and 

other biom
arker data (i.e., M

RI data, am
yloid PET, dopam

ine 
SPEC

T) available at each center of subjects w
ith norm

al cognition, 
M

C
I, A

D
, PD

, PD
 w

ith dem
entia, D

LB, FTD
, VaD

, PSP, M
SA

, 
and other types of dem

entia. Retrospectively collected sam
ples 

had been collected according to the center’s ow
n SO

Ps. C
enters 

that changed to the standardized BIO
M

A
RK

A
PD

 SO
P during the 

project reported the transition date. A
ll sam

ples rem
ained stored 

on site.

e
thics

C
enters received approval from

 their local Ethical C
om

m
ittee and 

all subjects provided inform
ed consent. A

ll hum
an research w

as 
conducted in accordance w

ith the principles of the D
eclaration 

of H
elsinki.

r
esults

c
entral B

io
b

ank
Sam

ple collection for the central biobank w
as perform

ed in the 
period O

ctober 2013–D
ecem

ber 2015. A
 total of 14 European 

centers have contributed sam
ples and data to the central biobank. 

Currently, the central biobank database contains clinical infor-
m

ation on 419 subjects, of w
hich 49 had norm

al cognition, 
117 M

C
I, 164 A

D
, 24 FTD

, 3 VaD
, 11 D

LB, 25 PD
, 5 PD

 w
ith 

dem
entia, 3 PSP, 1 M

SA
, and 18 other types of dem

entia (i.e., 
either unknow

n or m
ixed pathology). From

 alm
ost all subjects 

C
SF sam

ples (n =
 410), plasm

a sam
ples (n =

 413 subjects), serum
 

sam
ples (n =

 414), and D
N

A
 sam

ples (n =
 414) are available at 

the central biobank. At the local sites, M
RI im

aging data are 
available from

 299 subjects, SPEC
T from

 6 subjects, am
yloid PET 

from
 14 subjects, and FD

G
-PET from

 28 subjects. Table 1 lists 
dem

ographic inform
ation, neuropsychological tests results, and 

available im
aging data according to diagnostic group. At least 1 

neuropsychological test result w
as available from

 307 subjects. 
Th

e deviations reported from
 the SO

P are show
n in Table 2. Th

e 
m

ost com
m

on deviation (82%
) w

as the use of a different needle 
than the 25G

 atraum
atic needle. For m

ost lum
bar punctures,  

TaBle 1 | central biobank subject characteristics, z-scores on neuropsychological tests, and biomarker data available according to diagnostic group.

Total 
(n = 419)

normal cognition 
(n = 49)

Mci 
(n = 117)

aD  
(n = 164)

FTD  
(n = 24)

VaD 
(n = 3)

DlB 
(n = 11)

PD 
(n = 25)

PD with  
dementia (n = 5)

PsP  
(n = 3)

Msa 
(n = 1)

Other dementia 
(n = 18)

Demographics, n 419 49 117 164 24 3 11 25 5 3 1 18

Age, mean (SD) 68.0 (9.3) 62.5 (9.9) 67.1 (9.2) 70.6 (8.5) 63.8 (7.4) 72.3 (5.5) 75.6 (8.9) 68.0 (7.5) 72.2 (5.9) 54.7 (5.9) 80.0 (0) 65.8 (10.1)

Male, % (n) 49 (205) 61 (30) 53 (62) 37 (60) 63 (15) 67 (2) 73 (8) 60 (15) 60 (3) 67 (2) 0 (0) 44 (8)

Education, mean years 
(SD)

9.9 (3.7) 12.2 (2.9) 10.3 (3.4) 9.6 (3.8) 7.9 (3.4) 7.3 (3.1) 8.3 (3.5) 8.9 (3.3) 11.0 (2.8) 14.0 (3.5) 5.0 (0) 8.9 (3.8)

MMse, n 386 49 109 150 23 3 11 17 5 3 1 15

Mean (SD) 23.9 (5.3) 27.6 (2.6) 27.0 (2.2) 21.1 (5.1) 22.9 (5.6) 25.3 (1.5) 21.1 (6.6) 26.3 (5.5) 22.6 (5.9) 22.3 (3.8) 23.0 (0) 19.1 (7.7)

cDr overall, n 283 44 82 113 16 2 4 3 1 3 0 15

Mean (SD) 0.8 (0.5) 0.2 (0.3) 0.5 (0.1) 1.1 (0.4) 1.1 (0.6) 1.0 (0) 0.8 (0.3) 1.7 (1.2) 0.5 (0) 1.0 (0) – 1.2 (0.7)

nPa (at least  
1z-score), n

307 45 100 108 17 3 7 10 3 3 0 11

Word list immediate 
recall

−1.8 (1.5) −0.3 (1.1) −1.5 (1.3) −2.8 (1.2) −2.8 (1.9) −1.8 (0.4) −2.3 (1.2) −0.4 (2.2) − −1.8 (2.0) − −2.2 (0.5)

Word list delayed recall −1.7 (1.4) −0.7 (0.9) −1.5 (1.4) −2.5 (1.1) −1.7 (1.0) −2.2 (0.6) −2.1 (1.7) 0.4 (0.4) − −1.4 (1.6) – −2.4 (0.6)

Story immediate recall −1.2 (1.7) 0 (0.9) −1.3 (2.0) −2.4 (0.8) −2.7 (0) – – −3.9 (0) – – – −2.1 (0.4)

Story delayed recall −0.8 (1.9) −0.1 (0.9) −1.7 (2.0) −0.2 (3.6) – – – −4.8 (0) – – – −2.4 (0)

Fluency −1.0 (1.4) −0.5 (1.1) −0.8 (1.5) −1.5 (1.2) −1.6 (1.2) −1.3 (1.4) 0 (1.4) −0.9 (0.9) – 1.0 (2.8) – −1.1 (1.2)

Copy figures −0.7 (1.4) −1.4 (0.9) −0.4 (1.4) −0.9 (1.4) −1.4 (1.6) 0.8 (0.5) −0.7 (1.5) 0.4 (1.1) – −0.9 (2.2) – −1.2 (1.2)

TMTA −1.2 (1.4) −0.8 (1.4) −0.9 (1.3) −1.6 (1.2) −1.9 (1.6) −1.5 (0.6) −0.2 (1.7) −0.3 (0.8) – 1.6 (3.7) – −2.5 (0.8)

TMTB −1.5 (1.7) −1.0 (1.4) −1.2 (1.7) −2.1 (1.6) −2.4 (1.6) −2.0 (1.6) −2.1 (1.3) 1.3 (0.1) – 1.8 (3.5) – −2.0 (1.3)

Fasted, % (n) 35.0 (140) 4.4. (2) 39.8 (45) 30.7 (47) 54.2 (13) 66.7 (2) 36.4 (4) 72.0 (18) 40.0 (2) 0 100 (1) 35.3 (6)

erythrocyte count 
>500/μl, % (n)

5.0 (20) 8.9 (4) 3.5 (4) 7.0 (11) 0 0 0 0 0 0 0 5.9 (1)

Mri, na 299 45 90 110 21 2 3 5 3 3 1 16

sPecT, na 6 0 0 1 0 0 2 1 2 0 0 0

amyloid PeT, na 14 2 1 8 1 0 0 0 0 1 0 1

FDg-PeT, na 28 1 6 11 4 0 0 0 0 1 0 5

MMSE, mini-mental state examination; CDR, Clinical dementia Rating; NPA, neuropsychological assessment; TMT, Trail Making Test; MCI, mild cognitive impairment; AD, Alzheimer’s disease; FTD, frontotemporal dementia; VaD, 
vascular dementia; DLB, dementia with Lewy bodies; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; MSA, multiple system atrophy.
Data are mean (SD), count or valid percent.
aNot in central biobank, but available at local sites.
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TaBle 2 | Deviations from the sOP reported for samples in the central biobank.

sOP recommendation number of deviations reason (number of subjects)

csF collection
Withdrawal of 10 mL CSF (+2 mL for clinical 
purposes)

14 Slow flow/flow stopped (2); unknown (7); difficulty with positioning (1); 
patient did not want to continue (2); impossible, no reason specified (2)

25G atraumatic needle 336 Neurologist preferred traumatic needle (79); atraumatic used, but different 
diameter: 25G not available (238), impossible with 25G (19)

LP location: intervertebral space L3-L5 0 –

Polypropylene tubes 0 –

Erythrocyte count <500/μL 20 Unknown (20)

csF processing

Centrifuge at 2,000 × g (or between 1,800 and 
2,200 × g) for 10 min at RT

5 2,000 × g centrifuge not available (centrifuged at 1,120 × g) (5)

Maximum 2 h between collection and freezing (or 
temporarily store at 4°C)

1 Delay in sample delivery (1)

Freeze at −80°C 0 –

Maximum of 2 freeze and thaw cycles 0a –

Blood for plasma, processing

Centrifuge at 2,000 × g (or between 1,800 and  
2,200 × g) for 10 min at RT

5 2,000 × g centrifuge not available (centrifuged at 1,120 × g) (5)

Maximum 2 h between collection and freezing (or 
temporarily store at 4°C

13 Delay in sample delivery (1); unknown (12)

Freeze at −80°C 0 –

Limit freeze and thaw cycles 0a –

Blood for serum, processing

Centrifuge at 2,000 × g (or between 1,800 and 
2,200 × g) for 10 min at RT

5 2,000 × g centrifuge not available (centrifuged at 1,120 × g) (5)

Maximum 2 h between collection and freezing (or 
temporarily store at 4°C)

13 Delay in sample delivery (1); unknown (12)

At least 30 min (but preferably >60 min) between 
collection and centrifugation

10b Mistake <30 min (10)

Freeze at −80°C 0 –

Limit freeze and thaw cycles 0a –

Whole blood for Dna, processing

Freeze below −20°C 0 –

SOP, standardized operating procedures; LP, lumbar puncture; RT, room temperature. Data are number of subjects in which a deviation of the SOP occurred.aOne cycle: CSF (50), 
plasma (5) and serum (55).
bClotting time: between 30 and 50 min (23) and between 50 and 59 min (35).
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this needle was unavailable (n = 239), it was impossible to col-
lect CSF with this needle (n = 19) or the neurologist preferred a 
traumatic needle (n = 79). None of the samples had more than 
the maximum of two freeze and thaw cycles, while 12% of the CSF 
samples, 1% of the plasma samples, and 13% of the serum samples 
underwent one freeze and thaw cycle. If the deviation related to 
needle use and number of freeze and thaw cycles was not taken 
into account, adherence to the BIOMARKAPD SOP was 91% for 
CSF collection and centrifugation, 96% for plasma collection and 
centrifugation, 93% for serum collection and centrifugation, and 
100% for DNA collection and processing.

Virtual Biobank
Currently, 21 centers have contributed data to the virtual biobank 
of BIOMARKAPD. The virtual biobank contains information on 
CSF samples from 7,550 subjects, EDTA plasma samples from 
8,676 subjects, and serum samples from 8,141 subjects. So far, 

11 centers have reported that they followed, or changed to, 
the BIOMARKAPD SOP for sample collection and processing. 
Table 3 lists the number of subjects per diagnostic group with 
CSF, EDTA plasma, and serum samples available.

Discussion

As part of BIOMARKAPD, a large central and virtual biobank 
with body fluids were established from over 9,000 subjects with 
neurodegenerative disorders. The central biobank contains sam-
ples from more than 400 subjects of which nearly 40% have AD. 
Adherence to the BIOMARKAPD SOP was high (>91%) for the 
collection and processing of CSF, plasma, and serum and blood 
samples. The virtual biobank contains CSF samples from over 
7,500 subjects, plasma samples from over 8,600 subjects, and 
serum samples from over 8,100 subjects. Samples for the virtual 
biobank have been collected according to varying local SOPs. 
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TaBle 3 | number of subjects in virtual biobank with csF, eDTa plasma, 
and serum samples available according to diagnostic group.

csF eDTa plasma serum

Normal cognition, n 890 1,831 1,316

MCI, n 1,969 1,894 2,066

AD, n 2,420 2,440 2,349

FTD, n 612 621 647

VaD, n 156 187 151

DLB, n 277 282 279

PD 439 720 748

PD with dementia, n 157 243 219

PSP, n 148 146 115

MSA, n 68 57 38

Other dementia, n 414 255 213

Total 7,550 8,676 8,141

CSF, cerebrospinal fluid; MCI, mild cognitive impairment; AD, Alzheimer’s disease; 
FTD, frontotemporal dementia; VaD, vascular dementia; DLB, dementia with 
Lewy bodies; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; 
MSA, multiple system atrophy.
Data are number of subjects with CSF, EDTA plasma, or serum samples available.
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However, so far more than half of the centers have reported 
adopting the BIOMARKAPD SOP in the course of the project.

requesting samples from the central or  
Virtual Biobank
Researchers in the field of neurodegenerative disorders interested 
in requesting samples from the central biobank or from the virtual 
biobank of BIOMARKAPD are invited to consult the following 
website: http://jpnd.arone.com/. Requests should meet the objec-
tives of BIOMARKAPD project, i.e., to standardize the assess-
ment of existing assays and to validate novel fluid biomarkers for 
AD and PD. Sample requests will be evaluated by the Analysis 
Advisory Board (AAB). Approval from the AAB will depend on 
scientific quality, whether the sample request meets the objectives 
of BIOMARKAPD, and sample availability. Furthermore, the 
sample request must meet the following three criteria. First, the 
researcher must demonstrate that the analysis complies with local 
medical ethical standards, for example, by showing regulatory 
approval of a medical ethical committee (MEC), institutional 
review board (IRB), or equivalent. Second, technical character-
istics of assays such as linearity, recovery, specificity, imprecision, 
sensitivity, and lot-to-lot variability have already been established 
and of sufficient performance. Third, prior to the request, the diag-
nostic or prognostic value of the assay should have been already 
demonstrated in at least 20 controls and 20 diseased subjects. For 
the central biobank, fees will apply to cover the costs for sample 
and data collection, processing, and sample storage. Before ship-
ment a material transfer agreement (MTA) needs to be signed.

For the virtual biobank, individual centers can decide on 
a case-to-case basis whether or not they would like to provide 
samples and which conditions will apply. When requesting sam-
ples from the virtual biobank, contact details will be provided of 
centers that are interested in meeting the sample request. Centers 
may use the MTA from the central biobank for the shipment of 
samples. Detailed information on the methodology of sample 
preparation and handling, and available clinical information 
should be requested directly from the center.

conclusion

The central and virtual biobanks of BIOMARKAPD provide 
access to a large repository of CSF and blood samples for research-
ers in the field of neurodegenerative disorders, enabling progress 
in the clinical use of biomarkers for the diagnosis and prognosis 
of neurodegenerative disorders.
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Introduction: Core cerebrospinal fluid (CSF) biomarkers – Aβ42, Tau, and phosphory-
lated Tau (pTau) – have been recently incorporated in the revised criteria for Alzheimer’s
disease (AD). However, their widespread clinical application lacks standardization. Pre-
analytical sample handling and storage play an important role in the reliable measurement
of these biomarkers across laboratories.

Aim: In this study, we aim to surpass the efforts from previous studies, by employing a
multicenter approach to assess the impact of less studied CSF pre-analytical confounders
in AD-biomarkers quantification.

Methods: Four different centers participated in this study and followed the same
established protocol. CSF samples were analyzed for three biomarkers (Aβ42, Tau, and
pTau) and tested for different spinning conditions [temperature: room temperature (RT)
vs. 4°C; speed: 500 vs. 2000 vs. 3000g], storage volume variations (25, 50, and 75%
of tube total volume), as well as freezing-thaw cycles (up to five cycles). The influence of
sample routine parameters, inter-center variability, and relative value of each biomarker
(reported as normal/abnormal) was analyzed.

Results: Centrifugation conditions did not influence biomarkers levels, except for
samples with a high CSF total protein content, where either non-centrifugation or
centrifugation at RT, compared to 4°C, led to higher Aβ42 levels. Reducing CSF
storage volume from 75 to 50% of total tube capacity decreased Aβ42 concen-
tration (within analytical CV of the assay), whereas no change in Tau or pTau was
observed. Moreover, the concentration of Tau and pTau appears to be stable up to five
freeze–thaw cycles, whereas Aβ42 levels decrease if CSF is freeze-thawed more than
three times.
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Conclusion: This systematic study reinforces the need for CSF centrifugation at 4°C prior
to storage and highlights the influence of storage conditions in Aβ42 levels. This study
contributes to the establishment of harmonized standard operating procedures that will
help reducing inter-lab variability of CSF-AD biomarkers evaluation.

Keywords: Alzheimer’s disease, cerebrospinal fluid, biomarkers, BIOMARKAPD, standardized operating
procedures, β-amyloid, tau protein, phosphorylated tau protein

Introduction

Cerebrospinal fluid (CSF) biomarkers, Aβ42, Tau protein, and
phosphorylated Tau (pTau), are frequently assessed for their
proven value as hallmarks of initial and coursing neuropatholog-
ical events in Alzheimer’s disease (AD) (1, 2). Studies over the
years have shown a 250–300% increase of CSF Tau and pTau and
a decrease of about 50% in CSF Aβ42 in AD patients compared
to normal aging (3). The high sensitivity and specificity of these
markers have been shown to be useful in discriminating AD from
other dementias, as well as to identifyADbefore onset of dementia
(the stage known as mild cognitive impairment – MCI), both in
single-center and large-scale multicenter studies (4–7). Therefore,
biomarkers have recently been incorporated in the new proposed
revised criteria for AD (8). The development and application of
revised diagnostic criteria, which include biomarkers, will sub-
stantially improve the diagnostic accuracy for AD toward other
forms of dementia and can help anticipate the rate of progression
and early disablement in AD (9, 10). Besides giving clues to
pathogenic mechanisms of the disease, biomarkers can also favor
therapeutics development by signaling desired effects of drugs
in phase I–II clinical trials, allowing inclusion of early cases to
longitudinal studies and even identifying sub-groups of patients
in order to tailor treatment (11, 12).

However, in recent years, international scientific evaluation
studies regarding neurochemical diagnosis of neurodegenerative
diseases have shown that the inter-laboratory precision of those
biomarkers measurements requires optimization (13). Cut-offs
differ greatly between studies, and the widespread clinical appli-
cation of revised criteria for early AD is hampered by lack of
standardization of biomarkers (2, 8). These variations in biomark-
ers performance can be the result of several pre-analytical and
analytical factors. Pre-analytical factors include lumbar puncture
(LP), CSF handling, and storage procedures, while analytical fac-
tors are more assay-related, for instance to differences among
centers in training of technicians, operating procedures, or batch-
to-batch variations of kits (14, 15). Analytical outcome can also be
influenced by biological variables intrinsic to study participants,
such as genetic variations or relation between CSF and brain
volume (16).

Several international standardization initiatives are already
ongoing. The most extensive is the global Alzheimer’s Association
external quality control program for CSF measurements led by
K. Blennow (17, 18), involving more than 80 laboratories world-
wide. However, it is still purely descriptive and does not provide
any active interventions to tackle variations. Among interested
and connected centers for harmonization of AD biomarkers, there
have been attempts to reach a consensus concerning CSF collec-
tion, handling, and storage, and to create uniformized standard

operating procedures (USOPs) (19, 20). Reasonable amount of
evidence already exists regarding how CSF biomarkers levels are
influenced by certain pre-analytical conditions. For instance, it has
been well-established that polypropylene (PP) tubes and pipet tips
should be used for CSF collection, handling, and storage, since
lipophilic proteins like Aβ peptides bind in a non-specific manner
to non-PP tubes (21, 22). Several laboratories have also reported
on the stability of CSF proteins between collection and storage
(13, 23, 24), and it is a common consensus that they are stable for
at least 5 days at 4°C (20). Moreover, some studies have analyzed
the influence of freeze/thaw cycles on CSF-AD biomarkers and
most have found a decrease in Aβ42 concentration as a result of
freeze/thaw cycles, but different results were found in the number
of cycles that led to this decrease.

However, all of these studies were done in a single center and
employing a limited number of samples, generally no more than
10 samples per experimental condition. Also, most of them only
address the effect of pre-analytical conditions on CSF Aβ42 and
Tau levels or just in Aβ42, with only a few studies looking at the
effect on pTau levels (13, 25). Therefore, a standardized protocol
for handling CSF is still needed to allow for multicenter studies
and data comparisons in a near future (18).

In 2011, a new consortium was launched under the scope
of Joint Program for Neurodegenerative Diseases (JPND), the
BIOMARKAPD, expected to exceed all ongoing initiatives as it
involved a real European effort to solve standardization issues. The
main aim of the project is to develop evidence-based guidelines
for measurement and use of biomarkers in AD and Parkinson’s
disease (PD) in clinical practice, within 48 sites from 21 European
countries and also Canada. The present multicenter study is part
of this transnational project and its main aim is to assess CSF
pre-analytical confounding factors, which have been less studied
so far, that can possibly affect assay performance and biomark-
ers measurements across laboratories. We intend to test a large
number of samples, for all three biomarkers, the effect of different
spinning CSF conditions (temperature and speed) and of storing
different CSF volumes per total tube volume into aliquots. We will
also extend the study of the impact of the number of freeze–thaw
cycles (up to five cycles) to pTau. By this, we expect to contribute
to the development of new feasible, CSF handling USOPs that will
help reducing interlaboratory variability of CSF-AD biomarkers.

Materials and Methods

Participants
Four centers (Neurochemistry Laboratory, Coimbra University
Hospital, Portugal; Institute of ClinicalMedicine-Neurology, Kuo-
pio University Hospital, Finland; Danish Dementia Research
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TABLE 1 | Participating centers and their sample contribution for the
evaluation of CSF pre-analytical conditions (temperature and speed of
centrifugation, CSF%/tube volume, and number of freeze/thaw cycles) on
Aβ42, Tau, and pTau levels.

Centrifugation %CSF/tube
vol.

Freeze–thaw
cycles

Temperature Speed

Coimbra (Portugal) 27 22 30 27
Ctr= 0%; AD= 25.8%;
MCI= 12.1%
OD= 28.8%; OT= 33.3%

Copenhagen (Denmark) 8 8 – –
OT= 100%

Kuopio (Finland) 10 – 10 10
Ctr= 10%; AD= 2.5%;
MCI= 2.5%
OD= 5%; OT= 80%

Lyon (France) 10 10 10 3
Ctr= 4.5%; AD= 18.2%;
MCI= 4.5%
OD= 36.4%; OT= 13.6%

TOTAL= 136 55 40 50 40

Ctr, healthy controls; AD, Alzheimer’s disease; MCI, mild cognitive impairment; OD, other
dementias; OT, other.

Centre, Copenhagen University Hospital Rigshospitalet, Copen-
hagen, Denmark; Neurobiologie, University of Lyon, Lyon,
France) participated in this study. All laboratories handled CSF
samples in a standardized way, through the same previously estab-
lished protocol. Contributions in terms of number of samples
were variable (see Table 1). This study has been approved by the
Ethical board of Coimbra’s University Hospital, by local Ethical
committee of French Ministry of Research and Higher Educa-
tion, Ethical committee from the Capital Region of Denmark,
and by Research Ethics Committee Hospital District of Northern
Savo.

CSF Collection
The study was performed with freshly collected CSF samples,
obtained by LP in the L3/L4 or L4/L5 intervertebral space by
clinicians in the Neurology Departments of each center, using
a 20 or 25G needle and collected to 10mL standardized PP
tubes (Sarstedt 62.610.201). A total of 136 samples were collected
from patients with different diagnoses, five of them not classi-
fied (healthy controls – 3.7%; MCI – 7.4%; AD – 16.2%; other
dementia – 21.3%; other diagnosis – 47.8%). A small amount of
CSFwas used for routine analysis including cytological (white and
red cell count) and chemical analysis (total protein and glucose
content). From a total of 133 patients with this information,
50.7% had normal RBC count and 47.1% abnormal count; for
CSF total protein, 69.1% had normal (n= 88; 32.2± 6.9mg/dL;
15–44mg/dL) content and 27.9% abnormal (n= 44; 61.2± 14.3,
45–99mg/dL). The remainingCSFwas processed according to the
different pre-analytical conditions to be tested further on. In all
cases, samples were handled at room temperature (RT) (18–25°C),
and exposure to light and time betweenCSF collection and storage
did not exceed 2 h.

Tested Pre-Analytical Conditions
Centrifugation
For each sample, CSF was first aliquoted (380 μL) into five PP
tubes of 500 μL (Sarstedt ref. 72.730.006). Tube C1 was not
spinned at all and was left standing at RT without spinning until
other tubes were ready (kept into an intermediate tube until trans-
fer to final aliquot in order to keep the same procedure compared
to other centrifuged conditions); Tube C2 was centrifuged for
10min, 2000× g at RT; Tube C3 was centrifuged for 10min,
2000× g but at 4°C (standard condition used for routine process-
ing at all four centers); Tube C4 and C5 underwent spinning for
10min at RT, the former at 500× g and the latter at 3000× g.
Tubes C2 andC3were used to test the effect of temperature during
centrifugation and Tubes C2, C4, and C5 to test for speed. We also
compared Tubes C1 (no spinning) and C3 (routine protocol). The
supernatant of centrifuged CSF, as well as the non-centrifuged
CSF, was then immediately transferred from spinning tubes to
final set of tubes (500 μL Sarstedt ref. 72.730.006) and frozen at
−80°C until analysis.

To test the impact of RBC count in CSF, five different samples
were spiked with blood at 1/1000 (3.6 μL in 3.5mL of CSF) to
reach a final number of 5000 RBC/μL (±10%). The spiked CSF
was aliquoted and treated as described above.

CSF%/Tube Volume
For each sample, CSF was first centrifuged for 10min, 2000× g
at 4°C, and then aliquoted into tubes, as described above, in
order to fill different percentages of total tube volume – V1 (25%;
i.e., 500 μL in a 2mL tube; Sarstedt ref. 72.694.007); V2 (50%;
250 μL in a 500 μL tube; this volume represents the minimum
amount required to perform the assays for Aβ42, Tau, and pTau);
V3 (75%, our baseline condition, i.e., 380 μL in a 500 μL tube).
The aliquoted CSF was then immediately stored at −80°C until
analysis.

Freeze/Thaw Cycles
To test this condition, we aliquoted the same volume (380 μL) of
centrifuged CSF (10min, 2000× g at 4°C) into three 500 μL tubes
and stored them at −80°C. One of them (F1, baseline condition)
was left frozen until themoment of analysis; for tube F2, we forced
two freeze–thaw cycles (left on the benchtop for 2 h at RT to
mimick assay time on two consecutive days after collection) prior
to analysis, whichwould account for a total of three cycles; for tube
F3, four freeze/thaw cycles were done prior to the day of analysis,
therefore reaching a total of five freeze/thaw cycles.

CSF Analysis
All samples were quantified within 1month of storage at −80°C.
CSF levels of Aβ42, total Tau, and pTau 181P were deter-
mined using commercially available single-analyte ELISA kits
[INNOTEST® β-AMYLOID (1–42), INNOTEST® hTAU-Ag, and
INNOTEST® PHOSPHO-TAU (181P), Fujirebio, Spain], accord-
ing to the manufacturer’s instructions and consensus practices
from within BIOMARKAPD consortium. All samples were run
in duplicate and all conditions tested for the same sample were
run simultaneously on the same ELISA plate. Concentrationswere
extrapolated from a four-parameter Sigmoidal Curve. If the CV
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of duplicates was >20%, samples were excluded from the study
to avoid additional confounding factors. If concentrations were
below the limit of detection of the method, the value was set
equal to the lowest standard of the calibration curve. None of
the samples were above the concentration of the highest standard
for each of the assays. Results were expressed in picogram per
milliliter and as a relative percentage of the baseline conditions.
All the participants in the study were asked to classify each sample
as “normal” or “abnormal,” according to their own cut-off levels
for Aβ42, Tau, and pTau.

Statistical Analysis
The statistical analysis was accomplished with SPSS for Windows
version 22.0 and Graph Pad Prism 6.0. The following variables
were tested for each protein assay (Aβ42, Tau, and pTau): centrifu-
gation temperatures – “2000× g/4°C” vs. “2000× g/RT”; cen-
trifugation speeds – “RT/500” vs. “RT/2000” vs. “RT/3000× g,”
and also “no spinning” vs. protocol (2000× g/4°C); percentage
of CSF per total tube volume – “25” vs. “50” vs. “75%”; for
freeze/thaw cycles – “1” vs. “3 ” vs. “5 cycles”. t-test was used
for pairwise comparisons. Repeated measures were first per-
formed for multiple comparisons and also adding the following
co-variates: “Center,” “Clinical Group,” “Biomarker classification”
as normal or abnormal according to laboratory cut-offs, “CSF
Total Protein,” and “RBC count” either as scale or ordinal variable.
Post hoc tests (Bonferroni’s) were applied to repeated measures
testing, when multiple comparisons were significant. Correlations
between variables were performed using Pearson’s correlation
coefficient. As only five samples were used for studying the effect
of blood spiking in CSF, non-parametric tests for pairwise com-
parisons were used as Friedman and Wilcoxon.

Results

Influence of Centrifugation Parameters
We first analyzed the results obtained from non-centrifuged
aliquots comparing to those centrifuged under protocol condi-
tions (2000× g at 4°C for 10min). We observed no significant
difference between protein concentrations and found that the
absence of centrifugation seemed not to affect the outcome. Next,
we looked for variations within spinning temperatures, 4°C (rou-
tine protocol) and RT. No significant difference was observed for
any of the three biomarkers. When testing centrifugation speeds
(500, 2000, and 3000 × g), still no statistically significant change
was seen in any of the biomarkers (Table 2).

Data were reanalyzed, testing the influence of the following
co-variates: “Center,” “Clinical Group,” “CSF Total Protein,” and
“RBC count” (both scale and dichotomized in normal/abnormal),
“Biomarker Classification” in normal or abnormal for each pro-
tein according to each laboratory cut-offs. “CSF Total pro-
tein (TP),” dichotomized as normal/abnormal, influenced the
effect of centrifugation conditions on Aβ42 levels (Figure 1A;
p= 0.029). Samples with high TP (>44mg/dL) had increased
levels of Aβ42 if centrifuged at RT (571.5± 261.8) compared
to 4°C (549.4± 238.0), whereas samples with normal TP had
higherAβ42 levels when centrifuged at 4°C (527.2± 226.2, 4°C vs.
498.4± 237.2, RT). Moreover, in samples with high TP content,
which were not centrifuged, Aβ42 levels tended to increase in

TABLE 2 | Concentration of each biomarker (picogram/milliliter) according
to the three different pre-analytical confounders.

Confounders Biomarkers (pg/mL)

Aβ42 Tau Phospho-Tau

Centrifugation
Non-centrifuged 548.6±233.9

(n= 55)
315.2±194.8

(n= 55)
47.0±25.0
(n= 55)

4°C 537.9±224.7
(n= 55)

321.4±197.4
(n= 55)

46.8±25.1
(n= 55)

RT 524.3±241.0
(n= 55)

316.1±191.0
(n= 55)

47.3±25.6
(n= 55)

500×g 556.3±230.1
(n= 40)

330.4±211.6
(n= 40)

49.4±27.9
(n= 40)

2000×g 558.6±239.7
(n= 40)

330.6±209.0
(n= 40)

49.0±27.6
(n= 40)

3000×g 554.7±234.0
(n= 40)

335.1±216.2
(n= 40)

48.3±26.4
(n= 40)

% CSF/tube vol.
25 651.9±337.1

(n= 50)
320.0±214.9

(n= 50)
48.0±26.9
(n= 50)

50 636.7±352.0
(n= 50)*

323.4±232. 3
(n= 50)

47.6±25.8
(n= 50)

75 657.6±334.4
(n= 50)

323.8±230.1
(n= 50)

48.1±26.1
(n= 50)

Freeze–thaw cycles
1 time 597.9±237.0

(n= 40)
353.9±243.4

(n= 40)
47.5±30.1
(n= 40)

3 times 597.5±243.2
(n= 40)

358.2±245.2
(n= 40)

47.5±30.3
(n= 40)

5 times 569.8±220.4
(n=40)‡,

358.5±247.1
(n= 40)

47.8±30.5
(n= 40)

Results are expressed in mean±SD (95% CI).
RT, room temperature; tube vol., tube volume.

Aβ42%CSF/Tube vol: *p< 0.05 vs. 75%; Aβ42 Freeze/Thaw cycles: p=0.072 vs. three
times; ‡p< 0.05 vs. one time.
Centrifugation: N=55-Ctr=7.3%; AD=18.2; MCI=7.3%; OD=23.6%; OT=41.8%;
N=40-AD=15%; MCI=7.5%; OD=30%; OT=45%; %CSF/Tube Vol.: Ctr=2.0%;
AD=18%; MCI=10%; OD=26%; OT=36%; freeze–thaw cycles: AD=25%;
MCI=10%; OD=20%; OT=45%.

relation to centrifugation under baseline conditions (Figure 1B;
p= 0.176). Other covariates had no impact concerning centrifu-
gation conditions for the three markers.

Regarding experiments with blood spiked CSF, as we have
tested only a limited number of samples, results are only indicative
and could be used to define a more precise protocol. We observed
no significant difference between protein concentrations using
variations in spinning temperatures, 4°C (routine protocol) and
RT. No significant difference was observed for any of the three
biomarkers. When testing centrifugation speeds (500, 2000, and
3000× g), again no statistically significant change was seen in any
of the biomarkers. However, when we compared data obtained
after centrifugation (routine protocol) and no centrifugation, we
found a statistical increase of mean levels of Aβ42 and pTau in no
centrifuged spiked samples by 6 and 11% (p< 0.05), whereas Tau
levels were not impacted by the absence of centrifugation (data
not shown).

Influence of CSF Percentage Per Total Tube
Volume
Wehypothesized that the amount ofCSF aliquoted in relationwith
total tube volume would have impact on protein concentration
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FIGURE 1 | (A) Significant influence of covariate “CSF Total protein content”
(dichotomized in normal/abnormal facing reference values) in the comparison
between Aβ42 levels after centrifugation at 4°C vs. room temperature
(p= 0.029) (TP, total protein; RT, room temperature). (B) Discrete influence of
covariate “CSF Total protein content” (dichotomized in normal/abnormal
facing reference values) in the comparison between Aβ42 levels after
centrifugation at 2000×g/4°C vs. no spinning at all (p= 0.176). TP, total
protein; Absolute values – no spinning: normal TP – 529.7±234.2, abnormal
TP – 579.2±249.2); 4°C: normal TP – 498.4±237.2, abnormal
TP – 549.4±238.0.

mainly because of the adhesive ability of Aβ42 and possibly Tau
to tube walls, even though PP vials were always used throughout
the study. Thus, different CSF volume percentages were tested in
final aliquots and we found that decreasing the percentage of tube
filling from75% (baseline condition) to 50% resulted in a small but
significant reduction of 3.7% in Aβ42 concentration (p= 0.03).
This effect was indistinguishable from the analytical coefficient of
variation of the assay. Moreover, when further decreasing the per-
centage of tube filling to 25%, Aβ42 levels increased to levels simi-
lar to the ones observed under baseline conditions (Figure 2). Nei-
ther Tau nor pTau proteins levels were influenced by the amount
of CSF aliquoted in relation with total tube volume. Adding
covariates to our tests showed influence of “CSF Total protein”
(dichotomized as normal/abnormal) on pTau levels (p= 0.027),
particularly in 25% filling volume aliquots presenting abnormal
TP content (54.6± 30.5) vs. normal TP (47.1± 26.8) (Figure 3).
Other covariates had no impact in any of the three biomarkers.

Influence of Number of Freeze–Thaw Cycles
In this section, we tried to simulate the frequent real-life need
of defrosting a sample for other purposes, prior to biomarker
measurements. Therefore, we compared the results of a regu-
lar procedure, where the sample is just thawed for biomarker

FIGURE 2 | Observed differences in Aβ42 levels between aliquots with
25 vs. 50 vs. 75% of total tube volume (75 vs. 50%, p= 0.03). Results
expressed in relative percentage, facing the baseline condition (75% of tube
volume representing 100%). Absolute concentration levels (mean±SD):
25% – 651.9±337.1; 50% – 636.7±351.9; 75% – 657.6±334.4.

FIGURE 3 | Influence of covariate “CSF Total protein” (dichotomized in
normal/abnormal facing reference values) in the comparison between
pTau levels after aliquoting with different percentages of CSF per tube
volume – 25 vs. 50 vs. 75% (p= 0.027). TP, total protein.

assessment (one cycle), with other possible situations (thawed for
two and four times prior to protein assay).

We observed that while Tau and pTau remain stable for up
to the five freeze/thaw cycles, the same is not true for Aβ42.
Although thawing the CSF sample three times did not change the
measured Aβ42 levels, a statistical significant reduction of 5.0% in
Aβ42 levels was observed when the number of freeze–thaw cycles
was increased to 5 (Figure 4; p= 0.028). However, this decrease
remained in the analytical coefficient of variation of the assay.
Covariate inclusion had no impact, concerning the effect of the
number of freeze/thaw cycles, for the three markers.

As the presence of increased total CSF proteins was the
only covariate influencing the results, we studied the correlation
between the levels of each biomarker and CSF protein content.We
found significant correlations (p< 0.05, data not shown) between
pTau levels and CSF TP in both non-centrifuged and centrifuged
samples under protocol conditions (2000× g, 4°C).

Discussion

There have been a few studies exploring potential CSF pre-
analytical confounders, but a systematic analysis of some
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FIGURE 4 | Observed differences in Aβ42 levels between samples
freeze/thawed three and five times prior to the moment of analysis
(1 cycle) (1 vs. 5 cycles, *p=0.028; 3 vs. 5 cycles, +p=0.072).
Absolute concentration levels (mean±SD): one time – 597.9±237.0; three
times – 597.5±243.2; five times – 569.7±220.4.

conditions, such as centrifugation, storage volumes, and
freeze/thawing cycles, is still missing. To the best of our
knowledge, our study has so far the largest number of samples
(over 40 samples for each condition) testing systematically
these three potential major sources of variability. This study
includes samples from different cohorts of patients with several
clinical diagnosis, validating our results for a broad range of
biomarkers quantitative values. Furthermore, the influence of
multiple co-variates was evaluated, and all other variables related
to CSF collection were strictly controlled (19, 26). In this study,
all LPs were performed in the morning, as although no clear
diurnal pattern in Aβ42 levels has been observed, a 1.5- to
4-fold variation in AD biomarkers during a 36 h period has been
reported (20). Moreover, fasting, as well as possible adsorption to
lumbar catheter walls during LP, was also suspected to influence
Aβ42 levels, but so far such effects could not be demonstrated
(27). Current guidelines regarding collection and storage tubes
(14) were also strictly followed and CSF was processed and
frozen within a maximum of 2 h after collection. According to
some reports, Aβ42 content is altered if CSF is not immediately
frozen (to avoid protein oxidation), while Tau proteins are
stable and can be kept at room temperature up to 24 h (25) or
even 4 days (13). The use of different types of tube materials
(polycarbonate, polystyrene, PP, and other copolymers) has
also been tested. In several studies comparing PP against others
plastics, authors never tested the variability among the different
PP tubes, therefore remaining a potential confounder (22, 27).
A few studies compared several PP tubes and concluded that
PP is not a warranty against adsorption and only specific tubes
reported to avoid adsorption could be recommended (21, 28, 29).
A very recent study has shown that even using only PP tubes,
Aβ42 levels are reduced up to 25% simply through multiple tube
transferences which, therefore, should be minimized (28).

Speed and temperature of CSF centrifugation vary considerably
between laboratories. Therefore, in this study, we tested both the
influence of spinning temperature (RT and 4°C) and speed (500,
2000, and 3000× g) on biomarkers levels. Overall, neither of these

conditions were found to influence the concentration of any of
the biomarkers. A previous study has looked for the influence of
CSF centrifugation protocols on Aβ42 levels (27) and observed a
significant decrease in Aβ42 concentration in centrifuged sam-
ples (10min, 2000× g, either at RT or 4°C) compared to non-
centrifuged samples. It has also been found that no difference
occurred in Aβ42 and Tau levels in CSF samples stored at 4°C
and centrifuged after 1, 4, 48, or 72 h (30). Furthermore, no dif-
ferences were found comparing centrifuged samples immediately
frozen and those left for 4 days at 4°C without spinning (30).
Centrifugation speed has been reported not to have an effect on
biomarkers levels, but the centrifugation of hemorrhagic samples
at 2000× g, RT, within 2 h after collection, in order to avoid cell
lysis, is recommended (26).

The inclusion of covariates in our analysis showed that, in
samples with a high total protein content, an increase in Aβ42
concentration upon centrifugation at RT occurs. It can be hypoth-
esized that Aβ42 can bind to excess protein, thus preventing the
adhesion to tube walls, and this interaction may be disrupted by
freeze/thawing. In contrast, in samples with normal or low TP
content, centrifugation at RT may promote the adhesion of Aβ42
to tube walls, leading to lower measured levels of the peptide.
As the largest discrepancy in Aβ42 levels between samples with
normal/abnormal TP is seen when centrifugation is done at RT,
spinning at 4°C should be applied routinely. In line with a previous
study, we also observed that no spinning increases the measured
levels of Aβ42 in samples with a high CSF total protein content
(27). We cannot neglect another hypothesis, consistent with a
competition between proteins present in high amounts to adsorb
onto the walls of tubes decreasing, therefore, the possibility of less
concentrated proteins, as amyloids, to stick to the plastic. This
characteristic is commonly used in ELISA test by saturating the
plastic wells with albumin, gelatin, or milk proteins after coating
the capture antibody. Currently, when 1 h at 37°C is enough to
saturate non-specific residual sites, it takes overnight at 4°C, what
is absolutely consistent with the recommendation we did, to spin
at low temperature.

Despite the generalized use of atraumatic needles, the influence
of blood contamination is still relevant, and controversial results
have been reported. Bjerke et al. observed that up to 5000 RBC/μL
of CSF had no effect on Aβ42 levels (27). However, Zimmermann
et al. showed that approximately 1 g/L of CSF protein levels (that
can happen after traumatic tap or in patients with disrupted blood
brain barrier) could have an impact on AD biomarkers (13). In
our study, the inclusion of RBC count as a co-variate had no effect
on biomarkers levels. However, the majority of our samples had
low or just above threshold RBC counts, thus the influence of CSF
contamination with RBC could not be ruled out. Spiking blood in
CSF was tested for few samples, the final concentration of RBC
being 5000/μL of CSF. Even if, they need to be confirmed, as
the increase of levels was found under or close to the analytical
CV of duplicates of 10%, our preliminary data are consistent
with current guidelines in which it is recommended to centrifuge
samples to avoid blood contamination. Further studies should be
madewith spiked CSF to clarify the influence of high RBC content
on biomarkers quantification, using at least different amounts of
spike, for example, in a range of RBC 5000–10,000/μL.
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Aliquot storage volume is another potential pre-analytical con-
founder that has not been often assessed. We addressed this
potential source of variation by storing three different ratios (25,
50, and 75%) of CSF volume per total tube capacity. The tube
filling volume did not influence CSF levels of Tau and pTau. Con-
cerning Aβ42 levels, they decreased when CSF storage volume
decreased from 75 to 50% and amazingly, they slightly increased
in 25% filled tubes, as compared to 50% filling. The variations
were found lower than the accepted analytical intra-assay range-
to-average of duplicates (<20%), so in our study using aliquots
in tubes of 500 μL, the filling tube is not a strong confounder. It
can be hypothesized that decreasing the ratio of CSF volume to
surface area of storage tube would lead to an increased analyte
adsorption to the internal walls of the tube, lowering its levels in
solution. Our results are in accordance with a recent study testing
the influence of a wide range of CSF volumes (2.5–75% of CSF
per total tube volume) in Aβ42, Tau, and pTau measurements
(31). While Tau and pTau remained stable with the increase in
storage volume percentage, they found that a volume increase of
10 μL caused an Aβ42 increase of 1 pg/mL, which is absolutely
consistent with the increase of 3.7% between 250 and 380 μL
(13 pg/mL) that we have found. In the studies by Toombs and
colleagues (28, 31), the addition of 0.05% Tween 20 to the aliquots
resulted in considerably higher concentrations of Aβ42, suggest-
ing that in the presence of detergent a higher proportion of Aβ42
molecules were free in solution, thus supporting the hypothesis
of protein adsorption to the tube walls, as previously reported
(27). This is consistent with the fact that Tween 20 is used as a
blocking agent in ELISA plates, avoiding further adsorption of
proteins.

The influence of freeze/thaw cycles (one, three, and five) during
CSF storage, before protein measurements, was also investigated.
We observed that Tau and pTau levels were not altered, but
Aβ42 levels decreased slightly (5%) with repeated freeze/thawing,
especially above three cycles, but as reported for filling tube
study, this decrease was under the accepted analytical intra-
assay range-to-average of duplicates (<20%); so, in our study,
using three freeze/thaw cycles has no strong effect onto the
CSF levels of biomarkers. Our data are consistent with those of
Zimmerman et al. (13) reporting the stability for up to three
freeze/thaw cycles for the three biomarkers and partially with
those of Simonsen et al. (24) reporting stable levels for Aβ42
but increased levels for pTau without inhibitors of protease.
Our data are mainly different with those obtained in the study
of Schoonenboom et al. (30), in which they showed that after
three freeze–thaw cycles (for 2 h) Aβ42 levels decreased by 20%,
mainly after the first cycle whereas Tau protein was not altered
by six freeze–thaw cycles. In this last study, the exact reference
of PP tubes used for the study was not done, whereas in study
of Simonsen et al., the tubes were exactly the same that those
we selected as tubes known to present a minimal adsorption
of amyloid. So, the difference between data concluding absence
of strong effect onto amyloid levels and those showing large
decrease of amyloid levels could be explained by a larger syner-
gistic effect of adsorption and freeze/thaw process in studies in
which the reference of tubes was not given and the adsorption
of amyloid onto tubes was not checked (30). Therefore, most of

TABLE 3 | Recommendations for CSF pre-analytical handling prior to
evaluation of AD biomarkers.

Confounder Recommendation

Spinning Right after collection (within 2 h max); at 2000×g
4°C – avoid multiple tube transfers

Storage volume Tubes should be filled up close to total tube capacity to
keep constant the relation surface area/tube walls

Freeze–thaw cycles Avoid more than three cycles to prevent protein degradation

the data obtained before the standardization of tubes must be
interpreted with caution.

It should also be emphasized that, in our study, all measure-
ments were carried out within 1month storage and it cannot
be ruled out that in samples kept for longer storage periods,
different results could be obtained. We wanted to know to what
extent the analysis of each condition would change after 1 and
2 years of storage. This was not performed after all, since it would
surpass the length of the project. However, we would be reason-
ably comfortable to perform this analysis since there have been a
few studies addressing the long-term stability of CSF biomarkers,
concluding that Aβ42 and Tau proteins remain stable up to 6 years
(if stored at −80°C immediately after collection and processing)
(23), supporting the feasibility of biobanking over a large period
of time. Thus, having this factor controlled, it would be possible
to test variations within pre-analytical conditions.

In recent years, a strong effort has been done to develop and
implement USOPs for CSF analysis, and this is also a major
goal of the JPND-BIOMARKAPD Consortium. However, overall
variability remains too high to allow assignment of universal
biomarker cut-off values and is still compromising AD-like scores
across laboratories (32–34). Taking this into account, our findings
reinforce the existing guidelines and support new recommenda-
tions for CSF pre-analytical SOPs (Table 3).

We propose that centrifugation should be performed as fast
as possible after CSF collection, at 4°C, the speed conditions
being not a major factor (500, 2000, or 3000× g); multiple tube
transfer of CSF should be avoided and kept to aminimum. Storage
aliquots should be filled up close to the maximum tube capacity
in order to keep a constant surface area and avoid sublimation. It
is preferable that samples should not be submitted to more than
three freeze–thaw cycles to prevent protein degradation.

We strongly believe that this work will contribute to the estab-
lishment of core and broadly used feasible guidelines that will
enable decisive AD large scale studies.
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Preanalytical confounding factors 
in the analysis of cerebrospinal 
fluid biomarkers for Alzheimer’s 
disease: the issue of diurnal 
variation
Claudia Cicognola, Davide Chiasserini and Lucilla Parnetti *

Section of Neurology, Department of Medicine, Centre for Memory Disturbances, University of Perugia, Perugia, Italy

Given the growing use of cerebrospinal fluid (CSF) beta-amyloid (Aβ) and tau as biomarkers 
for early diagnosis of Alzheimer’s disease (AD), it is essential that the diagnostic procedures 
are standardized and the results comparable across different laboratories. Preanalytical 
factors are reported to be the cause of at least 50% of the total variability. Among them, 
diurnal variability is a key issue and may have an impact on the comparability of the 
values obtained. The available studies on this issue are not conclusive so far. Fluctuations 
of CSF biomarkers in young healthy volunteers have been previously reported, while 
subsequent studies have not confirmed those observations in older subjects, the ones 
most likely to receive this test. The observed differences in circadian rhythms need to 
be further assessed not only in classical CSF biomarkers but also in novel forthcoming 
biomarkers. In this review, the existing data on the issue of diurnal variations of CSF 
classical biomarkers for AD will be analyzed, also evaluating the available data on new 
possible biomarkers.

Keywords: cerebrospinal fluid, biomarkers, diurnal variability, circadian rhythm, confounding factors, Alzheimer’s 
disease

Relevance of CSF Biomarkers in Clinical Practice

In the past few years, the diagnostic criteria for Alzheimer’s disease (AD) have gone through 
several rearrangements. According to the International Working Group (IWG) for New Research 
Criteria for the Diagnosis of Alzheimer’s Disease, both cerebrospinal fluid (CSF) and imaging 
biomarkers have been recognized as mandatory for detection of AD predementia phases. The 
same priority has been considered in the National Institute on Aging–Alzheimer’s Association 
(NIA–AA) criteria (1, 2). IWG criteria subdivide clinically manifest AD in prodromal AD and 
AD dementia, based on whether episodic memory loss or other cognitive symptoms prevent the 
subject from accomplishing the instrumental activities of daily living (IADL) or not. If any AD 
biomarker (CSF or imaging) is abnormal, this is sufficient to fulfill the biomarker criterion for AD. 
The NIA-AA criteria make a distinction between amyloid markers and neuronal injury markers 
(tau): the likelihood of preclinical stage and MCI diagnosis is dependent on how many of the 
markers are positive, where amyloid is the earliest to become positive. The IWG and NIA-AA 
criteria share the concept of a preclinical stage of the disease, which can be recognized before 
dementia onset, and highlight the need of AD biomarkers both for diagnosing the disease in early 
stages and for supporting the diagnosis in clinically overt pathology (Table 1).
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TABLe 1 | Differences between iwG and NiA-AA criteria for AD.

Stages Cognitive criteria Biomarker criteria

iwG NiA-AA iwG NiA-AA iwG NiA-AA

Prodromal 
AD

MCI due 
to AD

Memory 
impairment

MCI Any amyloid 
or injury 
marker

Likelihood:

• High: amyloid 
and injury 
marker both +

• Intermediate: 
one marker +, 
unknown the 
other

• Uninformative: 
one marker +, 
- the other

AD 
dementia

Dementia 
due to 
AD

Memory 
impairment

Dementia Any amyloid 
or injury 
marker
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The diagnostic value of biomarkers has been even more 
strengthened in the IWG-2 criteria (3). In these criteria, a 
simplified diagnostic algorithm based on CSF molecular AD 
phenotype or amyloid imaging was proposed. The algorithm 
consisted of decreased Aβ levels together with increased t-tau 
or p-tau concentrations, or an increased retention on amyloid 
PET tracer. CSF pathophysiological markers for AD include 
the beta-amyloid peptide 1–42 (Aβ42), which shows lower 
CSF levels the more the brain carries amyloid burden, total tau 
(t-tau), which directly reflects the intensity of neuronal degenera-
tion, and phosphorylated tau (p-tau), which is believed to be 
a direct marker of tangle pathology (4). In an autopsy cohort, 
low CSF Aβ42 concentrations had a sensitivity of 96.4% for 
AD detection (5) and CSF markers significantly increased the 
diagnostic accuracy in clinically uncertain cases (6). However, 
low CSF levels of Aβ42 are not specific enough to diagnose AD, 
since they can also be found in non-AD dementias (Lewy body 
disease or vascular dementia) (7). A valuable tool for increas-
ing the diagnostic performance of Aβ42 is the Aβ42/40 ratio, 
which proved to be more reliable than Aβ42 alone in providing 
comprehensive information on the total Aβ load in the brain. A 
marked reduction in CSF Aβ42 and in the Aβ42/Aβ40 ratio has 
consistently been found in patients at different stages of AD (4, 
8, 9), and it can help in differentiating AD from non-AD forms, 
where the combination of the three classical biomarkers is of 
limited diagnostic value (10).

Several studies have shown that the combination of CSF bio-
markers may improve their global diagnostic accuracy (11–15). 
Data so far indicate that the combination of Aβ42 with either 
t-tau or p-tau has the best specificity. Additionally, the combined 
analysis of the CSF biomarkers provides a more accurate differ-
ential diagnosis between AD and other degenerative dementias. 
Aβ42 and tau (t-tau or p-tau) should be used in combination, 
and the simultaneous presence of low Aβ42 and high t-tau or 
p-tau concentrations strongly suggests an AD diagnosis even at 
a prodromal stage, with a sensitivity of 90–95% and a specificity 
of about 90% (16–20).

The importance to have reliable CSF biomarkers relies in the 
need to validate the clinical diagnosis with a biological correlate. 
Unfortunately, the results obtained in research studies are not yet 
totally supported by significant outcomes in routine clinical use of 
CSF biomarkers. Additional testing, including CSF analysis, has 

still little diagnostic impact in the diagnostic work-up on patients 
suspected to suffer AD-dementia, being rather more useful in 
patients with an initial non-AD dementia diagnosis (21). Reliable 
biomarkers are needed not only to confirm a clinical suspect but 
also to allow an early diagnosis, which is vital in order to prevent 
severe clinical manifestations by starting, as soon as possible, 
the disease-modifying therapies that are being developed and 
will be hopefully available in a near future. To this purpose, the 
new algorithm proposed by Lewczuk et al. (22) for diagnosing 
preclinical patients has further validated the diagnostic value 
of CSF biomarkers. The algorithm introduced the concept of 
“border zones” by taking into account not only the mere altera-
tion of the biomarkers but also the extent of the alteration, from 
slight to clearly pathologic. This may allow the subdivision of 
subjects into different groups according to the CSF pattern: no 
evidence for CNS disease, AD improbable, AD possible, and AD 
probable. The results obtained with this classification may allow 
a better coding of the CSF patterns not clearly pathologic when 
classified using IWG and NIA-AA criteria. This means that the 
CSF profile is a valuable diagnostic tool, even in the absence of 
clinical symptoms.

The issue of Standardization of CSF AD 
Biomarkers for Routine Clinical Use

Even if the strong correlation between positive CSF AD biomarkers 
and AD pathology has been widely demonstrated, defining which 
patients are candidates to undergo lumbar puncture and AD CSF 
biomarkers analysis is a critical step for several reasons. Most of 
the AD patients are diagnosed using only clinical criteria, but a 
high number of patients do not ultimately have underlying AD 
pathology. The proportion of misdiagnosed patients is even higher 
in cases of early onset AD, atypical presentations, or dementia with 
mixed etiologies. It is also necessary to optimize the diagnosis 
of non-amnestic presentations and differentiate AD pathology 
from other neurodegenerative disorders, i.e., dementia with Lewy 
bodies, fronto-temporal dementia, vascular dementia, psychiatric 
conditions etc. The last consensus (2014) from the Alzheimer’s 
Biomarkers Standardization Initiative (ABSI) (23) focused on the 
issues regarding clinical use of CSF biomarkers, and stated that 
patients in whom AD is part of the differential diagnosis may be 
candidates for lumbar puncture and CSF biomarkers analysis to 
increase specificity and minimize diagnostic errors. Given also 
the importance of early diagnosis, any patient with minimal but 
objective symptoms suggestive of AD is an appropriate candidate. 
CSF biomarkers analysis should be considered in all patients with 
early onset dementia, minimal or mild cognitive impairment, and 
atypical clinical presentation or complex differential diagnosis.

With these premises, it is clear that there is a major need for 
standardization in the CSF analysis procedures. Standardized 
protocols for biobanking are a prerequisite to guarantee that 
biomarker studies will not be influenced by preanalytical and 
analytical factors. One of the most important implications of 
biomarker standardization is to find univocal cut-off values for 
CSF biomarkers between and within laboratories, given that, even 
when using the same assay, significant variability has been found 
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in the absolute concentrations of AD biomarkers (24). In 2009, the 
Alzheimer’s Association started an international quality control 
(QC) program for CSF biomarkers (25). The aim of the program 
is to monitor, in a large network of laboratories all around the 
world, total analytical variability of CSF Aβ and tau, in order to 
identify the sources of variation and improve the standardization 
of the assays. All sources of variability (within-assay run, within/
between-laboratory, within/between-assay kit lot) were considered, 
along with the variability coming from bias, systematic deviation 
from a reference value, imprecision and random deviation from a 
value. The overall variability was generally around 20–30%, with 
a small contribution of within-run variability (5%–10%). Within-
laboratory longitudinal variability was higher, with a coefficient of 
variation (CV) of 5–19%. The main cause of the overall variability 
in the analysis of variance was the between-laboratory variability 
(19–28%). Even when the laboratory protocols and checklists were 
strictly followed, not a single factor was identified as the main 
source of variability. This led to the conclusion that laboratories 
can only be more accurate in following published guidelines (26). 
Moreover, it is critically important that kit manufacturers minimize 
lot-to-lot variations, to allow a broader use of these assays in the 
clinical setting. For now, the overall variability is still too high to 
allow the definition of univocal biomarker cut-off values; therefore, 
each laboratory should have internally qualified cut-off levels to 
guarantee optimal reproducibility over time.

Preanalytical Confounding Factors of  
CSF Biomarkers
Preanalytical factors are one of the main concerns in biochemical 
analysis, since they are responsible for about 40–60% of total labo-
ratory variability (27). In previous meetings of the aforementioned 
ABSI, the preanalytical issues affecting Aβ and tau in CSF were 
discussed, and they came up with guidelines for CSF collection, 
storage, and analysis. Some aspects were identified as key issues 
for samples collection and analysis, for example, a possible CSF 
concentration gradient of the biomarkers. Brain-derived proteins 
often show a decreasing rostro-caudal gradient, implying that 
the volume of CSF withdrawn can alter the concentration of 
the proteins analyzed. Studies showed that AD CSF biomarkers 
concentrations are not significantly influenced by fractionated 
sampling, therefore gradient effect does not represent an issue in 
this circumstance (28). Other biomarkers can be affected, such as 
α-synuclein (29); therefore, a standardized volume of CSF collec-
tion (12 ml) is recommended (30). CSF for diagnostic purposes is 
usually obtained by lumbar puncture between the L3/L4 and L4/
L5 intervertebral space, and a 22G atraumatic needle should be 
preferred to lower the risk of post-lumbar puncture headache (30). 
Moreover, a traumatic lumbar puncture increases the risk of blood 
contamination of the CSF sample; therefore, it is recommended to 
discard the first 1–2 ml to avoid any effect due to hemolysis and 
immediately centrifuge the sample before freezing (31). Some CSF 
analytes (for example, glucose) can be affected by meal consump-
tion, making fasting a prerequisite for sampling, but this can be 
a problematic request in elderly patients with an AD suspect. Aβ 
levels in plasma proved to be stable and not influenced by the 
patient’s food intake (32); therefore, there is no clear evidence that 
meal consumption affects CSF biomarker levels and so fasting is 

not a requirement for the analysis. Other preanalytical confound-
ing factors concern laboratory procedures regarding collection and 
storage of the samples. Aβ peptides can bind non-specifically to 
non-polypropylene (PP) collection tubes, leading to lower values 
in measured concentrations. Therefore, PP tubes are the recom-
mended standard for CSF samples collection and testing in routine 
clinical practice; each laboratory should always use the same PP 
tube, since different tubes may have a different adsorption level for 
the analytes (28). Vanderstichele et al. also recommended to aliquot 
the samples in small volumes (0.25 or 0.5 ml tube) and fill the tube 
up to 75%, to minimize the risk of adsorption and evaporation (28). 
However, a recent study by Willemse et al. showed no evaporation 
of CSF stored in biobanking tubes at –80°C or –20°C over a time 
span of 2 years (33). As mentioned, centrifugation of CSF samples 
is often performed, especially in the case of hemorrhagic lumbar 
punctures. However, the guidelines of Vanderstichele et al. pointed 
out no differences in classic biomarkers levels between centrifuged 
versus non-centrifuged samples (29). Nevertheless, the speed 
and temperature of centrifugation may be considerably different 
across laboratories; therefore, the consensus paper by Teunissen 
et al. recommended to centrifuge the hemorrhagic samples at a 
speed of 2000  × g for 10 min at room temperature (26). Time and 
temperature of storage may have a remarkable influence on the 
biomarkers levels, given their effects on serum and plasma proteins 
showed in proteomics studies (34). Vanderstichele et al. reported 
no significant effects on Aβ42, t-tau, and p-tau levels when the 
samples are left at room temperature for 5 days after CSF collection 
with respect to samples frozen immediately after collection (28). 
The recommendation is to keep the samples at 4°C for no longer 
than 5 days to avoid alterations of the final biochemical results (28). 
Different methods of freezing and storage do not cause significant 
variability in the results (32), but the freezing temperature of –80°C 
should be preferred for long-term storage (28). Few studies have 
been published regarding the stability of Aβ42, t-tau, and p-tau in 
CSF when stored frozen at –20°C or –80°C for many years, but this 
is an important issue in view of longitudinal studies. Vanderstichele 
et  al. did not observe changes in stability for up to 10 years at 
–80°C, but the recommendation is not to go beyond 2 months of 
storage at –20°C, as this is considered a sufficiently long time to run 
the analysis (28). The number of freeze/thaw cycles is a matter of 
concern since it can affect CSF biomarkers and lead to significant 
losses in Aβ concentrations (35). Recent studies, however, showed 
no significant alteration in the level of Aβ42 when CSF underwent 
more than one freeze/thaw cycle (32). However, freeze/thaw cycles 
should not be more than two and CSF must be aliquoted in small 
volumes; every change in the number of the freeze/thaw cycles 
must be accurately documented (28). The recommendations for 
CSF collection and storage are summarized in Table 2.

Circadian Rhythm

Among all the preanalytical confounding factors mentioned 
before, diurnal variation may play an important role as a source 
of variability. Circadian rhythm is involved in several physiologic 
processes, so it is reasonable to hypothesize its influence even 
in CSF biomarkers metabolism. Diurnal variation physiology 
must be analyzed more deeply, beginning from a review on the 
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TABLe 2 | Summary of recommendations for preanalytical aspects of AD 
biomarker testing in CSF.

Possible variability factor Recommendation

CSF gradient No gradient observed 
Lumbar puncture L3–L4 or L4–L5

22G atraumatic needle to reduce the risk of 
blood contamination

Fasting Not required
Tubes PP (polypropylene)
Aliquotation Aliquot the samples in small volumes (0.25 or 

0.5 ml tube)
Fill the tube up to 75%

Centrifugation 2000 × g for 10 min at room temperature
Time before storage Up to 5 days
Temperature before storage 4°C
Freezing –80°C

–20°C for no longer than 2 months
Freeze/thaw cycles No more than 1–2
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anatomy of this ‘‘inner clock’’ that controls a large number of 
bodily functions.

Physiological Aspects
The suprachiasmatic nucleus (SCN) has a central role in the 
circadian rhythm system, together with its three primary afferent 
connections (36); the most important is the retino-hypothalamic 
projection through which information coming from rod/cone 
photoreceptors and retinal ganglion cells reaches the “inner 
clock.” The other two afferent connections consist of the median 
raphe serotonergic pathway and the geniculohypothalamic (GHT) 
pathway from the thalamic intergeniculate leaflet (IGL). Though 
this network might seem elementary, the several interconnections 
between the pathways make it complex and convoluted. When 
SCN is destroyed, a wide range of bodily functions loses its daily 
rhythms: sleep–wake, locomotor activity, feeding, drinking, body 
temperature, and secretion of hormones (37). These observations 
were confirmed by SCN transplantation studies in which the 
transplant restored the lost daily rhythms (38).

One of the best-known circadian pathways is the adrenal gland 
axis, as glucocorticoids proved to be a humoral entraining signal 
for peripheral clocks (39). Rhythmic glucocorticoids release is 
controlled peripherally by sympathetic stimuli and centrally by 
the SNC, through the secretion of corticotropin releasing hormone 
(CRH) and ACTH (40). Behavioral processes are also under the 
control of the SCN, such as locomotor activity and feeding. These 
behaviors can be entraining factors for the “inner clock,” therefore 
influencing endocrine function and body temperature.

Dysfunction of circadian rhythms has been shown to have a 
pathogenic role in several diseases, such as cancer and autoim-
mune diseases. Circadian rhythm disruption may play a role not 
only in the etiology but also in the progression of the clinical 
picture. This could be a consequence of the reciprocal relation-
ship between the neuroendocrine system and proinflammatory 
cytokines involved in the pathological process (41, 42). Moreover, 
this imbalance can act much earlier in the natural history of 
the disease; in fact, alterations in sleeping and eating patterns in 
humans were found to be a source of predisposition to metabolic 
and cardiovascular diseases (41). A diurnal variation of the 

symptoms is also typical of many diseases with an immune or 
inflammatory component. For example, in rheumatoid arthritis, 
patients refer more joint pain and stiffness in the morning hours, 
whereas patients with osteoarthritis refer a pain that increases 
through the day (41).

Circadian Rhythms in AD
Many of the physiological bodily functions described become 
impaired in AD, but also in other neurodegenerative disorders 
such as Parkinson’s disease and Huntington’s disease. In these 
conditions, several brain areas are affected by neurodegenerative 
processes, including the nuclei involved in circadian regulation. 
Neurodegenerative disorders are associated with several sleep–
wake rhythm disturbances, such as insomnia/hypersomnia, 
parasomnia, excessive nocturnal motor activity (for example, 
restless legs syndrome), and sleep apnea. In AD, sleep is often 
irregular and disturbed by multiple awakenings and, along with 
disease duration and progression to advanced stage, a phase shift 
of the sleep period is observed, often leading to a complete reversal 
of the day/night pattern (43). These signs and symptoms not only 
contribute to morbidity, poor quality of life, and institutionaliza-
tion of individuals with AD (44) but could also be involved in the 
etiology of the pathological process (45).

Changes in rest-activity patterns correlate with the severity of 
dementia and could be a preclinical marker, in healthy subjects, 
of predisposition and possible future development of cognitive 
impairment and AD (46). A prospective actigraphy study led in a 
cohort of 1282 healthy women showed higher incidence of MCI 
and dementia in women with decreased circadian activity rhythm 
amplitude at follow up (approximately 5 years later). Reductions in 
total melatonin (the molecule that controls night-day cycle) levels 
are more profound in AD than in normally aging individuals, 
as showed in a post-mortem study (47–49). Melatonin showed 
protective anti-amyloidogenic effects in vitro and, interestingly, 
was found to be decreased in early (even preclinical) stages of the 
disease, both in total levels and width of the circadian oscillations 
(49, 50). These findings were supported by the observation of a 
decrease in the number of melatonin receptor-carrying neurons 
in the SCN in late-stage AD, alongside with a decrease of volume 
and total cell count in the whole SCN itself (51, 52). Moreover, the 
expression of “clock genes” is altered in the brain of AD patients, 
reflecting the disruption of the master control by the SCN (53). 
These alterations in circadian rhythms were demonstrated in 
animal models transgenic for AD-associated mutations (54).

Circadian disruption can be both a consequence of AD as 
well as worsening factor in AD pathological cascade, suggesting 
a biunivocal relationship between the two (55). On one hand, 
AD pathology can lead to day/night sleep pattern disturbances 
and subsequent poor quality of life; on the other hand, the same 
disturbances can influence the course of AD pathology. Sleep 
deprivation results in increased concentration and accumulation 
of Aβ, in contrast to sleep extension that has the opposite effect. The 
accumulation of Aβ results in increased wakefulness and altered 
sleep pattern, as observed in sleep-restricted animals that showed 
greater Aβ plaque deposition compared to controls (56). Studies 
on orexin, also known as hypocretin, (a molecule that regulates 
wakefulness, strongly implicated in sleep disorders) showed that its 
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release from hypothalamic neurons and the pattern of Aβ in CSF 
have a comparable diurnal fluctuation, and that orexin itself shows 
a circadian rhythm in both AD patients and controls (56, 57). Aβ 
levels are also increased during orexin infusion and decreased 
with an orexin receptor antagonist, indicating a role of orexin and 
sleep-wake cycle disruption in the pathogenesis of AD (52). Low 
CSF Aβ42 levels have been found to be related to lower levels of 
orexin, further suggesting a relationship between AD pathology 
and orexin disturbance (57, 58). A clinical trial on a population 
of healthy middle-aged men confirmed these observations, show-
ing a decrease of 6% in the CSF Aβ42 levels after one night of 
unrestricted sleep and a difference of 75.8 pg/ml between the CSF 
Aβ42 levels of the unrestricted sleep and sleep deprived group (59).

Diurnal variation of CSF AD Biomarkers: 
State of the Art

As previously reported, diurnal variation can be a critical factor 
while studying molecules that can be influenced by circadian 
rhythms, making sampling time a matter of concern. Focusing 
on AD CSF biomarkers, Bateman et al. showed that human CSF 
Aβ levels varied significantly (1.5- to 4-fold) over 36 h (60). The 
Aβ levels showed no significant differences between the hours 
during the daytime period, but an increase during a 36-h period. 
All participants were screened to be in good general health and 
without neurologic diseases. Participants older than 65 were 
non-demented controls, and had a Clinical Dementia Rating of 0. 
Six milliliters of CSF were obtained each hour for 12, 24, or 36 h. 
CSF aliquots were frozen at –80°C immediately after collection 
in 1 ml PP tubes. One milliliter of CSF from each collection hour 
was thawed and Aβ40 and Aβ42 were measured by ELISA. A 
sinusoidal pattern of Aβ levels was observed across participants, 
supposed to be due to time of day, activity, or dynamic changes 
in the production or clearance rate of Aβ in the CNS. The study 
by Bateman was the first to arise the issue of a possible diurnal 
variation of CSF biomarkers that could represent a significant 
obstacle to an accurate diagnosis. However, a previous study 
by Andreasen et al. showed no significant fluctuations of Aβ42 
on repeated lumbar puncture in subjects with AD (61). It may 
be that CSF Aβ variability is decreased in patients with AD 
pathology and amyloid plaques, but has higher fluctuations in 
individuals without plaques. Bjerke et al. also found no diurnal 
variation in 14 psychiatrically and neurologically healthy sub-
jects carrying lumbar catheters due to knee surgery (32); CSF was 
serially collected by lumbar puncture at baseline, after 4–6 h and 
after 24 h. The samples were immediately stored at –80°C. Data 
showed more stable levels with a slight but significant decrease 
in CSF Aβ42 after 4–6  h, which tended to return to baseline 
levels after 24 h. A possible reason for these results is that, as 
opposed to Bateman et al., a smaller CSF volume was taken; this 
could have led to a minor impact on the CSF dynamics. Slats 
et al. also found no diurnal variation in CSF dynamics during 
a 36-h sampling (6  ml per hour) (62). They investigated the 
within-subject variability over 36 h in CSF Aβ 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 

range] and six healthy older volunteers (64–77 years) underwent 
insertion of an intrathecal catheter from which 6  ml of CSF 
were collected each hour for 36  h. Variability of CSF Aβ40, 
Aβ42, t-tau, and p-tau concentrations was lower than expected 
and the diurnal variation was not as wide as in the younger 
subjects in Bateman’s study. The most recent study was led by 
Moghekar et al. in a cohort of older mildly symptomatic indi-
viduals to determine whether CSF biomarkers of AD fluctuate 
significantly over time (63). Ten patients suspected of having 
idiopathic normal pressure hydrocephalus or pseudotumor 
cerebri were recruited. Intracranial pressure monitoring and 
CSF drainage represented part of their routine clinical care. 
Most of the patients had relatively modest cognitive problems 
associated with their suspected diagnosis (MMSE score range 
20–30). Clinical diagnoses of dementia and MCI were based on 
informant history as well as cognitive testing, without knowledge 
of AD biomarker levels. All patients underwent insertion of a 
catheter into the lumbar subarachnoid space on the first day of 
hospitalization. After monitoring of intracranial pressure for 
18 h, drainage of CSF was initiated at noon the following day. 
Collection of CSF for analysis started at 6 p.m. on the first day 
of drainage (the second hospital day). Forty milliliters of CSF 
were withdrawn from the lumbar catheter every 6 h for 24 or 
36 consecutive hours and then stored at –80°C until further 
analysis. The levels of Aβ42, Aβ40, total tau, and p-tau, although 
significantly different between the patients, did not fluctuate 
appreciably over time. Significant fluctuations in Aβ did not 
occur in the patients with the highest CSF Aβ levels as well as 
in those with the lowest CSF Aβ levels. This study and the one 
from Bateman et al. have two major differences: age and health 
status of the population and sampling frequency. Population was 
significantly older and with ongoing neurological abnormalities, 
opposed to the young healthy subjects of Bateman’s study; still, 
the role of age is uncertain, since no great differences were found 
in the fluctuations of Aβ42 between the youngest and oldest 
patients in the cohort. The samples were collected every 6  h 
instead of each hour as in Bateman’s study; however, since the 
peak-to-peak variability for Aβ followed a 12-h cycle in the prior 
study, a significant level of variability would have been apparent 
in the latter study. All the results are summarized in Table 3.

Amyloid metabolism is characterized by several critical steps, 
which can cause variability in its CSF levels: production from cleav-
age of amyloid precursor protein (APP), degradation by proteases 
and microglia, and clearance by systemic circulation or lymphatics 
(64). However, up to now, none of these steps justifies the diurnal 
fluctuations of Aβ reported by Bateman, except for the diurnal vari-
ation in transcription, translation of APP, and regulation of the two 
secretases (beta or gamma secretase) that cleave APP to produce 
Aβ (65). In CNS, APP can be cleaved by either the β-secretase 
pathway or the α-secretase pathway: the first is amyloidogenic and 
generates soluble APP-β (sAPPβ) and Aβ; the second one is non-
amyloidogenic and causes the release of soluble APP-α (sAPPα). 
In 2014, Dobrowolska et al. measured APP proteolytic products 
over 36 h in the CSF of cognitively normal and AD individuals, in 
order to clarify the role of APP metabolism in α- and β- pathway 
balance and, consequently, in Aβ diurnal pattern. Diurnal fluctua-
tions were found in sAPPα, sAPPβ, Aβ40, and Aβ42, diminishing 
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TABLe 3 | Summary of the effects of diurnal variation on CSF AD biomarkers levels.

Reference 
#

Demographics Population 
size

Samples collection Assay effects of diurnal variation

(60) Non-demented subjects: 
23–78 years old

15 6 ml CSF from lumbar catheter Aβ determined with 
ELISA

Aβ varied significantly, showing an 
increase over a 36 h periodEach hour for 12, 24, or 36 h

CSF frozen at –80°C after collection in 
polypropylene tubes

(32) Healthy subjects 
undergoing knee surgery

14 10–12 ml CSF from lumbar puncture Aβ42 determined with 
xMAP-based assay

No significant diurnal variation, slight 
decrease in Aβ42 levels that tended to 
return to baseline after 24 h

Baseline, after 4–6 h, after 24 h
CSF frozen at –80°C after collection in 
polypropylene tubes

(62) Mild stage AD patients: 
59–85 years old; healthy 
volunteers: 64–77 years 
old

6 + 6 6 ml CSF from intrathecal catheter
During 36 h, each hour
CSF frozen at –80°C after collection in 
polypropylene tubes

Aβ42, t-tau, and p-tau 
determined with xMAP-
based assay. Aβ40 
determined with ELISA

No significant diurnal variation, 
less pronounced circadian pattern 
compared with the one in younger 
subjects

(63) Patients suspected of 
having idiopathic normal 
pressure hydrocephalus 
(n = 9) or pseudotumor 
cerebri (n = 1)

10 40 ml CSF from lumbar catheter
Every 6 h for 24 or 36 consecutive 
hours
CSF frozen at –80°C after collection in 
polypropylene tubes

Aβ42, total tau, and 
p-tau181 determined 
with xMAP-based assay.

No significant diurnal variation

Aβ40 determined with 
ELISA
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Biochemical markers have a central position in the diagnosis and management of patients
in clinical medicine, and also in clinical research and drug development, also for brain
disorders, such as Alzheimer’s disease. The enzyme-linked immunosorbent assay (ELISA)
is frequently used for measurement of low-abundance biomarkers. However, the quality
of ELISA methods varies, which may introduce both systematic and random errors. This
urges the need for more rigorous control of assay performance, regardless of its use
in a research setting, in clinical routine, or drug development. The aim of a method
validation is to present objective evidence that a method fulfills the requirements for its
intended use. Although much has been published on which parameters to investigate
in a method validation, less is available on a detailed level on how to perform the
corresponding experiments. To remedy this, standard operating procedures (SOPs) with
step-by-step instructions for a number of different validation parameters is included in the
present work together with a validation report template, which allow for a well-ordered
presentation of the results. Even though the SOPs were developed with the intended use
for immunochemical methods and to be used for multicenter evaluations, most of them
are generic and can be used for other technologies as well.
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Introduction

Biochemical markers (biomarkers) play a central role in the
decision-making in clinical medicine. Examples include making a
clinical diagnosis, initiating and monitoring treatment, predicting
prognosis or disease recurrence after treatment. Among brain dis-
orders, the Alzheimer’s disease (AD) field is in the good situation
that a panel of cerebrospinal fluid (CSF) biomarkers is at hand,
including the 42 amino acid variant of β-amyloid (Aβ42), total tau
(T-tau), and phosphorylated tau (P-tau), and have in numerous
studies been shown to have high diagnostic accuracy for AD also
in the early stage of the disease (1). Except for an increasing use
in clinical routine, these biomarkers are also used in clinical trials,
both as diagnostic and as theragnosticmarkers (2). Last, these CSF
biomarkers are applied in clinical studies on disease pathogenesis,
and many research reports present novel biomarker candidates.
The vast majority of such fluid biomarkers are low-abundance
proteins, for which antibody-based immunoassays, often in the
enzyme-linked immunosorbent assay (ELISA) format, is needed
to get enough analytical sensitivity. However, to get reliable and
reproducible results, rigorous control of assay performance is
essential, which also should be presented in a standardized format.

Validation of a method is the confirmation by examination and
the provision of objective evidence that the particular require-
ments for a specific intended use are fulfilled (3). It is important
as it defines whether it will produce reliable results in the context
of its intended use. This last item is sometimes overlooked; the
intended use of amethod needs to be carefully specified before any
time consuming and costly validation experiments are performed.
This notion is generic to any method. However, this paper will
now focus on the validation of methods used to determine analyte
concentrations in biofluids. The intended use for such a method
could be to use the outcome as a diagnosticmarker and in this case
some evidence should be in place showing that there is a disease-
dependent change in the analyte concentration in a biological
sample. Furthermore, the magnitude of the change should have
an impact on the acceptable variability of the method, i.e., if the
change is small the higher is the demand on the precision and on
the analytical sensitivity and specificity.

Much has been published on the topic of method validation
but a consensus protocol on how to perform the task is yet to be
found. This could be partly due to the fact that different analyti-
cal technologies have different requirements on which validation
parameters that need to be addressed or that local initiatives by
national societies in the clinical chemistry field were not discussed
and spread at international level (4). For example, carryover
should be investigated in a chromatography-based method while
it is not applicable in an ELISA. The aim of the present work
was to present straightforward step-by-step standard operating
procedures (SOPs) for the validation of methods in which an
analyte is determined in a biofluid matrix; the SOPs have been
developedwith the intention that they should be possible to follow
without any advanced prior training.

This work is themain deliverable of the sub-task “Development
of assay qualification protocols” in the BIOMARKAPD project
supported by the European Union initiative Joint Programme –
Neurodegenerative Disease Research. The BIOMARKAPD
project aims for standardization of biomarker measurements

for AD and Parkinson’s disease (PD), including pre-analytical
and analytical procedures, assay validation, and development of
reference measurement procedures (RMP) and certified reference
materials (CRM) for harmonization of results across assay formats
and laboratories. The work flow in the present project consisted
of writing draft SOPs for each parameter relevant to validation
of a method for determination of an analyte concentration in a
biofluid. Task members were then asked to review and revise the
SOPs, whereafter they were evaluated in at least three multicenter
studies. End-users commented on the draft SOPs, and, after an
additional round of reviews, final, consensus SOPs were produced
which form the core of the current report. All members of the
task were invited to critically revise the manuscript.

Full vs. Partial Validation

Standard operating procedures for 10 different validation param-
eters are presented. If a method is developed in-house, a full vali-
dation should be performed, meaning that all parameters should
be investigated. As a consensus agreement in the group, it was
decided that a partial validation of a commercial assay should
include all parameters except for robustness, which should have
been covered by the manufacturer during method development.
Even more limited partial validations may be eligible under other
circumstances. For example, if a validated in vitro diagnostic
(IVD) method is transferred to another laboratory to be run
on a different instrument by a different technician it might be
sufficient to revalidate the precision and the limits of quantifica-
tion since these variables are most sensitive to the changes, while
more intrinsic properties for a method, e.g., dilution linearity and
recovery, are not likely to be affected.

It is also advisable to have a dialog with the client/sponsor to
agree to what extent the method should be validated. Unfortu-
nately, the standard ISO 15189 (20), which is designed for clinical
laboratories, does not providemuch rigor by only stating that “The
validations shall be as extensive as are necessary to meet the needs
in the given application or field of application.”

Validation Report

If a laboratory is, or plan to be, accredited to some international
standard there is usually a high demand on documentation. For
example, in order to comply with the standard ISO 15189 “The
laboratory shall record the results obtained and the procedure
used for the validation (20).” To facilitate this and at the same time
allow for a well-ordered presentation of the results a validation
report template can be found in Data Sheet S1 in Supplementary
Material. The template has been adapted from a Swedish hand-
book onmethod validation (5), with the permission of the authors.
Below an outline of the 10 validation parameters is given and a
short definition of each are presented in Table 1. To aid in the
extraction of information from measurement data the Data Sheet
S2 in Supplementary Material can be used.

Robustness
Robustness or ruggedness is the ability of a method to remain
unaffected by small variations in method parameters. If the
instructions from the manufacturer of a commercially available
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TABLE 1 | Short description of the validation parameters for which SOPs are presented.

Parameter Definition Reference

1 Robustness The ability of a method to remain unaffected by small variations in method parameters (6)

2 Precision The closeness of agreement between independent test results obtained under stipulated conditions (7)

3 Trueness The closeness of agreement between the average value obtained from a large series of test results and an
accepted reference value

(7)

4 Uncertainty A parameter associated with the result of a measurement, that characterizes the dispersion of the values
could reasonably be attributed to the measurand

(8)

5 Limits of quantification Highest and lowest concentrations of analyte that have been demonstrated to be measurable with acceptable
levels of precision and accuracy

(6)

6 Dilutional linearity Dilutional linearity is performed to demonstrate that a sample with a spiked concentration above the ULOQ
can be diluted to a concentration within the working range and still give a reliable result

(6)

7 Parallelism Relative accuracy from recovery tests on the biological matrix or diluted matrix against the calibrators in a
substitute matrix

(6)

8 Recovery The recovery of an anlayte in an assay is the detector response obtained from an amount of the analyte added
to and extracted from the biological matrix, compared to the detector response obtained for the true
concentration of the analyte in the solvent

(9)

9 Selectivity The ability of the bioanalytical method to measure and differentiate the analytes in the presence of
components that may be expected to be present

(9)

10 Sample stability The chemical stability of an analyte in a given matrix under specific conditions for given time intervals (9)

assay does not contain any information indicative of a robustness
assessment the manufacturer should be contacted and asked to
provide this information since it is likely that such data is available
given that the method development was sound. In case of an in-
house method, the robustness should be investigated as a part of
themethod development and the results should be reflected in the
assay protocol before other validation parameters are investigated.
The reason for this is that a validation is linked to an assay protocol
and changes in the latter might demand a new validation to be
performed.

Procedure
1. Identify critical parameters in the procedure, e.g., incubation

times and temperatures.
2. Perform the assay with systematic changes in these parameters,

one at the time, using the same set samples at each occasion.
3. If the measured concentrations do not depend on the changes,

adjust the protocol by adding appropriate intervals, e.g.,
30± 3min or 23± 5°C, to the critical parameters.

4. If the changes systematically alter the measured concentra-
tions, lower the magnitude of the changes until no dependence
is observed. Incorporate the results into the protocol.

Note: if many critical steps are identified the number of exper-
iments can be reduced using dedicated software, e.g., MODDE
(Umetrics) or published methods (10).

Precision
Precision is defined as “The closeness of agreement between inde-
pendent test results obtained under stipulated conditions” (7).
There are three different types of precisions depending on the
stipulated conditions and these are repeatability (r), intermedi-
ate precision (Rw), and reproducibility (R). Repeatability is the
variability observed when as many factors as possible, e.g., labo-
ratory, technician, days, instrument, reagent lot, are held constant

and the time between the measurements is kept to a minimum
as opposed to reproducibility conditions where all factors are
varied and measurements are carried out over several days. For
intermediate precision, all factors except laboratory are allowed
to vary and for clarity the factors changed should be stated in the
validation report. Repeatability is sometimes called within-run or
within-day precision while intermediate precision is also known
as between-run or between day repeatability.

Precision is difficult to quantify and it is therefore the inversely
related imprecision that is commonly reported. Asmeasures of the
imprecision it is usual to report both the SD and coefficient of
variation (%CV) for the different levels of the measurand inves-
tigated with the condition as a subscript, e.g., %CVRw. Analysis of
variance (ANOVA) is used in the estimation of the imprecision
and to facilitate in the calculations an excel file (Data Sheet S3 in
Supplementary Material) has been created using the formulas in
ISO 5725-2 (11).

Procedure
1. Collect samples with known high and low concentrations of

the measurand. Pool samples if necessary.
2. Make 25 aliquots of each sample and store at −80°C pending

analysis.
3. At day 1–5 measure 5 replicates on each sample. Note: the days

need not to be consecutive, only different.
4. Insert data, separate days on different rows, in the excel file

Data Sheet S3 in Supplementary Material that calculates the
mean value, SD, %CV for both the repeatability and interme-
diate precision.

Five samples with different levels have been suggested as a
general rule to cover a wide measuring range (7). However, it can
be argued that if the levels are chosen with care, for example, one
above and one below the decision limit, two samples might be
enough. In addition, it is not always possible to obtain samples
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covering a wide range, e.g., when levels in patients and controls
do not differ much or when these levels are still to be defined. If
large volumes of the samples are available, more aliquots than the
ones needed for the precision measurements can be prepared for
use as internal quality control samples when the method has been
put in service.

Other experimental schemes than the one suggested under
points 2–3 in the procedure are possible, e.g., 12 replicates on
1 day and 3 replicates on 4 different days, or as the Clinical and
Laboratory Standards Institute recommends, 2 separate runs on
20 days (total 40 runs) (12). The latter scheme will allow for more
different factors to be explored, which will give a better estimate
of the variability. At the same time, it is very impractical and
expensive if the method is, e.g., a commercial ELISA kit where
the number of calibrator curves that can be constructed in each
kit-package is usually very limited.

Trueness
Trueness is defined as “The closeness of agreement between the
average value obtained from a large series of test results and
an accepted reference value” (7). Ideally, the reference value is
derived directly from a CRM or from materials that can be traced
to the CRM. The quantity in which the trueness is measured is
called bias (b), which is the systematic difference between the test
result and the accepted reference value.

Procedure
1. Given that there exists a CRM, calculate the bias (bCRM) using

formula (1) where the measured mean value (X) is calculated
from five replicates and xref is the assigned reference value.

2. If there exists an external quality control (QC) program, but
no CRM, the bias (bQC) is calculated as the mean value of
the deviations from the assigned QC values using formula (2).
Note: the biasmight be concentration-dependent and therefore
bQC should preferably be calculated using a longitudinal QC
sample.

Formulas

bCRM = X- Xref (1)

bQC =
∑n

i=1 (Xi − XQCi)
n (2)

where n is the number of measurements, xi is the value measured
in the laboratory, and xQCi is the value from the ith sample in the
QC program.

Once the bias is determined, it can be used to compensate the
measured concentration resulting in a method without systematic
effects (8). If the bias is constant over themeasurement interval the
bias is simply subtracted from themeasured value and if the bias is
proportional to themeasured concentration the correction is done
by multiplication of a factor determined from bias evaluations
at different concentrations. Alternatively, the calibrators can be
assigned new values to compensate for the bias. The total bias is
the sum of two components originating from the method and the
laboratory, respectively. When a CRM is available, manufacturers
are obliged to calibrate their method against materials traceable to
the CRM and then the total bias should in principle be equal to
the laboratory bias.

Uncertainty
The intermediate precision provides information about the dis-
persion characteristics of the results within a laboratory with no
regard to the true value of a measurand in a sample. There-
fore, in the absence of a CRM, the measurements rather deliver
relative concentrations as opposed to absolute ones that can be
achieved if the calibrators were traceable to a CRM. However, if
different methods can be used for quantifying the same analyte
and if a universal cutoff value is warranted there is a need for a
CRM that can be used by the kit manufacturers to calibrate their
methods against, in order to minimize the bias. This will also
enable calculating absolute concentrations but the uncertainty
in the results must then include not only the uncertainty from
the method but also the uncertainty of the assigned value for
the CRM.

Procedure
1. Given that there exists a CRM, calculate the combined uncer-

tainty (uc) from the standard uncertainty of the precision
(uprecision) and the CRM (uCRM) using formula (3). Note: both
uprecision and uCRM have to be SDs. Note: this way of calculating
the uc assumes that the bias has been adjusted for as outlined in
the trueness section above. Note: the results from the precision
measurements can be used as an estimate of the uncertainty,
e.g., uprecision = sRW.

2. Calculate the expanded uncertainty (U) using formula (4).
Note: the coverage factor (k) is set to 2 for a confidence interval
of approximately 95%. Note: the coverage factor for a given
confidence interval is dependent on the degrees of freedom.
Details on this and coverage factors for other confidence inter-
vals can be found elsewhere (8).

Formulas

uc =
√

(uprecision)2 + (uCRM)2 (3)

U = k · uc (4)

Limits of Quantification
The working range for amethod is defined by the lower and upper
limits of quantification (LLOQ and ULOQ, respectively). At least
for the LLOQ, there is more than one definition and these can
be classified as either determined based on the signals from the
instrument or the calculated concentrations from samples. For the
former, a number of blank samples are analyzed and the average
and SD of the signal are calculated (13).

Procedure
1. Run 16 blank samples (immunodepleted matrix or sample

diluent)
2. Calculate the mean and SD of the signal.
3. Determine the concentration based on a signal of 10 SDs above

the mean of the blank. Note: this procedure gives only the
LLOQ but not the ULOQ.

To determine the concentration based on a signal the inverse
of the calibration function must be used. The two most common
models used in immunochemical calibrations are the four and five
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parametric logistic models. The four parametric function and its
inverse are:

Signal =
A − D

1 +
(Concentration

C
)B + D ⇔ Concentration

= C
(

A − D
Signal − D − 1

) 1
B

(5)

For the five-parameter logistic model the corresponding func-
tions are:

Signal =
A − D(

1 +
(Concentration

C
)B)E + D ⇔ Concentration

= C
((

A − D
Signal − D − 1

) 1
E

− 1

) 1
B

(6)

The parametersA–E should be available from the software used
for data acquisition and analysis.

Based on the concentrations the LLOQ and ULOQ can be
defined as the endpoints of an interval in which the %CV is
under a specific level with the option of a higher %CV at the
endpoints (9, 14).

Procedure
1. Analyze, in duplicates, samples with very low and very high

concentrations of the measurand.
2. Calculate the average concentration and%CVs for the samples.
3. Make a scatter plot of the %CV as a function of concentration

for all samples.
4. Determine the LLOQ by identifying the lowest mean level

above which the %CV< 20% for the greater majority of the
samples.

5. Determine the ULOQ by identifying the highest mean level
below which the %CV< 20% for the greater majority of the
samples.

Dilution Linearity
Dilution linearity is performed to demonstrate that a sample with
a spiked concentration above the ULOQ can be diluted to a con-
centration within the working range and still give a reliable result.
In other words, it determines to which extent the dose–response
of the analyte is linear in a particular diluent within the range of
the standard curve. Thereby dilution of samples should not affect
the accuracy and precision. At the same time, the presence of a
hook effect, i.e., suppression of signal at concentrations above the
ULOQ, is investigated.

Procedure
1. Spike three samples (undiluted) with calibrator stock solution,

as high as possible. Note: if possible, spike (undiluted) samples
with 100- to 1000-fold the concentration at ULOQ using the
calibrator stock solution. Biological samples can also be diluted
less than the prescribed concentration, if an assay allows to.

2. Make serial dilutions of the spiked samples, using sample dilu-
ent in small vials until the theoretical concentration is below
LLOQ. Note: the dilution should be performed using vials and
not directly in the wells of the ELISA plate.

3. Analyze the serial dilutions in duplicates and compensate for
the dilution factor.

4. Calculate for each sample the mean concentration for the
dilutions that fall into the range of LLOQ and ULOQ. More-
over, calculate for each sample the %Recovery for the cal-
culated concentration at each dilution. Note: the calculated
concentration for a dilution that fall into the range of LLOQ
and ULOQ should be within the acceptance criteria for the
precision defined in the “SOP for fit-for-purpose” as should
the calculated SD. Also, plot the signal against the dilu-
tion factor to investigate if the signal is suppressed at much
higher concentrations than the ULOQ of the measurand
(“hook effect”).

Dilution linearity should not be confused with linearity of
quantitative measurement procedures as defined by CLSI (15),
which concerns the linearity of the calibration curve.

Parallelism
Conceptually parallelism and dilution linearity are similar. The
major difference is that in the dilution linearity experiments the
samples are spiked with the analyte to such a high concentra-
tion that after dilution the effect of the sample matrix is likely
to be negligible. For parallelism, on the other hand, no spiking
is allowed but only samples with high endogenous concentra-
tions of the analyte must be used. However, the concentrations
must be lower than the ULOQ. The goal of investigating the
parallelism is to ascertain that the binding characteristic of the
endogenous analyte to the antibodies is the same as for the
calibrator.

Procedure
1. Identify four samples with high, but belowULOQ, endogenous

concentration of the measurand.
2. Make at least three, two-fold serial dilutions using sample dilu-

ent in reaction vials until the calculated concentration is below
LLOQ. Note: the dilution factor should be adjusted to obtain
concentrations that are evenly spread over the standard curve.
For example, dilution factor 10 if a standard curve includes
values between 0.1 and 200 pg/ml.

3. Analyze the neat samples and the serial dilutions in duplicates,
in the same run, and compensate for the dilution factor.

4. For each sample, calculate the %CV using results from neat
sample and the dilutions.

There are different views on what the acceptance criteria for
the %CV should be for showing the presence of parallelism. It has
been suggested that %CV≤ 30% for the samples in the dilution
series is enough (14, 16) while others advocate a lower level
of below 20% (17) or within the range 75–125% compared to
the neat sample (18). None of these suggestions, however, relate
the acceptance criteria to the precision of the method under
investigation.

Recovery
The recovery of an analyte in an assay is the detector response
obtained from an amount of the analyte added to and extracted
from the biological matrix, compared to the detector response
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obtained for the true concentration of the analyte in solvent
(9). A spike recovery test is conducted to investigate if the
concentration–response relationship is similar in the calibration
curve and the samples. A bad outcome of the test suggests that
there are differences between the sample matrix and calibra-
tor diluent that affects the response in signal. Data obtained
from this study could help to find a diluent mimicking the bio-
logical sample in which the calibrator and the native protein
give the comparable detector signals all along the measuring
range.

Procedure
1. Collect five samples were the concentrations of the measurand

have previously been determined and divide each sample into
4 aliquots.

2. Spike three of the aliquots, using calibrator stock solution,
to expected concentrations that are evenly distributed over
the linear range of the standard curve (low, medium, high).
Note: all additions should be in the same volume, preferable
<10% of the sample volume. The same volume of measurand-
free calibrator diluent must also be added to the neat sam-
ple (fourth aliquot) to compensate for the dilution. Note:
the theoretical concentration in the spiked samples should
be lower than the ULOQ. Different spiking concentrations
should be used to investigate possible dependency on the
amount of added substance. The low spike should be slightly
higher than the lowest reliable detectable concentration. Note:
alternatively, samples can be spiked after dilution if there
is limited availability of the calibrator and high working
dilutions.

3. Analyze both the neat and spiked samples in the same run.
Dilute each sample as advised for each assay to be used,

4. Calculate the recovery using formula (7). Note: acceptance
range for the recovery is usually 80–120%.

% Recovery =

Measured concentrationspiked sample
−Measuered concentrationneat sample

Theoretical concentrationspiked
× 100

(7)

Selectivity
Selectivity can be defined as “the ability of the bioanalytical
method to measure and differentiate the analytes in the presence
of components that may be expected to be present” (9). The
terms “selectivity” and “specificity” are often used interchangeably
while their significances are different. Selectivity is something
that can be graded while specificity is an absolute character-
istic. Specificity can be considered as the ultimate selectivity.
For this reasons, selectivity should be preferred and is the rec-
ommended terminology. Of the different validation parameters
the selectivity is in principle the only one for which a certain
amount of knowledge about the analyte and related substances
is demanded. For example, if the analyte is a peptide of a spe-
cific length do slightly longer or shorter peptides also give rise
to a signal in the assay? Do metabolites of the analyte or post
translational modifications of a protein analyte interfere with the
assay?

Procedure
1. Identify substances that are physiochemically similar to the one

that the assay is developed for.
2. Investigate to what degree the measurements are interfered

by spiking samples with substances identified in step 1. Note:
if information is available regarding the endogenous concen-
tration of an investigated substance the spiking concentration
should be at least two times the reference limit. Otherwise a
titration is recommended.

3. For antibody-based methods, an epitope mapping should be
performed.

Sample stability
Sample handling prior to analysis has the potential to dra-
matically influence the results of a measurement. For this rea-
son, it is important to investigate if different storage conditions
contribute to systematic errors in order to provide the clini-
cians with adequate sample collection and transport instructions.
The information gathered will also be useful once the sam-
ple reaches the laboratory, i.e., how it should be stored until
analysis or pending a possible need for a re-run. Examples of
factors that potentially affect the results of an analysis, but are
not included in the following procedure includes, sample tube,
type of plasma anticoagulant, gradient effects (concerns CSF
samples), centrifugation conditions, extended mixing, and diur-
nal variations. If data are not available on how these factors
influence the measurement the sample instructions should be
written in a way to prevent variations potentially induced by
these.

Procedure
1. Repeat the following steps for three independent samples,

preferably with different concentrations of the measurand
(low, medium, high).

2. Divide the sample into nineteen aliquots with equal sample
volume.
Note: it is important that every aliquot contains the same
sample volume and to use the same kind of reaction vials,
since unequal sample volumes may affect the concentration
of the measurand due to adsorption.

3. Place aliquots #1–6 at −80°C.
4. Thaw aliquots #2–6 and store again at −80°C.

Note: thaw for 2 h at room temperature and next store the
sample at least 12 h at −80°C for each freeze/thaw cycle.

5. Thaw aliquots #3–6 and store again at −80°C.
6. Thaw aliquots #4–6 and store again at −80°C.
7. Thaw aliquot #5–6 and store again at −80°C.
8. Thaw aliquot #5–6 and store again at −80°C.
9. Thaw aliquot #6 and store again at −80°C.

10. Thaw aliquot #6 and store again at −80°C.
11. At time point 0, store aliquots #7–12 at room temperature and

another six aliquots #13–18 at 4°C.
12. At time points t= 1 h, t= 2 h, t= 4 h, t= 24 h, t= 72 h,

t= 168 h, transfer one sample stored at each temperature, RT
and 4°C, to −80°C.

13. Store aliquot #19 at −20°C during 1month before transfer to
−80°C.
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14. Thaw all aliquots for a given sample simultaneously and
analyze them in duplicates in the same run.

15. Insert raw data of aliquots #1–19 (replicates of observed
concentrations) in the Excel file Data Sheet S4 in Supple-
mentary Material. The file calculates the mean value, SD,
and coefficient of variation (%CV) for both the observed
concentration and normalized concentration. Note: the SD
for the storage conditions and the freeze/thaw aliquots should
be within the acceptance criteria for the precision defined in
the fit-for-purpose.

The above conditions tested should only serve as an example
and the can be modified to better suit the environment and differ-
ent routine handling of samples at the individual laboratories.

Internal Quality Control Program

The experiments in a validation are usually performed within
a month time and therefore the results represent a kind of
snapshot of the performance characteristics of the method. To
ascertain that the quality does not degrade over time an inter-
nal quality control program should be initiated before the assay
is taken into service. The results from quality control sam-
ples should be used to determine if a run is accepted and
the objective multi rules presented by Westgard should be
used (19).

Summary

In the present study, we present SOPs for validation of assays
for biochemical markers together with a template for validation
reports. Although this study is part of a project on biomarkers
for AD and PD, the SOPs and validation report is generalizable
to biomarker assays in any field of clinical medicine. The main
focus for the presented SOPs has been on validation parameters
relevant to immunochemical methods such as ELISA and related
techniques for determination of the concentration of an analyte
in a biofluid. Still, many of the parameters are generic and the
SOPs could be used outside the realm of immunochemistry. It

should also be stressed that the procedures presented here are
practical suggestions on how to collect the information needed
to demonstrate that the requirements for a method are fulfilled.
As such, they could be used also by persons with limited expe-
rience in the field of method validation. We believe that vali-
dation of biomarker assays before introduction in clinical rou-
tine or implementation in clinical trials is essential to get reli-
able and interpretable results. Information on assay validation
is also important in research reports on novel biomarker candi-
dates.

Acknowledgments

This publication was funded by the Italian Ministry of Health;
theBundesministerium fürBildungundForschung,Germany; the
Netherlands Organization for Health Research and Development
(ZonMw); the Leading National Research Centre, Poland; the
Scientific and Technological Research Council of Turkey; Norwe-
gian Research Council; and the Swedish Research Council, and
is a part of the BIOMARKAPD project in the JPND programme
(www.jpnd.eu). SE was supported by the University of Antwerp
Research Fund and the Alzheimer Research Foundation (SAO-
FRA); the Agency for Innovation by Science and Technology
(IWT: www.iwt.be); the Research Foundation Flanders (FWO:
www.fwo.be); the Belgian Science Policy Office Interuniver-
sity Attraction Poles (IAP) program (BELSPO: www.belspo.be);
the Flemish Government initiated Methusalem excellence grant
(EWI: www.ewi-vlaanderen.be); the Flanders Impulse Program
on Networks for Dementia Research (VIND). PL received con-
sultation or lecture honoraria from Innogenetics, Roche, Beck-
man Coulter, AJ Roboscreen, and IBL International, and holds
a position of a visiting professor at the Medical University of
Bialystok.

Supplementary Material

The SupplementaryMaterial for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fneur.2015.00179

References
1. Blennow K, Hampel H, Weiner M, Zetterberg H. Cerebrospinal fluid and

plasma biomarkers in Alzheimer disease. Nat Rev Neurol (2010) 6:131–44.
doi:10.1038/nrneurol.2010.4

2. LleoA, Cavedo E, Parnetti L, VandersticheleH,Herukka SK, AndreasenN, et al.
Cerebrospinal fluid biomarkers in trials for Alzheimer and Parkinson diseases.
Nat Rev Neurol (2015) 11:41–55. doi:10.1038/nrneurol.2014.232

3. ISO/IEC 17025. General Requirements for the Competence of Testing and Cali-
bration Laboratories (2005).

4. Vassault A, Hulin A, Chapuzet E, Arnaud J, Giroud C; Membres Du Sous-
Groupe 2 Analytique De La SFBC. [Verification/validation of the performances
of analytical method]. Ann Biol Clin (Paris) (2010) 68(Spec No 1):247–94.
doi:10.1684/abc.2011.0562

5. Magnusson B, Örnemark U.Metodvalidering – Handbok för laboratoriet. Borås:
SP Sveriges Tekniska Forskningsinstitut (2012).

6. Lee JW, Devanarayan V, Barrett YC, Weiner R, Allinson J, Fountain S,
et al. Fit-for-purpose method development and validation for successful
biomarker measurement. Pharm Res (2006) 23:312–28. doi:10.1007/s11095-
005-9045-3

7. ISO 5725-1. Accuracy (Trueness and Precision) of Measurement Methods and
Results – Part 1: General Principles and Definitions (1994).

8. JCGM 100:2008. Evaluation of Measurement Data – Guide to the Expression of
Uncertainty in Measurement (2008).

9. Guidance for Industry. Bioanalytical method validation. Fed Regist (2001)
66:28526–7.

10. Plackett RL, Burman JP. The design of optimum multifactorial experiments.
Biometrika (1946) 33:305–25. doi:10.1093/biomet/33.4.305

11. ISO 5725-2. Accuracy (Trueness and Precision) of Measurement Methods and
Results – Part 2: Basic Method for the Determination of Repeatability and
Reproducibility of a Standard Measurement Method (1994).

12. CLSI. Evaluation of precision performance of quantitative measurement. meth-
ods; approved guideline-second edition. In: Wilhelm DM, editor. CLSI Docu-
ment EP05-A2. Wayne, PA: Clinical and Laboratory Standards Institute (2004).
p. 1–39.

13. Long GL, Winefordner JD. Limit of detection: a closer look at the IUPAC
definition. Anal Chem (1983) 55:712A–24A. doi:10.1021/ac00258a001

14. EMA. Guideline on Bioanalytical Method Validation (2011).
15. CLSI. Evaluation of the linearity of quantitative measurement procedures: a

statistical approach; approved guideline. In: Polgar PE, editor. CLSI Document

Frontiers in Neurology | www.frontiersin.org August 2015 | Volume 6 | Article 17999

http://www.jpnd.eu
http://www.iwt.be
http://www.fwo.be
http://www.belspo.be
http://www.ewi-vlaanderen.be
http://journal.frontiersin.org/article/10.3389/fneur.2015.00179
http://dx.doi.org/10.1038/nrneurol.2010.4
http://dx.doi.org/10.1038/nrneurol.2014.232
http://dx.doi.org/10.1684/abc.2011.0562
http://dx.doi.org/10.1007/s11095-005-9045-3
http://dx.doi.org/10.1007/s11095-005-9045-3
http://dx.doi.org/10.1093/biomet/33.4.305
http://dx.doi.org/10.1021/ac00258a001
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


Andreasson et al. A practical guide to immunoassay method validation

EP06-A. Wayne, PA: Clinical and Laboratory Standards Institute (2003).
p. 1–47.

16. Desilva B, Smith W, Weiner R, Kelley M, Smolec J, Lee B, et al. Recommen-
dations for the bioanalytical method validation of ligand-binding assays to
support pharmacokinetic assessments of macromolecules. Pharm Res (2003)
20:1885–900. doi:10.1023/B:PHAM.0000003390.51761.3d

17. Plikaytis BD, Holder PF, Pais LB, Maslanka SE, Gheesling LL, Carlone GM.
Determination of parallelism and nonparallelism in bioassay dilution curves.
J Clin Microbiol (1994) 32:2441–7.

18. Valentin MA, Ma S, Zhao A, Legay F, Avrameas A. Validation of immunoassay
for protein biomarkers: bioanalytical study plan implementation to support pre-
clinical and clinical studies. J Pharm Biomed Anal (2011) 55:869–77. doi:10.
1016/j.jpba.2011.03.033

19. Westgard JO, Barry PL, Hunt MR, Groth T. A multi-rule Shewhart chart for
quality control in clinical chemistry. Clin Chem (1981) 27:493–501.

20. ISO 15189:2003.Medical Laboratories – Particular Requirements for Quality and
Competence (2003).

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest. The Review Editor Selina Wray
declares that, despite being affiliated to the same institution as author Henrik
Zetterberg, the review process was handled objectively and no conflict of interest
exists.

Copyright © 2015 Andreasson, Perret-Liaudet, van Waalwijk van Doorn, Blennow,
Chiasserini, Engelborghs, Fladby, Genc, Kruse, Kuiperij, Kulic, Lewczuk, Mol-
lenhauer, Mroczko, Parnetti, Vanmechelen, Verbeek, Winblad, Zetterberg, Koel-
Simmelink and Teunissen. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordancewith
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org August 2015 | Volume 6 | Article 179100

http://dx.doi.org/10.1023/B:PHAM.0000003390.51761.3d
http://dx.doi.org/10.1016/j.jpba.2011.03.033
http://dx.doi.org/10.1016/j.jpba.2011.03.033
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


September 2015 | Volume 6 | Article 202101

Review
published: 29 September 2015
doi: 10.3389/fneur.2015.00202

Frontiers in Neurology | www.frontiersin.org

Edited by: 
Jesus Avila,  

Centro de Biología Molecular Severo 
Ochoa CSIC- UAM, Spain

Reviewed by: 
Jason Eriksen,  

University of Houston, USA  
Olga Calero,  

CIBERNED-Instituto de Salud  
Carlos III, Spain

*Correspondence:
 Marta del Campo,  

Neurochemistry Laboratory, 
Department of Clinical Chemistry, VU 

University Medical Center,  
PK1 Br016, De Boelelaan 1117, 

Amsterdam 1081 HV, Netherlands  
m.delcampomilan@vumc.nl

Specialty section: 
This article was submitted to 

Neurodegeneration, a section of the 
journal Frontiers in Neurology

Received: 05 June 2015
Accepted: 31 August 2015

Published: 29 September 2015

Citation: 
del Campo M, Jongbloed W, 

Twaalfhoven HAM, Veerhuis R, 
Blankenstein MA and Teunissen CE 

(2015) Facilitating the validation of 
novel protein biomarkers for 

dementia: an optimal workflow for the 
development of sandwich 

immunoassays.  
Front. Neurol. 6:202.  

doi: 10.3389/fneur.2015.00202

Facilitating the validation of novel 
protein biomarkers for dementia: an 
optimal workflow for the 
development of sandwich 
immunoassays
Marta del Campo1,2* , Wesley Jongbloed2 , Harry A. M. Twaalfhoven1,2 , Robert Veerhuis1,3 ,  
Marinus A. Blankenstein2 and Charlotte E. Teunissen1,2
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Different neurodegenerative disorders, such as Alzheimer’s disease (AD) and 
 frontotemporal dementia (FTD), lead to dementia syndromes. Dementia will pose a huge 
impact on society and thus it is essential to develop novel tools that are able to detect the 
earliest, most sensitive, discriminative, and dynamic biomarkers for each of the disorders. 
To date, the most common assays used in large-scale protein biomarker analysis are 
enzyme-linked immunosorbent assays (ELISA), such as the sandwich immunoassays, 
which are sensitive, practical, and easily implemented. However, due to the novelty of 
many candidate biomarkers identified during proteomics screening, such assays or the 
antibodies that specifically recognize the desired marker are often not available. The 
development and optimization of a new ELISA should be carried out with considerable 
caution since a poor planning can be costly, ineffective, time consuming, and it may lead 
to a misinterpretation of the findings. Previous guidelines described either the overall bio-
marker development in more general terms (i.e., the process from biomarker discovery to 
validation) or the specific steps of performing an ELISA procedure. However, a workflow 
describing and guiding the main issues in the development of a novel ELISA is missing. 
Here, we describe a specific and detailed workflow to develop and validate new ELISA 
for a successful and reliable validation of novel dementia biomarkers. The proposed 
workflow highlights the main issues in the development of an ELISA and covers several 
critical aspects, including production, screening, and selection of specific antibodies 
until optimal fine-tuning of the assay. Although these recommendations are designed 
to analyze novel biomarkers for dementia in cerebrospinal fluid, they are generally appli-
cable for the development of immunoassays for biomarkers in other human body fluids 
or tissues. This workflow is designed to maximize the quality of the developed ELISA 
using a time- and cost-efficient strategy. This will facilitate the validation of the dementia 
biomarker candidates ultimately allowing accurate diagnostic conclusions.

Keywords: novel biomarkers, dementia, CSF, eLiSA, workflow, guidelines, AD, FTD
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introduction

Advancing age is the greatest risk factor of dementias, such as 
Alzheimer’s disease (AD), dementia with Lewy bodies (DLB), and 
frontotemporal dementia (FTD). As life span increases, dementia 
will impose a huge social and economic burden with more than 
100 million of individuals predicted to suffer from dementia by 
2050 worldwide (1). Up to now, there are no adequate treatment 
options to halt progression of the various types of neurodegen-
erative diseases leading to dementia. To be able to tailor treat-
ment, it is important to determine the underlying pathological 
processes and the stage of progression of these processes at the 
individual level, before irreversible damage is done. Thus, there 
is a great interest in developing specific, sensitive, and practical 
tools to differentially diagnose and discriminate the different 
types of dementia in their earliest possible phase (i.e., AD, FTD, 
DLB, vascular dementia, etc.). Although the currently available 
cerebrospinal fluid (CSF) biomarkers for AD [i.e., amyloid β (Aβ), 
total Tau (t-Tau), and phosphorylated Tau (p-Tau) (2, 3)] have 
a high sensitivity and specificity for AD, there is still no test to 
effectively predict the development of AD in a pre-symptomatic 
stage (4). In addition, there are no biomarkers available for the 
diagnosis of other types of dementia, such as FTD or DLB (5). 
This can be partially attributed to the limited knowledge about 
the etiological factors underlying the neuropathology of the dif-
ferent disorders. Thus, there is an urgent need to unravel novel 
pathways and proteins in order to find new biomarkers reflecting 
the pathogenesis of the different dementia syndromes (i.e., AD, 
DLB, FTD), which will likely promote the development of novel 
alternative diagnostic and therapeutic strategies.

Global protein profiling by mass spectrometry (MS)-based 
proteomics has evolved as a new hypothesis-free (unbiased) 
avenue to optimally unravel new candidate protein biomarkers 
involved in different diseases, including neurodegenerative 
disorders (6). The sensitivity, speed, and the practicability of the 
different proteomics approaches has improved rapidly over the 
years (7, 8), leading to the discovery of an enormous number of 
biomarker candidates (9, 10). Most of the identified biomarker 
candidates have not yet been validated, which hampers their 
implementation in clinical practice (8). In order to facilitate the 
validation process, a coherent pipeline has been suggested for 
the development of novel biomarkers, which divides the overall 
process into four phases: discovery, qualification, verification, 
and validation (Figure 1) (11). Due to the high number of can-
didates identified in the discovery phase by unbiased proteomics 
[ranging between twenty and several hundred (10)], and the costs 
of assay development and validation, a prioritize selection of the 
discovered biomarker candidates should be performed (12) based 
on (i) the fold-change between control and disease cases, (ii) 
the possible relationship of the candidate with the pathological 
mechanisms, (iii) supporting literature, and/or (iv) the availabil-
ity of the reagents to detect a specific target.

Noteworthy, unbiased-MS can only analyze a limited number 
of samples which, together with the extensive sample preparation 
required, leads to high false positive rate (13). Thus, the subsequent 
qualification phase serves to identify the potential false positive 
candidates and to confirm the differential abundance of the 

Discovery
Identify candidate

Qualification
Confirm differential expression

Verification
Proof-of-concept

Validation
Clinical assesment

LC-MS/MS
Extensive sample processing

Phase Technologies Analytes Samples
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Immuno: ELISA, WB, IHC
Proteomics: MRM

Proteomics: MRM
Immuno: ELISA
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FiguRe 1 | Pipeline reflecting the development on novel protein 
biomarker candidates. Biomarker development pipeline is divided into four 
main phases. Biomarker development starts with a low throughput screening 
of samples in the unbiased phase to a high throughput analysis in the latest 
clinical validation stage, where hundreds to thousands of samples are 
evaluated for the clinical assessment of the biomarker candidate. “Analytes” 
and “Samples” refer to the number of different protein targets or samples, 
respectively, that are evaluated in each phase. LC-MS/MS, liquid 
chromatography tandem mass spectrometry; MRM, multiple reaction 
monitoring; IHC, immunohistochemistry; WB, Western blotting. Figure 
adapted from Rifai et al. (11).

selected proteins using an alternative targeted methodology (11). 
During verification, prioritized markers are specifically analyzed 
in a larger cohort of samples. Among all the different technologies 
that are able to detect a specific protein in the qualification and 
verification phases, targeted proteomics [i.e., multiple reaction 
monitoring (MRM)] is a compelling option due to the higher 
accuracy and sensitivity compared to unbiased MS-approaches 
(10, 14). However, those techniques may not be readily available. 
Alternatively, antibody-based techniques [i.e., Western blotting, 
immunohistochemistry, enzyme-linked immunosorbent assays 
(ELISA)] can be used for qualification and verification. Due to 
the unbiased nature of the discovery phase, however, the specific 
reagents needed may not be commercially available, which will be 
the next critical issue during the validation phase. During valida-
tion, the reliability of the corresponding molecule as a biomarker 
is tested with the use of a highly specific assay that allows high 
throughput screening of samples.

To date, the most accepted assay for biomarker validation is 
ELISA since it can measure numerous samples simultaneously 
with low variation (11). In addition, its use does not require highly 
qualified expertise or technology, allowing its implementation in 
every laboratory (14). Though different immunoassay formats 
are available, sandwich ELISA is the most common assay used in 
biomarker analysis due to its high specificity and sensitivity (15). 
In this format, the target protein will be detected using two dif-
ferent antibodies (capture and detection antibodies). For many of 
the candidate biomarkers, a commercially available assay will not 
exist and specific antibodies against the target of interest and/or 
the corresponding ELISA need to be developed. The development 
and optimization of an ELISA requires a careful design since a 
wide range of variables, ranging from the antibody specificity to 
the concentration and composition of the different reagents, can 
affect the final result and therefore the validity of the biomarker 
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candidate. Thus, a careful design can reduce the development 
costs and ineffectiveness, and will probably lead to more accurate 
analytical outcomes. Previous guidelines described either the 
overall biomarker development in more general terms (i.e., the 
process from biomarker discovery to validation) (11) or how to 
perform the ELISA procedure itself (15), but not the main issues 
regarding the development of optimal ELISA for novel protein 
biomarker candidates in CSF. Here, we suggest a step-by-step 
workflow (Figure 2) to facilitate the development of new ELISA’s 
and the validation of novel biomarker candidates based on the 
literature available and our own best practice. In each step, differ-
ent key issues need to be tested (Table 1). An estimated time-line 
for every step is also provided.

Antibody Design, Production, and Selection

Antibody Design
The specificity and sensitivity of the antibody are the critical 
determinants defining the quality of an ELISA (16). It is essential 
that the antibodies used in the ELISA recognize the native protein 

or protein fragments in order to avoid sample processing and 
minimize variation of the final outcome. Noteworthy, the samples 
used to discover biomarker candidates are denatured, reduced, 
and trypsinized prior to analysis for the proteomics workup. 
Thus, the results of the unbiased approach provide information 
about unique peptides derived from proteins that are differently 
regulated between clinical groups. It is therefore important to 
have information about the protein characteristics, such as its 3D 
structure, hydrophobicity, post-translational modifications, and/
or binding sites. For instance, an antibody developed against an 
epitope detected in the proteomics study that belongs to a highly 
hydrophobic or glycosylated part of the protein may not be suit-
able for ELISA since the corresponding epitope is masked under 
native conditions (17) (Figure  3A). Protein characteristics are 
accessible in different databases, such as the Universal Protein 
Resource (UniProt) or the protein data bank (PDB) (18, 19), but 
are also provided by companies specialized in antibody produc-
tion. In addition, a novel online platform named Protter is very 
useful to get an overall representation of the target protein in which 
different annotations, including previous proteomics results or 
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TAbLe 1 | Critical issues of biomarker immunoassays.
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1. Antibody production Antibody design: optimal epitope selection
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2. ELISA development Optimal antibody pair selection (titration 
checkerboard)
Assay set-up: concentrations, blocking buffers, etc.
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CSF, cerebrospinal fluid; LOD, limit of detection, LOQ, limit of quantitation, AUC, 
area under the curve, ROC, receiver operating characteristic. JPND-BIOMARKAPD 
guidelines published in this special issue by Andreasson and colleagues.
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the known protein characteristics (binding and transmembrane 
domains, post-translational modifications, or cleavage sites) are 
presented (Figure 3B) (20).

immunogen Selection
Based on the need to detect the native protein or protein frag-
ments during the analysis to avoid sample processing, the optimal 
immunogen for antibody production should be the purified or 
recombinant full-length protein (21). However, the production 
and purification of full-length proteins is usually time consum-
ing, costly and challenging from a technical perspective [i.e., 
aberrant protein folding, cells stress, solubility issues, etc. (22)]. 
In addition, the epitope recognized by the developed antibody 
might ultimately not be specific for the targeted native protein 
but rather to a general conformational state (17). Thus, it may be 
more effective to start antibody production using highly specific 
peptides. During peptide selection one should always consider: 
(i) the location of the peptide within the native protein and the 
post-translational modifications of the different epitopes within 
the protein to increase the chance that antibodies will detect the 
native protein and (ii) consider the peptide-ranges identified in 
the unbiased approach, since those are known to be differentially 
expressed in the clinical groups.

Polyclonal vs. Monoclonal Antibodies
It is important to decide whether to use and produce polyclonal 
or monoclonal antibodies, which have their own advantages and 
disadvantages (23). Monoclonal antibodies are usually used in 
ELISA since, unlike polyclonals, they benefit from being derived 
from an indefinite source to produce exactly the same antibody 
(i.e., hybridoma cells), which significantly reduces batch-to-batch 
variation. Moreover, monoclonal antibodies are considered to be 
more specific than polyclonal since they recognize a single epitope. 
Nevertheless, if a small peptide is used for animal immunization 
(i.e., 15 amino acid), the different epitopes that the polyclonal 
antibodies can recognize are limited, equating the specificity 
between monoclonal and polyclonal antibodies. In addition, the 
time and thus the costs needed to produce monoclonal antibodies 

are considerably higher than those for polyclonal antibodies, 
which are therefore often chosen in early development stages. 
Rabbits are commonly used for polyclonal antibody production 
if there is no identified need for a specific animal species (i.e., 
remarkably large amounts of antibody needed) due to its easy 
handling, size, high titer, and high-affinity antiserum (24). Thus, 
we suggest starting with the production of polyclonal antibodies 
recognizing at least five different epitopes (one epitope per animal) 
within the protein. The affinity purification of the produced anti-
bodies will remarkably increase the chances of obtaining specific 
signals. Large-scale production of monoclonal antibodies can 
start once the most reactive antibody to the targeted biomarker 
in the desired matrix is defined and the optimal antibody pairs 
for ELISA are identified.

Whenever available, it is recommended to select commercial 
antibodies based on a demonstrated high specificity (by, e.g., 
Western Blot of CSF or brain tissue) and described suitability for 
ELISA. In this respect, several initiatives that provide information 
about the antibodies available and their validation procedure are 
currently ongoing, such as the Antibody initiative of the Human 
Proteome Organization (25) or the Swedish Human Proteome 
Resource Program (26). Production of polyclonal antibodies may 
last at least 2 months (Figure 3C).

Antibody Reactivity and Specificity
The specificity and reactivity of the different affinity-purified 
antibodies in different matrices (i.e., immunogen, CSF, tissue) can 
be tested using simple techniques, such as dot blot and Western 
blot. Some antibodies might be already excluded when no reac-
tivity is observed (Figure 4A). In order to optimally compare the 
data between the different experiments, it is recommended to 
define and select a specific set of samples to be used continuously 
as internal controls (positive control sample) (27). For instance, 
individual CSF samples can be pooled into the different clinical 
groups (i.e., controls and AD) and aliquoted in order to have 
a large number of the same sample available. Pre-analytical 
variables (i.e., freeze/thaw cycles, storage temperature) affect 
the measurements of the CSF biomarkers (28–30) and thus the 
final outcome of the analyses. It is therefore important to follow 
specific guidelines for storage and handling of the CSF samples 
used in order to minimize the effect of possible pre-analytical 
bias already in this stage of development (31, 32). Since CSF is 
likely reflecting the biochemical alterations ongoing in the brain 
(33), it is conceivable to find changes of the identified proteins 
in brain tissue as well. Thus, when available, it is recommended 
to include also post-mortem brain tissue homogenates as it usu-
ally shows highly reactive bands. Noteworthy, our experience is 
that the height of the specific bands identified in brain tissue 
homogenates on Western blot is not identical to those in the CSF.

Testing antibody specificity in human samples can be chal-
lenging due to the lack of “pure” positive and negative controls 
(i.e., human samples lacking/overexpressing the target protein). 
Different types of reagents can be used to define specificity such as 
the recombinant full-protein, cell lysates, and/or animal tissue in 
which the target protein is overexpressed and/or downregulated 
(21). However, final conclusions for the specificity in human CSF 
or post-mortem tissue based only on reactivity observed in cells 
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lysates or animal tissue must be drawn with due caution since this 
reactivity may not accurately represent the physiological form of 
the protein present in humans (21).

Antibody pre-adsorption with the antigenic peptide is also 
an easy and cost-effective alternative to test antibody specific-
ity. If the signal obtained by Western blot using the antibody 
against the target matrix (e.g., CSF) is specific, it should be 
abrogated or remarkably reduced when the antibody is blocked 
with the antigenic peptide and be unaffected if similar but not 
identical peptides are used (34, 35). Unmodified reactivity after 
antibody pre-adsorption is non-specific and may derive from 
secondary antibody interactions or by contamination with other 

antibodies in the antibody solution (i.e., when the antibody has 
not been optimally affinity-purified). The reduced reactivity 
after antibody pre-adsorption does however not provide direct 
evidence of the specificity of the antibody, since the binding of 
the antibody to non-target proteins will be also inhibited. Thus, 
while persistent reactivity after pre-adsorption will indicate 
that the antibody is bad, reduced reactivity does not guarantee 
that the antibody is good (21, 36). Nonetheless, the binding to 
non-target proteins is unlikely to happen when antibodies have 
been produced against a unique sequence for the target protein. 
Further indirect evidence of antibody specificity comes from 
the comparison between the different antibodies, which should 
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give a similar reactivity pattern (35). In addition, homologs of 
the target protein may exist. If the recombinant homologous 
protein/fragments or the antibodies against the homologous 
protein are available, it is recommended not only to compare the 
reactivities between the antibodies but also to test whether the 
newly developed antibodies targeting the biomarker candidate 
can recognize homologous proteins. Those analyses will help to 
rule out possible cross-reactivity.

Direct evidence of the specificity could be obtained via 
isolation of the proteins recognized by the antibody through 
immunopurification (IP) followed by mass-spectrometry 
analysis. Those analyses can however be costly and time 
consuming since larger amounts of human CSF samples are 
usually needed to obtain a meaningful signal and to prepare 
the negative controls (IP without antibody and/or with an 
irrelevant antibody), and protein isolation from the antibody–
protein complex may result difficult due to a strong binding.

Based on the resources available, a combination of the 
different approaches should be applied to determine the 
specificity of the different antibodies, as it was previously 
done for the monoclonal antibody that was subsequently 
used for a specific ELISA against Aβ40 and not to other Aβ 
forms (37).

Recognition of Specific Physiological Protein 
Forms
For a successful ELISA development, it is important to know 
the different possible conformational states of the target protein 
(monomers, dimers, aggregates) in the corresponding matrix 
(i.e., CSF) and thus samples should be analyzed under different 
denaturing and reducing conditions (Figure 4B). In addition to 
Western blotting, it is recommended to analyze samples via direct 
ELISA, in order to further test which antibodies are able to rec-
ognize both the recombinant protein/peptide and CSF in native 

conditions. At this stage, the type of ELISA plate should also be 
defined. The most common ELISA plate is the flat-bottomed 
96-well polystyrene microplate, which allows the adsorption of 
the antibodies to the well plate by hydrophobic interactions (low 
and medium binding). Nevertheless, high binding microplates 
are also available, in which the surface is modified by radiation 
to increase the binding strength between the antibodies and the 
plate (38).

Antibodies with proven specificity and ability to recognize 
the native protein in the human samples are the optimal ones for 
further immunoassay development. If no optimal antibodies are 
found, new antibodies detecting different epitopes should be pro-
duced. Usually, when good antibodies are produced, this phase 
will last approximately 3  months of one full-time equivalent, 
though it will also depend on the number of antibodies as well as 
the availability of all the reagents, samples, and expertise needed.

eLiSA Development

Antibody Pair Selection
A prerequisite for a good sandwich ELISA is that the two different 
antibodies (capture and detection antibodies) optimally match. 
Thus, the best antibody pairs able to detect the target CSF bio-
marker are identified by screening every possible combination. 
In order to avoid false positive measurements due to, e.g., direct 
reactivity between the antibodies, the optimal concentration 
of capture and detection antibodies for each combination has 
to be established. This can be done performing a checkerboard 
titration using the recombinant protein fragments/peptides (or 
full protein if available) at one fixed concentration (i.e., 0.5 μg/
mL) as a standard sample/calibrator (Figure  4C). As a start-
ing point, a concentration up to 2 and 10  μg/mL for capture 
and detection antibodies, respectively, can be tested. During 
the subsequent steps, it is recommended to always include the 
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standard calibrators and the pooled positive control CSF samples 
previously prepared (27).

Once the optimal antibody concentrations are established for 
each combination, both the standard sample and the CSF pools 
should be measured in serial dilutions to define which antibody 
pairs are able to detect the target CSF protein and the correspond-
ing standard in a dose–response manner. Dose–response reactiv-
ity gives a good indication that the antibody pairs are detecting 
the corresponding protein. Sample dilution experiments will 
unravel the standard curve range as well as the optimal dilution 
factor of the CSF. If dose–response reactivity is not acquired, this 
may indicate that the reactivity observed is non-specific. The 
source of the non-specific signal should be identified, which may 
arise among other possibilities from the detection system used 
(i.e., secondary antibodies) or an inadequate blocking buffer (see 
below). If the source of the non-specific signal is not identified 
and mitigated, the corresponding antibody pairs should not be 
used for further assay development.

Once results are successful, i.e., at least one or two positive 
antibody pairs are present, production of monoclonal antibodies 
recognizing the same epitopes can be considered. It is expected 
that the produced monoclonal antibodies will behave similar to 
the corresponding polyclonal due to the limited epitopes that 
were used for immunization of the latter. Depending on the 
number of antibodies to be tested and whether non-specific 
signal is detected, this phase may last from 3 to 10  months 
approximately.

Assay Set-up and Fine-Tuning
The different conditions and reagents used (i.e., incubation 
times, blocking buffers, assay diluent, secondary antibodies) can 
also play a critical role in the development of an ELISA (38). 
Blocking buffers are used to cover the unoccupied hydrophobic 
spaces of the ELISA plate wells once capture antibodies have been 
coated, reducing subsequent non-specific binding of the sample/
reagents to the well. Different types of proteins are commonly 
used as a blocking agents, such as bovine serum albumin, non-
fat dry milk, casein, normal serum, or fish gelatin, which can 
be diluted at different concentrations (ranging from 1 to 5%) in 
either phosphate- or tris-buffer saline (PBS or TBS). The differ-
ent types of buffers and different protein concentrations should 
be tested since very low amount of blocking agent can lead to 
high background while excessive concentration may mask the 
binding epitope of the antibody. PBS can reduce signal of anti-
phospho-epitope-specific antibodies, and in that case, TBS will 
be the first choice and should likewise be used for sample dilu-
ent. Non-ionic detergents can be added to the sample dilution 
buffer, such as Tween20 that disrupts low affinity protein–protein 
interactions and increases contact of the H2O-component of the 
buffer to the surface. However, when background is high, it is 
recommended to add the protein used for blocking to the sample 
diluent, though at a lower concentration. This detergent buffer is 
also used during the washing steps between the different incuba-
tions of an ELISA procedure, but usually without added proteins. 
Selecting the optimal diluent helps to keep the background low, 
this will lead to an increase of sensitivity of the assay and can 
reduce matrix effects.

In addition to the buffer requirements, one should select the 
detection system used to create a quantitative signal. Enzymes 
(i.e., Horseradish Peroxidase, alkaline phosphatase) are com-
monly used, which are attached to either the detection antibody, 
to a secondary antibody or streptavidin when biotinylated 
detection antibodies are used. The enzyme reaction will produce 
a specific color once the corresponding chromogenic substrate 
or fluorochrome has been added (i.e., 3,5,3′,5′-tetramethylbenzi-
dine, p-nitrophenyl phosphate). The amount of signal generated 
within the linear range of the assay is proportional to the activity 
of enzyme present and thus, to the concentration of the target 
protein.

Once the different buffers and reagents have been established, 
it is recommended to re-test the optimal concentration of the 
coating and detection antibodies, since the improvements 
achieved with the different conditions may allow one to reduce 
the antibody concentration. Taking into account that only 
optimal antibody pairs are tested in this phase, it may take a 
maximum of 3 months to establish the best conditions leading 
to the highest signal/noise ratio for each of the antibody pairs. At 
this stage, a small number of individual patient samples should 
be tested. If available, it is recommended to use the same samples 
that were used during the discovery phase in order to replicate the 
proteomics findings (qualification).

eLiSA validation

initial eLiSA validation
Once an optimal assay has been developed or when it is commer-
cially available, it is essential to test its analytical performance 
in the appropriate matrix (i.e., CSF) before assessing the clini-
cal utility of the corresponding ELISA (28, 37, 39, 40). Several 
parameters need to be established such as precision, limits of 
detection, recovery, or parallelism among others. Validation of 
the assay will unravel whether the developed ELISA is accurate 
and robust in measuring the real levels of the candidate bio-
marker or if, on the contrary, the obtained values are influenced 
by other independent factors (i.e., pipetting errors, matrix effects, 
pre-analytical confounding factors). For example, the developed 
ELISA should have an optimal recovery, which is the ability of 
the assay to measure the specific candidate within the (complex) 
matrix (i.e., CSF) (41). During spike-recovery analysis, CSF 
samples with known concentration of the candidate biomarker 
are spiked with high, medium, low, and none amount of the cali-
brator. A bad recovery indicates that the different components 
of the matrix (i.e., CSF) affect the ability of the assay to measure 
the real concentration of the target molecule, which will affect 
the trueness of the results. Bad recoveries may be optimized 
by either using a different assay buffer mimicking better the 
matrix of interest or by further diluting the matrix of interest. 
ELISA validation will help to identify the different factors that 
compromise the reliability of the assay, which should be solved 
in order to draw accurate conclusions regarding the diagnostic 
performance of the biomarker candidate.

Previous guidelines have been published highlighting the 
parameters that should be stablished for the general validation 
of assays with different purposes (27, 41–45). This special issue 

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


September 2015 | Volume 6 | Article 202108

del Campo et al.  Immunoassay development for protein biomarkers

Frontiers in Neurology | www.frontiersin.org

in Frontiers Neurology contains a step-by-step and consensus 
standardized operating procedure (SOP) for a thorough ELISA 
validation for biomarkers for neurodegeneration (Andreasson 
et  al.), developed by the members of the Joint Programming 
Neurodegenerative Disease (JPND) BIOMARKAPD (JPND-
BIOMARKAPD), a consortium aiming to standardize the bio-
marker analysis for Alzheimer’s and Parkinson’s disease across 
Europe (46).

The fulfillment of the different parameters established by the 
JPND-BIOMARKAPD consortium as described by Andreasson 
and colleagues suggests that the assay is accurately measuring the 
candidate biomarker in CSF and thus a proof-of-concept analysis 
(verification) can be performed with a small cohort of individual 
samples (approximately 20 samples per clinical group). In case 
that some of the parameters are not fulfilled, it is recommended 
to re-analyze and test some of the incubation times, reagents, 
and concentrations established during assay development. Even 
if no changes in the concentration of the biomarker candidate 
are detected between the different clinical groups, it is worth to 
continue with a full-assay validation, since the assay might also 
be useful for other research purposes besides biomarker valida-
tion. However, full validation can only be performed on the final 
version of the assay. Noteworthy, when other matrices are used 
(i.e., post-mortem tissue, cell culture supernatants, cell lysates), 
an additional validation should always be performed to confirm 
the suitability of the assay for the corresponding matrix. The time 
frame for the completion of this phase typically lies between 2 
and 8 months.

Full eLiSA validation
Once the new ELISA is fully developed, the novel assay should 
undergo an extensive validation for the targeted matrix in which 
other important parameters, including the reproducibility or the 
robustness of the assay, are tested as also indicated by Andreasson 
and colleagues in the current issue. The stability of the candidate 
biomarker under certain conditions should be also analyzed. 
Although the effect of pre-analytical variables have been likely 
minimized if the general guidelines for sample handling have 
been followed (31), some of the pre-analytical confounding fac-
tors should be specifically measured for the biomarker candidate 
to detect possible effects induced by different pre-analytical issues. 
Pre-analytical confounding factors include not only patient vari-
ables such as diurnal variation and fasting, but also processing 
factors such as the effect of freeze/thaw cycles and length of stor-
age at different temperatures (28, 32, 47).

Since samples need to be prepared for pre-analytical vari-
ability testing (including storage over long time), this phase can 
take between 4 months and even a couple of years for long-term 
storage. Although the fulfillment of a complete ELISA validation 
ensures that the assay is suitable to measure the targeted molecule 
in the validated matrix, it is important to note that assay valida-
tion is a continuous process since reagents are continuously being 
renewed (i.e., quality control samples, standards, primary, and 
secondary antibodies). Thus, batch-to-batch variations should 
be always analyzed, tracked, and reported and, if needed, valida-
tion should be re-tested and an internal quality control program 
should be initiated. Nevertheless, since biomarker validation is a 

continuous process, current guidelines and workflows will have 
to be revised and updated regularly.

Clinical Assessment of the biomarker

The different processes followed until this point allow to suc-
cessfully develop and to analytically validate an assay that can 
specifically and accurately measure the novel discovered CSF 
biomarker candidate. In this latest stage, the assay can be used 
for clinical validation of the biomarker for the intended purpose 
(i.e., diagnosis, prognosis, treatment efficiency). A considerably 
larger number of samples must be analyzed compared to the 
discovery phase and thus a power analysis should be performed 
in order to define the optimal group size. Specificity and sensi-
tivity of the corresponding biomarker should be calculated and 
the ability of the biomarker to discriminate between control and 
disease can be assessed using the receiver operating characteristic 
(ROC) curve and the area under the curve (AUC), alone and/
or in combination with currently used CSF biomarker tests (i.e., 
Aβ42, t-Tau, and p-Tau in AD) (48). According to international 
dementia biomarker criteria, a sensitivity and specificity of at 
least 85% is needed for a clinically useful biomarker (49). If a 
longitudinal study is performed, it might also be useful to assess 
the predictive value of the biomarkers that reflect the conversion 
from non-demented or mild cognitive impairment cases to the 
specific dementia with Cox proportional hazards models and 
Kaplan–Meier curves (50). When positive results are obtained, 
data should be independently replicated using larger cohorts, 
different populations and multi-center studies before its future 
possible implementation in routine analysis (51, 52).

Concluding Remarks and Perspectives for 
Future Assay implementation in Routine 
Analysis

There is a great need to develop specific, sensitive, and practical 
tools to differentially diagnose AD and related dementias in its 
earliest possible phase. The gold standard format for biomarker 
analysis is ELISA, which usually needs to be developed when 
a novel biomarker candidate is identified. In order to facilitate 
the development of a novel ELISA and ease the validation of the 
potential candidate CSF biomarkers, here we suggest a straight-
forward workflow for ELISA development, which we divided 
into four different steps (Figure  2). In each step, different key 
issues need to be tested (Table 1). When a commercial ELISA is 
available, the corresponding assay should be validated for its use 
in the corresponding matrix (i.e., CSF) (Figure 2, step 3). In the 
last steps, a clinical assessment of the biomarker candidate should 
be performed using the validated ELISA.

Once the optimal assay has been fully developed and validated, 
and the diagnostic utility of the corresponding biomarker has 
been solidly established, it will be necessary to initiate the phase 
that will ultimately lead to the implementation of the diagnostic 
assay in routine diagnosis, i.e., to establish an in vitro diagnostic 
(IVD) test. Such tests are preferably developed on an automated 
platform (53, 54), which will strongly reduce variation between 
centers allowing the establishment of cut-off values. In order to 
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implement in clinical practice, several governmental require-
ments need to be fulfilled, which can range from the reproduc-
ibility and stability of the analytical platform to proof of added 
diagnostic value of the discovered biomarker. The exact set of 
rules that need to be complied to implement an IVD test depends 
on the regulatory institution of each region, which is, for example, 
the 510(k) premarketing clearance oversight by the food and 
drug administration in United States (55) or the IVD Directive  
98/97/EC established by the European Commission (56).

Developing a successful ELISA for the validation of novel 
protein biomarker candidates starts by taking the right decisions 
during early stages of the development, for which we believe 
the workflow described in this paper will be a very useful aid.
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Targeted and Non-targeted 
Approaches
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Department of Neurosciences, Shiley-Marcos Alzheimer’s Disease Research Center, University of California, San Diego, 
La Jolla, CA, USA

The first biofluid markers developed for Alzheimer’s disease (AD) used targeted 
approaches for discovery. These initial biomarkers were directed at key protein constit-
uents of the hallmark brain lesions in AD. Biomarkers for plaques targeted the amyloid 
beta protein (Aβ) and for tangles, the microtubule-associated protein tau. Cerebrospinal 
fluid levels of Aβ and tau have excellent diagnostic utility and can be used to monitor 
aspects of therapeutic development. Recent research has extended our current concepts 
of AD, which now include a slow buildup of pathology during a long pre-symptomatic 
period, a complex cascade of pathological pathways in the brain that may accelerate 
once symptoms develop, the potential of aggregated proteins to spread across brain 
pathways, and interactions with vascular and other age-associated brain pathologies. 
There are many potential roles for biomarkers within this landscape. A more diverse 
set of biomarkers would provide a better picture of the staging and state of patho-
logical events in the brain across the stages of AD. The aim of this review is to focus 
on methods of biomarker discovery that may help to expand the currently accepted 
biomarkers. Opportunities and approaches for targeted and non-targeted (or −omic) 
biomarker discovery are highlighted, with examples from recent studies. How biomarker 
discoveries can be developed and integrated to become useful tools in diagnostic and 
therapeutic efforts is discussed.

Keywords: Alzheimer’s disease, biomarker, biofluid, amyloid, tau, synapse, proteomics

iNTRODUCTiON

Biomarkers have many potential uses in Alzheimer’s disease (AD), related neurodegenerative 
disorders and brain aging. Initial efforts to develop diagnostic biomarkers for AD were focused 
on the hallmark pathological lesions of senile plaques and neurofibrillary tangles. Amyloid beta-
protein (Aβ), an integral component of plaques, and the microtubule-associated protein tau, the 
major protein found in tangles, were detected in cerebrospinal fluid (CSF). Sensitive enzyme-
linked immunosorbent assays (ELISAs) were developed to selectively detect pathogenic forms of 
Aβ (Aβ42) and tau, with the later advent of assays for phosphorylated forms of tau (P-tau) (1–3). 
Different phosphor-epitopes of tau have been identified in CSF and are increased in AD, including 
tau phosphorylated at threonine181 (the form most commonly measured), serine 199, and serine 
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FigURe 1 | Biomarker discovery for Alzheimer’s disease – approaches.
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231 (4). Increased levels of P-tau are more specific for AD than 
other dementias and may add value in differential diagnosis (4, 
5). The profile of decreased Aβ42 and increased total tau and 
P-tau in CSF has high diagnostic value for AD (6) and has been a 
mainstay of AD biomarker research. Changes in CSF biomarkers 
are apparent in early symptomatic stages of AD, such as mild 
cognitive impairment (MCI) (7), and also occur pre-sympto-
matically (8). In these settings, the core biomarkers can provide 
prognostic information, for example, which patients with MCI 
may progress to AD dementia (7, 9–11). Also, studies have shown 
that patients with MCI or AD with higher baseline levels of CSF 
tau or P-tau (12, 13), and more recently higher baseline levels 
of the postsynaptic protein neurogranin (14) may show more 
rapid progression. This indicates the value of CSF biomarkers for 
predicting progression, e.g., for prognosis in preclinical stages of 
AD. Many forms of A-beta exist in CSF, and profiling N-terminal 
truncated forms was shown to increase prognostic value in MCI 
in one study (15).

Several themes that have emerged from AD research highlight 
the increased need for biomarkers, and also set the stage for how 
they may be used. First, AD is now viewed as a chronic and slowly 
progressive disorder, with a long buildup of pathology that pre-
cedes symptoms by a decade or longer (16). Also, among people 
with late-onset AD, autopsy studies highlight the frequent co-
occurrence of other brain pathologies, such as vascular changes 
(macro-infarcts, lacunes and micro-infarcts, amyloid angiopathy, 
arteriosclerosis, and microbleeds) and other protein aggregates 
(e.g., alpha-Synuclein and TDP43) (17, 18). These may contribute 
to dementia and can be difficult to detect during life. In patients 
with atypical presentations, such as younger onset of dementia, 
the clinical picture may not be clear, and biomarkers can provide 
pointers to underlying pathology. Finally, treatment interven-
tions for AD are shifting to earlier intervention, including stages 

of prodromal AD, where symptoms are mild, and most recently 
to prevention studies, where cognition falls within normal limits. 
Biomarkers have valuable roles to play in this pre-symptomatic 
stage to provide measures that may guide therapeutics. By meas-
uring several biomarkers in CSF through individual or multiplex 
assays, it may be possible to index a number of biochemical 
processes in the brain that are informative about AD and related 
neurodegenerative disorders simultaneously. This enhances the 
value of CSF sampling. This review will summarize the potential 
roles for biomarkers and how approaches to biomarker discovery 
can help to build a pipeline that will address these needs and 
inform risk assessment, diagnosis, and treatment (Figure 1).

SOURCeS OF FLUiD BiOMARKeRS

The most obvious source of biomarkers relevant to the brain is 
CSF, which bathes the brain and spinal cord. CSF biomarkers 
reflect overall brain biochemistry, and processes such as neuronal 
damage, synapse loss, and inflammation may result in detectable 
biomarker changes in CSF if they are extensive enough. CSF 
is sampled through the lumbar space and may have different 
concentrations of analytes compared to the ventricular CSF. 
Typically, analytes are more concentrated in lumbar CSF, as noted 
for Aβ40, Aβ42, and tau (19). The question of concentration 
gradients within the lumbar CSF arises for many analytes and 
needs to be studied – this is not a major problem for Tau, P-tau, 
and Aβ42. Blood derivatives, such as plasma and serum, are easier 
to access than CSF, but typically reflect the body as a whole. If a 
brain-specific protein crosses into the blood, it may be subject to 
dilution, the action of proteases, and clearance by the liver and 
kidney, rendering it difficult to detect. As a further complication, 
systemic features of AD, such as weight loss or lower physical 
activity may result in subtle changes in blood biomarker levels. 
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These are many of the reasons why it has been extremely difficult 
to identify a blood biomarker that directly reflects the state of 
neurodegeneration (20, 21).

There are other questions or areas where blood biomarkers 
may have utility. Some plasma or serum analytes may relate 
to traits that predispose to neurodegeneration, for example, 
biomarkers that may be influenced by susceptibility genes. If age 
or environmental risk factors related to dementia have systemic 
effects, then these may be evident through the analysis of blood 
biomarkers. Blood biomarkers are particularly helpful as meas-
ures of drug levels and can provide peripheral indices of target 
engagement. Blood cells, e.g., lymphocytes or leukocytes, may be 
used to derive immune signatures or measures of RNA expression 
that may be indices of susceptibility for AD. Plasma and blood 
biomarkers are influenced by genetic factors and a wide spectrum 
of environmental factors, for example, diet, systemic illness, 
and physical activity. A recent paper studied over 300 plasma 
analytes longitudinally in twins, and identified variability that 
could be attributed to all of these factors. These findings suggest 
that a search for peripheral markers for AD may be extremely 
complicated, because in addition to these variables, aging is yet 
another factor that may impact on levels of peripheral markers. 
Plasma levels of Aβ, including ratios between different forms 
of Aβ (such as the ratio of Aβ42/Aβ40) have been inconsistent 
across studies, are only weakly correlated with CSF levels of Aβ 
or with markers of amyloid brain imaging, and although they may 
have some predictive value for the development of AD, this is 
relatively low [reviewed in Ref. (22)]. Peripheral issue may be a 
source of pathological proteins if there are systemic features of a 
neurodegenerative disease. This has been identified in Parkinson’s 
disease (PD), where nerve endings can be stained for abnormal 
forms of alpha-synuclein in skin and salivary gland biopsy (23).

Regardless of whether a biomarker is measured in blood, CSF, 
or in biopsy material, data that shed light on how the biomarker 
is produced, released, cleared, and metabolized should be sought. 
To understand the biomarker comprehensively, it may require 
data from cell, model organism, and animal studies, as well as 
human biofluids and postmortem tissue. A recent development 
is the ability to study kinetics of CSF and plasma analytes by 
administering stable isotopes intravenously or orally to human 
subjects (24, 25). Examining the relationships between different 
types of biomarkers can also inform about pathogenetic pro-
cesses, for example, by correlating biofluid biomarker changes 
with neuroimaging markers. This also allows modeling of when 
the biomarker becomes abnormal and how it changes during the 
early course of AD (26).

eXPANDeD ROLeS FOR  
BiOMARKeRS iN AD

There are many potential roles of biomarkers for AD and neu-
rodegenerative disorders (Table  1). New biomarker discovery 
efforts need to take into consideration the current landscape 
of AD diagnosis and treatment efforts. The clinical diagnosis 
of typical AD by experts is often highly accurate; therefore, 
diagnostic biomarkers should be sensitive enough to help in 

early diagnosis, e.g., at stages of MCI or prodromal AD (27, 28). 
Because the sensitivity of CSF Aβ42, tau, and P-tau to discrimi-
nate prodromal AD from cognitively normal individuals is high, 
it may be challenging for additional biomarkers to improve on 
this. The differential diagnosis of unusual or atypical cases is a 
situation where biomarkers may clearly augment clinical judg-
ment. Evaluating whether non-AD pathology may be present is 
an important question, particularly in elderly individuals with 
cognitive problems, and additional biomarkers could be helpful 
if they inform about processes, such as alpha-Synuclein, TDP-43, 
or vascular brain pathology. Mixed pathology is often present in 
the brains of elderly individuals with dementia, and a biomarker 
panel that allowed clear prediction of the types of underlying 
pathology would be useful.

Therapeutic efforts for AD are shifting to earlier intervention, 
including studies of secondary prevention, and even primary 
prevention in people with genetic predisposition. Potential uses 
of CSF biomarkers in clinical trials for AD and PD were recently 
reviewed in detail (46). Neuropathology and clinical research 
have shown that there are preclinical stages of AD during which 
amyloid and tau pathology accumulates, before the onset of 
memory decline (47). This provides an opportunity to start 
treatment interventions with the goal of delaying the onset of 
AD. Changes in biomarkers may provide a clearer early readout 
from prevention studies than changes in cognitive measures. 
Biomarkers are critical to identifying the presence of amyloid or 
tau brain pathology in this situation. For studies of early inter-
vention, screening biomarkers, e.g., blood tests, that can improve 
the likelihood of detecting pathological brain changes through a 
more definitive test, such as molecular brain imaging and lumbar 
puncture, would be a great asset.

Biomarkers may help to improve the understanding of risk 
factors and mechanisms of disease. One would expect that 
causative or susceptibility genetic factors should be easy to link 
to biomarkers in biofluids. This has only been demonstrated 
in a few instances. For example, in AD, the APOE e4 allele has 
not yet been associated with a unique biomarker profile but 
modulates levels of the ApoE protein (48, 49). Inflammation 
plays a role in AD and other neurodegenerative disorders, and 
genetic variants related to the TREM2 gene increase the risk of 
AD and other dementias (50). In CSF, levels of a secreted soluble 
form of TREM were recently found to be decreased in AD (51). 
Other inflammatory biomarkers, such as secreted cytokines and 
chemokines, are unchanged or slightly increased in CSF in AD 
(52, 53). CSF biomarkers have been used as endophenotypes to 
discover genetic variants related to their levels, for example, CSF 
tau in AD (39), and CSF biomarkers related to inflammation 
(54). Genetic forms of non-AD dementia have provided clues 
for novel biomarkers. For example, inherited forms of fronto-
temporal dementia (FTD) due to mutations in the progranulin 
gene result in haplo-insufficiency with decreased production of 
granulin. Correspondingly, levels of granulin in plasma and CSF 
are markedly (and diagnostically) decreased (55). Burgeoning 
research on AD pathology has identified abnormalities in many 
biological processes, and it is likely that many pathogenic steps 
and events are occurring in a cascade (56). It may be feasible to 
develop biomarkers that can help to track many of these events, 
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TABLe 1 | Roles for fluid biomarkers in Alzheimer’s disease.

Roles in diagnosis, staging, and 
prognosis

examples of biofluid markers Comments Reference

Screening or diagnosis with a blood 
test

Plasma Aβ42/Aβ40 Weak predictive value Toledo et al. (22)
Not diagnostic

Multi-analyte test panels, e.g., phospholipids Initial good discrimination, needs replication Mapstone et al. (29), 
Sattlecker et al. (30)Multi-analyte protein screening (e.g., Somascan)

Plasma t-Tau Slight increase in AD; much overlap Zetterberg et al. (31)

Auto-antibody profile; peptoids Needs replication Reddy et al. (32), 
Nagele et al. (33)

Diagnosis of AD vs. control CSF Aβ42, t-Tau, P-Tau Validated extensively Skillbäck et al. (5)

Diagnosis of AD pathology at 
prodromal or MCI stage

CSF Aβ42, t-Tau, P-Tau Validated extensively Mattsson et al. (7)

Differential diagnosis CSF Aβ42, t-Tau, P-Tau Validated extensively Skillbäck et al. (5)

Predict progression, e.g., from 
control to AD, MCI to AD, and rate 
of progression in AD

High levels of CSF t-Tau, P-Tau Validated extensively Shaw et al. (10)
Ratios e.g., Aβ42/t-Tau
Low CSF Aβ42

Aβ42 alone does not predict AD progression 
rate

N-terminal truncated CSF Aβ42 MCI progression Vanderstichele et al. 
(15)

Neurogranin MCI progression Kvartsberg et al. 
(14)

YKL40 MCI progression, control progression when 
combined with Aβ42

Craig-Schapiro et al. 
(34)

Visinin-like protein-1 MCI progression; control progression 
especially when combined with Aβ42

Tarawneh et al. (35)

Diagnosis of non-AD disorders Few specific markers, but ratios and patterns help,  
e.g., very high tau in CJD; ratio of P-tau/T-tau in  
FTLD-tau; high neurofilament-L levels in vascular 
cognitive impairment, PSP and FTLD

Skillbäck et al. (36), 
Hu et al. (37)

α-Synuclein Decreased in Parkinson’s but sensitivity is 
not diagnostically useful

Parnetti et al. (38)

Understand genetic and other risk 
factors

CSF t-Tau, P-tau, Aβ42 ApoE protein, clusterin, 
inflammatory cytokines TREM-2

Genes or SNPs associated with AD genetic 
risk may relate to levels of CSF biomarkers

Cruchaga et al. (39)

Markers of pathobiology Neurogranin, SNAP-25 Many other potential pathways and 
processes may be reflected in CSFSynaptic damage Visinin-like-protein-1; t-Tau

Neuronal damage NFL
Axonal tracts Cytokines, chemokines, c3, YKL-40
Inflammation

Blood–brain barrier integrity and 
small vessel CNS ischemia

CSF: serum albumin ratio, IgG index, MMP 2, 3, and 9; 
NFL

Altered in vascular cognitive impairment Rosenberg et al. 
(40)

Roles in therapeutics examples Comments Reference

Preclinical drug development Aβ42, t-Tau, P-Tau Can be used to evaluate compounds in cell 
and animal models

Liu et al. (41), 
Jeppsson et al. (42)sAPPα and sAPPβ

Oligomeric forms of Aβ and Tau

Target engagement in 
pharmacodynamic studies

Aβ40 and 42 in CSF and plasma for gamma-secretase 
inhibitors

Has helped with dose finding Fleisher et al. (43)

sAPPα, sAPPβ, and Aβ for BACE inhibitors

Detailed studies of synthesis and 
clearance

SILK studies for Aβ metabolism Used to characterize detailed 
pharmacodynamics of anti-Aβ therapeutics

Bateman et al. (24)

Patient selection or stratification CSF Aβ42, t-Tau, P-tau Enroll patients with AD signature Coric et al. (44)

Identify toxicity Increases in CSF biomarkers of neuronal damage or of 
inflammation

Van Gool et al. (45)

Provide biological support for 
treatment effect

Changes in CSF Aβ-related biomarkers indicating target 
engagement and of t-Tau, P-Tau, or synaptic markers 
such as neurogranin in a direction indicating reduction of 
neurodegeneration

Changes in a group of markers could 
support anti-amyloid therapeutics

This table is not intended as a comprehensive listing, but shows representative biomarkers that can aid in diagnostic or therapeutic efforts. The biomarkers in this table are discussed 
in the text. The majority of markers are proteins discovered through candidate approaches, but there is room for an expanded suite of markers using diverse discovery approaches 
to improve our understanding of AD.
t-Tau, total tau levels; α-Syn, alpha-Synuclein; sAPP, secreted amyloid protein precursor; NFL, neurofilament light; TREM2, triggering receptor expressed on myeloid cells 2; MBP, 
myelin basic protein; MMP, matrix metalloprotease; BACE, beta-site APP cleaving enzyme 1; SILK, stable isotope kinetic labeling; CJD, Creutzfeld–Jacob disease; PSP, progressive 
supranuclear palsy; FTLD, fronto-temporal lobar degeneration.
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for example, microglial activation, inflammation, synaptic dam-
age, and dysfunction (discussed later). This approach, together 
with neuroimaging methods, offers an opportunity to build a 
more complete picture of neurodegeneration in living patients at 
different stages of disease.

There are many potential therapeutic applications of biomark-
ers in AD. These typically have involved targeted biomarkers. 
During preclinical development, screening for gamma-secretase 
inhibitors and modulators and BACE inhibitors in cell and animal 
models have obtained their readout by using assays for the same 
secreted forms of Aβ that are used in AD diagnosis (57–59). These 
assays can be further applied to animal models and in human stud-
ies to identify target engagement and pharmacodynamic effects. 
A more detailed application is through CSF catheter placement 
to sample CSF during 24–36  h. This has been extended using 
stable isotope labeling kinetics (SILK) to estimate the fractional 
production and clearance rates of Aβ from CSF (24). In clinical 
trials, CSF biomarkers may be used to select patients or to stratify 
treatment. For example, in trials that aim to enroll patients with 
MCI due to AD, requiring a baseline CSF biomarker profile can 
increase confidence that the study population has symptoms 
due to AD rather than other causes. Target engagement may be 
demonstrated for certain types of amyloid-related interventions, 
in particular, secretase inhibitors. For example, gamma-secretase 
inhibitors that were studied in human clinical trials (43) and 
Beta-secretase inhibitors (60) showed robust effects in decreasing 
secreted forms of APP as well as Aβ in early phase studies, and 
the gamma-secretase inhibitor semagacestat showed plasma bio-
marker evidence of target activation in a phase 3 trial (61). Mass 
spectrometry (MS) characterization has identified a specific Aβ 
peptide signature after BACE inhibitor treatment (60). However, 
it is more challenging to show target engagement by antibodies 
directed against Aβ, because these bind Aβ and alter its levels in 
CSF and plasma. As novel drug targets are identified, efforts to 
identify companion biomarkers that help to identify immediate 
and downstream effects of drug action should be pursued.

Changes in levels of tau and P-tau in CSF have been examined 
as prototypic AD biomarkers of neurodegeneration or neuronal 
damage, with the hypothesis that neuroprotective or disease-
modifying drug effects may result in a decrease of these markers. 
It is likely that profiling biomarkers more broadly could be more 
informative. For example, biomarkers that index aspects of pre- 
and postsynaptic change, microglial activation, and astrocytic 
responses combined with neuroimaging could provide greater 
insights into the dynamics and interactions of neurons and glial 
cells in response to interventions. In efforts to make a claim to 
support drug efficacy, biofluid biomarkers are expected to play 
a supporting rather than a primary role. For example, if one 
of the effects of a drug treatment is to slow neurodegeneration 
enough to produce a meaningful cognitive readout, biomarker 
changes could be used to identify which disease-related path-
ways have been affected. To better understand events during 
neurodegeneration or disease progression, further exploration 
using non-targeted −omic approaches is worth pursuing. A 
complicated situation arises if biomarker changes are present in 
the absence of an appropriate clinical readout; this could indicate 
that the drug hit its target and influenced biomarkers but this 

is ineffective clinically, or that the changes in the biomarker are 
ambiguous. For example, CSF P-tau levels have been shown to 
decrease significantly in patients who received bapineuzumab, 
with a trend for total tau to decrease, but this did not correlate 
with clinical efficacy (62).

APPROACHeS TO DiSCOveR 
BiOMARKeRS iN BiOFLUiDS

Protein and peptide biomarkers in biofluids have formed the 
mainstay of clinical diagnostic tests in AD and other neurodegen-
erative disorders. As discussed above, despite over two decades of 
research, we have identified only a small number of fluid biomark-
ers for AD. The currently available biomarkers of CSF Aβ, tau, 
and P-tau have problems with measurement and standardization 
issues (63) that have hindered their routine and widespread use. 
The development of quality standards, a MS assay, and second-
generation assays for these analytes are likely to improve this 
situation. As yet there are no established biomarkers for other 
neurodegenerative disorders and for vascular cognitive impair-
ment. In view of the complexity of AD, the coexistence of mixed 
pathology in late-onset dementia, and the increasing emphasis 
for early diagnosis of AD and other neurodegenerative disorders, 
the search for additional biomarkers is highly warranted. One 
challenge is that CSF and plasma both contain proteins whose 
concentration spans several orders of magnitude, and almost all 
other proteins are overshadowed in concentration by albumin. 
Methods to identify novel biomarkers, in particular, proteomics, 
have improved, allowing post-translational modifications to 
be sought, and low abundance proteins (members of the “deep 
proteome”) to be detected. Two main strategies for biomarker 
discovery have emerged, namely, targeted or candidate biomarker 
discovery, and multiplex or −omic approaches.

Targeted Approaches to identify and 
Develop Protein and Peptide Biomarkers
The search for targeted or candidate biomarkers for AD met 
with significant early successes. Based on the expectation that 
abnormal forms of Aβ and tau could be found in CSF, methods to 
detect forms of these proteins in CSF and plasma were developed. 
Many important and complex steps have been involved in under-
standing and translating these hallmark AD biomarkers. To start, 
assays that selectively detected the longer and more aggregation-
prone form of Aβ, Aβ42, were required. Total levels of Aβ in CSF 
were unchanged in AD, and the paradox that levels of Aβ42 were 
selectively decreased in CSF in AD (1) has been “explained” by 
aggregation of this peptide within the brain, leaving less to diffuse 
into the CSF. CSF levels of Aβ42 were later found to correlate 
inversely with the extent of fibrillar brain amyloid deposition as 
measured by amyloid PET imaging (64, 65). Although increased 
levels of CSF tau were present in AD relative to controls, why this 
occurred was not clear – CSF tau is not a marker of tangle forma-
tion, but is increased in situations of significant neuronal damage, 
for example, after acute stroke (66) or in Creutzfeld–Jacob disease 
(36). Assays for specifically P-tau also showed increases in AD, 
and CSF P-tau had higher specificity for AD than did increases 
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of total tau. Only a few studies have tried to identify the forms of 
tau that are released into CSF. These were found to be N-terminal 
fragments of tau, with little if any of the full-length protein present 
(67, 68). The mechanisms of the release of tau into CSF remain 
unclear. Although converging data across many laboratories 
and studies have confirmed the profile of decreased Aβ42 and 
increased total and P-tau in CSF, cutoffs vary across laboratories 
(63, 69). Extensive quality control efforts have helped to decrease 
the variability. There are new efforts under way to develop fully 
automated assays for these key analytes, which will dramatically 
improve standardization.

Selecting a candidate biomarker has several advantages. 
Defined biochemical pathways and pathological mechanisms can 
help to relate the candidate to AD or to another neurodegenerative 
disorder, which may help to “make sense” of findings regarding 
the biomarker. Tools for detecting candidate biomarkers may be 
available, and sensitive detection methods can be developed. As 
a recent example, tau is released into CSF after neuronal injury. 
Increased levels of tau can be detected in plasma using ultrasensi-
tive assay methods and were found to be transiently increased in 
boxers after bouts (70). Post-translational modifications of can-
didate biomarkers may also be sought and may provide markers 
related to mechanisms of disease. For example, phosphorylation 
is important in regulatory and signaling pathways and has been 
implicated in altering the solubility and promoting aggregation 
of proteins. P-tau (4) and alpha-synuclein (71) are detectable in 
CSF and may provide insights into processes relevant to AD and 
PD, respectively.

Although CSF Aβ42 and tau reflect certain steps of pathology 
in the brain, much attention has focused on small oligomeric 
aggregates of these proteins. Evidence suggests that oligomeric 
forms of Aβ may be the culprits responsible for toxicity (72–74) 
and also suggests that oligomers and aggregates of tau are spe-
cies that contribute to neurodegeneration and correlate with 
cognitive loss in postmortem studies (75, 76). Also, aggregated 
or oligomeric forms of Aβ and tau may contribute to propagation 
of pathology (77). Despite the development of sensitive assays 
that can detect extremely low levels of Aβ oligomers, these have 
not been consistently or reliably identified in CSF in relation to 
AD (78, 79).

Several further examples of recent candidate biomarker 
discovery highlight the continued value of candidate approaches. 
A candidate approach led to the identification of the neuronal 
calcium sensor protein visinin-like protein-1 in CSF, and levels 
were found to be increased in AD relative to controls and pre-
dicted progression from non-demented to mild dementia (35) 
Similarly, a candidate approach was recently used to identify the 
dendritic protein neurogranin, which is involved in long-term 
potentiation and calcium regulation, and is decreased and mis-
localized in brain tissue in AD. After initial characterization in 
CSF by HPLC and MS methods an ELISA was developed. Levels 
of neurogranin were reported to be increased in CSF in AD, 
even at the stage of MCI (80), and predicted progression from 
prodromal AD to dementia, as well as rate of progression of MRI 
change in AD (14). As a second example, genetic studies have 
implicated variation in the gene that encodes TREM2 as a risk 
factor in some patients with late-onset AD and later for other 

neurodegenerative disorders [reviewed in Ref. (81)]. Studies into 
the biology of cells derived from people homozygous for TREM2 
mutations revealed impaired secretion of a cleaved fragment of 
TREM2. Decreased levels of this fragment were detected using 
an ELISA in CSF samples from patients with AD (51). Another 
example is the measurement of levels of granulin to identify 
people with mutations in the progranulin gene that predisposes 
to FTD. Progranulin mutations result in haplo-insufficiency and 
therefore people who carry mutations have a marked decrease in 
levels of secreted granulin in plasma and CSF (82).

One further example of an important application of CSF 
biomarkers relates to blood–brain barrier (BBB) integrity. An 
increased CSF:serum ratio of albumin is an established index 
used for many years as an indicator of loss of BBB integrity, and 
together with the IgG index and measurement of myelin basic 
protein levels, has been used as a diagnostic aid in multiple sclero-
sis. More recently, other markers of BBB integrity have emerged, 
particularly in relation to vascular cognitive impairment, and 
analysis of matrix metalloproteases and neurofilament-light 
levels have been proposed to supplement the albumin ratio and 
increase the diagnostic utility for subcortical small vessel disease 
(40).

A broader targeted approach to discovery is to multiplex 
known assays in combination [e.g., Luminex panels of assays of 
secreted proteins; multiple reagent monitoring (MRM) methods 
to examine selected panels of analytes with spiked in calibrator 
peptides for quantitation]. Several studies in AD have used arrays 
or multiplex ELISA-type assays for known secreted proteins to 
identify biomarkers in plasma and CSF (83, 84). Findings have 
been inconsistent, and different panels of plasma biomarkers 
have emerged from different studies, depending on analytical as 
well as biostatistical methods. Some of the analytes measured in 
these panels of secreted proteins in CSF showed correlations with 
cognitive test scores (85), or neuroimaging changes (86) although 
a validated panel of markers capable of tracking progression in 
AD has not yet emerged. Data from these studies were used to 
examine genetic variation associated with CSF levels of 59 pro-
teins, and there were associations for proteins involved in inflam-
matory signaling (54). There are no validated CSF biomarkers for 
most non-AD dementias, although patterns of biomarkers, such 
as CSF P-tau181/total tau ratio, may be helpful in discriminating 
tauopathies from TDP43-associated FTLD disorders (37).

Targeted biomarker approaches have some disadvantages. 
Their detection and analysis need specific reagents, e.g., antibod-
ies with high affinity, and antibodies against different regions are 
typically required to enable quantitative assays to be established 
and post-translational modifications to be analyzed. Finally, 
carrying out serial studies of candidate biomarkers and run-
ning individual assays to obtain multi-analyte data can be time 
consuming.

Highly Sensitive Assays
Many analytes detectable in plasma or CSF occur at low levels. 
This can pose a challenge to routine methods of analysis, such 
as ELISA. Recent technological refinements have resulted in 
ultrasensitive assay methods, capable of quantitation over low 
picomolar or femtomolar levels of analytes (87). For example, 
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immuno-PCR, in which an oligonucleotide is conjugated to a 
detector antibody in a sandwich format, then amplified, has been 
developed and refined to allowed multiplex assays (88). Another 
refinement, single molecule arrays (SIMOA), which divides 
samples into microwells and allows higher detection of signal to 
background, has been used to identify changes in plasma Aβ in 
patients who had experienced cardiac arrest (89) and increases 
in serum or plasma levels of tau in professional athletes after 
concussion (90), in combat-related traumatic brain injury (TBI) 
(91), and in patients with major brain trauma (92). Plasma levels 
of tau are slightly increased in AD compared to controls but are 
not diagnostically useful (31).The general theme that measuring 
multiple analytes may paint a more detailed and clearer picture 
applies to the setting of TBI: recent studies have shown that bio-
markers of neuronal, axonal, and astroglial injury appear acutely 
after the injury, and that axonal markers such as neurofilament 
protein persist longer in plasma and CSF than markers such as 
tau (93).

Non-Targeted Approaches to Protein and 
Peptide Biomarker Discovery
Non-targeted approaches to biomarker discovery typically 
involve multiplex and −omic methods, which range from 
analyzing 10 to 100 analytes to performing large-scale unbiased 
proteomic or metabolomic screens. These approaches have the 
advantages of providing coverage of a wide range of potential 
biomarkers, and of identifying novel markers and mechanisms 
that may not have been obvious from pathogenic mechanisms 
or pathology. Also, analyses of interactions between markers, 
and of how markers relate to biological pathways, can be under-
taken. There are several challenges to conducting, analyzing 
and interpreting large-scale −omic studies. For single analyte 
assays, a great deal of effort typically goes into development, 
standardization, and quantitation. By contrast, the analytes in 
large-scale −omic or similar methods may not be accurately 
quantified across their dynamic range. Both plasma and CSF 
have a few dominant proteins, in particular albumin, which 
are orders of magnitude higher in concentration than the vast 
majority of proteins and peptides. Methods to deplete the most 
dominant proteins are often used in −omic studies, but these 
preparation steps may alter the proteome. It is encouraging that 
test–retest proteomic analyses after immunodepletion of major 
proteins in CSF from subjects who underwent repeated lumbar 
punctures about 1 week apart provided evidence for a reasonably 
stable proteome (94). Detecting truncated forms of proteins or 
post-translational modifications may be more difficult in −omic 
studies using biofluids. Study design and data analysis need to be 
carefully considered to take proteomic studies from the stage of 
description or annotation to searching for group differences and 
the complex series of downstream steps that may lead to identi-
fication of candidate peptides and potential markers (95, 96). It 
is easy to identify false positive biomarker hits when hundreds 
of potential markers are analyzed and multiple comparisons are 
made, therefore separate cohorts for discovery and validation are 
essential. When interpreting findings, it is important to consider 
what factors may have contributed to the significant group of 

analytes. For example, vascular disease often coexists with AD, 
and vascular risk factors may be over-represented in AD patients 
compared to controls. Especially for proteomic studies of plasma, 
it is important to take factors such as hypertension, diabetes, 
weight loss, and decreased physical activity into account during 
data analyses. As an example of the promise of proteomic studies, 
recent promising results were reported in a large-scale effort to 
identify potential biomarkers related to aging through proteomic 
analysis of plasma, and strategies used in this project are sum-
marized in Ref. (96).

Many non-targeted large-scale proteomic studies of CSF 
have been conducted in AD. It is interesting to note that Aβ42 
and tau have not been detected as AD biomarkers in proteomic 
analyses of CSF. Early methods of separation, such as 2-dimen-
sional gel electrophoresis (2DGE), resulted in detection and 
annotation of members of the CSF proteome, but few consist-
ent markers specific for AD appeared. An extension of 2DGE 
called DIGE uses different fluorescent labels for biosamples 
from different groups of subjects (e.g., controls and those with 
disease) and allows for subtle differences to be identified. This 
has resulted in the discovery of a few novel biomarkers for 
AD, notably YKL40, a molecule secreted by astrocytes whose 
levels are increased in CSF in AD (34). MS methods remain the 
workhorse of proteomics and have been refined and improved 
in recent years. Analyses of CSF have continued to expand 
the catalog of proteins detectable in CSF, and a recent study 
identified and annotated over 2,500 proteins, each identified 
by at least 2 unique peptides [Ref. (97); database available at 
http://129.177.231.63/csf-pr/].

Technical improvements in MS have greatly improved the 
reproducibility of sample runs. Isobaric labeling of peptides, 
followed by a MS pipeline, can be used to compare samples 
from different groups of subjects. An approach that resembles 
the methods used in DIGE yielded several candidate peptide 
biomarkers for AD (98). Other approaches have allowed 
targeted quantitative analysis of selected peptides, as well as 
multiplexing (99, 100). By spiking in samples with heavily 
labeled known peptides as calibrators, a series of analytes may 
be analyzed quantitatively, termed MRM or selective reaction 
monitoring (SRM). For example, an exploratory proteomic 
study using CSF from patients with familial AD and controls 
yielded a set of novel candidate biomarkers (101), but these 
have not been replicated. Another study examined a panel of 
39 candidate CSF biomarkers using MRM, and identified 4 
that changed over 12  months with progression of AD (102). 
Recent studies of PD have explored whether a panel of analytes 
monitored using MRM may have value in diagnosis or relate to 
cognitive impairment (103). A pipeline for incorporating SRM 
methods into novel proteomic biomarker discovery has been 
proposed and its feasibility was demonstrated in a mouse cancer 
model (104). The sensitivity of MRM is much higher than that 
of untargeted proteomics, but it still is easier to quantify more 
abundant proteins, and antibody methods for highly sensitive 
assays have advantages for lower abundance analytes. Another 
analytical approach, immunoprecipitation followed by MS, 
allows differently processed forms of the same protein to be 
measured in biofluid samples. This targeted approach of MS has 
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been used for the analysis of different forms of Aβ peptides with 
a variety of different N- and C-terminal amino acids and has 
provided signatures of the effects of BACE inhibitors on APP 
processing (60).

Novel approaches to multiplex detection, such as the use 
of aptamer-based assays or antibody arrays, have allowed the 
profiling of hundreds to over one thousand analytes simultane-
ously from small starting volumes of biofluid sample, although 
the data generated are not truly quantitative (105). Aptamer 
approaches to screen for plasma biomarkers for AD are under 
way and have shown some initial promise. For example, in one 
study, a panel of 13 proteins predicted AD with an area under 
the ROC curve of 0.7 (30). Other studies that used this tech-
nology have found differences between patients with MCI and 
AD compared to controls, but the specific analytes that were 
most highly predictive have differed across studies (106, 107). 
Aptamer technology has also been applied to identify members 
of the plasma proteome that are changed with aging. In an aging 
twin study that was followed by replication in several other 
cohorts, 13 plasma proteins were identified that showed robust 
changes with aging, some of which are growth factors (108). 
About 26% of the variability of the markers measured in twins 
could be explained by a heritable component. Understanding 
more about the biology of analytes that are detected by 
aptamer-based tests, and conducting replication studies will be 
helpful to advance this novel approach to protein biomarker 
identification.

Non-Protein and “Unconventional” 
Biomarkers
Antibodies directed against novel antigens have been sought 
in serum or plasma as diagnostic markers for AD. Results have 
not always been consistent, and biomarkers have not yet been 
established using this method. One approach is to look for 
antibodies against pathogenic proteins, such as different forms 
of Aβ, e.g., by screening plasma or serum using micro-arrays. In 
recent examples, studies that screened for novel conformational 
forms of pathogenic proteins or unknown antigens that may be 
diagnostically altered in AD, PD, or other disorders have used 
auto-antibody and peptoid approaches [e.g., Ref. (32, 33, 109)]. 
Although initial hits emerged from these studies have not been 
replicated and the approaches have not yet matured into readily 
usable assays.

Metabolomic approaches measure small molecules that are 
substrates or products of metabolic processes. Two analytical 
methods are typically used, namely MS, which can identify large 
numbers of metabolites but has slow throughput, and magnetic 
resonance spectroscopy (MRS), which has higher throughput 
but lower sensitivity. Several recent small-scale studies have 
been able to distinguish patterns in CSF samples from AD 
patients and controls (110, 111). These studies will require 
extension and replication. Methods to standardize acquisition 
of metabolomics data are needed in order for these to be able to 
be readily used by reference laboratories. Increased statistical 
rigor and the need for extensive replication strongly need to 
be applied to metabolomic studies (112). Lipidomic analyses 

have also been applied to AD, with inconsistent findings. One 
recent study identified a panel of lipid-related biomarkers in 
plasma that predicted conversion to AD (29). Although clini-
cal assessment, sample handling, and biomarker analysis were 
carefully standardized in this study, the number of subjects who 
progressed from normal cognition to impairment was small. 
This panel of biomarkers has not yet been replicated. Another 
lipidomic study identified changes in long chain cholesteryl 
esters in plasma that discriminated patients with AD and con-
trols, but lacked replication cohorts (113). Careful study design 
with large enough numbers and replication cohorts are essential 
to make progress in this area. Also, robust assay platforms will 
need to be developed that will allow a set of lipidomic assays to 
be routinely run as a mature assay.

Exosomes are a subset of microvesicles and are released 
from cells under physiological and pathological conditions and 
circulate in body fluids. Exosomes are smaller than micropar-
ticles, and are usually defined as <100  nM in diameter. This 
small size poses a challenge to current methods of detection 
using flow cytometry. Exosomes arise from intracellular 
microvesicular bodies, whereas microparticles originate from 
the plasma membranes of cells or from apoptotic bodies. 
Exosomes may be implicated in neurodegenerative disorders 
in altered intercellular communication, for example, by 
transporting microRNA (miRNA), or by contributing to 
the spread of misfolded proteins (114). Methods to isolate 
exosomes have not been well standardized, and commercial 
kits yield mixed populations of exosomes and other particles. 
Extracellular vesicles, including exosomes, are found in CSF 
and their proteome has been characterized (115, 116). To date, 
there are no clear diagnostic markers that distinguish AD 
based on CSF exosomes, but much work is ongoing. Recent 
reports have isolated and analyzed exosomes in plasma, after 
using an immunopurification step to isolate a subset that have 
surface markers suggesting their neuronal origin, such as L1 
cellular adhesion molecule (L1CAM) (117, 118). Subsequent 
protein analyses using ELISA identified differences in levels 
of AD protein biomarkers of Aβ42 and tau (118) between AD 
and controls. These are promising initial findings, but much 
further work is needed to replicate and extend the findings. For 
example, it is unclear how exosomes might traffic from the CNS 
to the bloodstream, and therefore whether these truly reflect 
neuronal pathophysiology. Also, the multiple steps necessary to 
isolate exosomes and then assay their contents poses challenges 
to assay standardization.

MicroRNAs are small RNA species that control gene expres-
sion by binding to sets of target mRNAs and may play roles 
in intracellular communication. They can be isolated from 
exosomes or directly from biofluids. There are technical prob-
lems in quantifying levels of miRNAs, and the development of 
methods and standards are still in their early stages. Studies in AD 
have identified profiles of miRNAs in CSF that may distinguish 
patients from controls but have been inconsistent across studies 
(119–121). Levels of miRNA levels are affected by the presence of 
cells, so that careful standardization will be necessary for studies 
using CSF (121). Studies of miRNA are reviewed in more detail 
in this collection of reviews (122).

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


December 2015 | Volume 6 | Article 256119

Galasko Expanded AD Biomarkers

Frontiers in Neurology | www.frontiersin.org

Peripheral cells, such as mononuclear cells and lymphocytes, 
as well as platelets have been the subjects of many types of bio-
marker studies in AD. The nature of these studies and the types 
of biomarkers that have been sought are too diverse to be easily 
summarized here. Although an enormous number of markers 
and biological processes can be interrogated using cells, to date, 
no consistent biomarker profiles have emerged that were subse-
quently widely replicated.

vALiDATiNg AND UNDeRSTANDiNg 
BiOMARKeRS

The initial validation of biomarkers requires the development of 
quantitative, sensitive, and reliable assays, and identifying pre-
analytical and analytical factors that may influence the levels 
that are measured (123). As examples of pre-analytical factors, 
for Aβ, polypropylene collection tubes are required, whereas 
for alpha-synuclein, measuring the extent of contamination by 
hemoglobin is important (124). Effects of storage, freeze–thaw 
cycles, and sample handling need to be carefully determined. 
Assay performance metrics, the type of analytical platform to be 
used, preparation and use of analytical standards and biological 
replicates also need to be standardized. Appropriately scaled 
clinical studies aimed at determining cutoff points, sensitivity, 
and specificity need to be conducted. Depending on the proposed 
use of the biomarker, longitudinal studies and postmortem con-
firmation of pathological features of brain pathology may add 
credence to claims for sensitivity and specificity. Meta-analyses 
or pooled analyses of multi-center data can provide information 
about effects of age and APOE genotype on CSF biomarkers 
(65). Assays typically progress through different stages of 
qualification. Much effort has gone into comparisons of A-beta 
and tau assays, including round robin efforts, which also were 
recently applied to MS assays for A-beta (125), and international 
quality control efforts. Next-generation assays for A-beta42, tau, 
and P-tau may help to decrease variability and to develop rigor-
ous and standardized cutoff points that are readily applicable 
across laboratories. Understanding the phenomena that the 
biomarkers are measuring goes beyond these validation steps 
that have been outlined, and it is a critical step in determining 
the use of biomarkers, particularly regarding therapeutic stud-
ies. As a sobering observation, although increased CSF levels 
of tau and P-tau are routinely detected in AD, the mechanisms 
whereby these biomarkers are released into the CSF are not well 
understood.

There are many opportunities to study genetics in relation to 
biomarkers, some of which have been discussed earlier. Large-
scale studies of patients with inherited forms of early onset 
AD are helping to expand the map and timeline of biomarkers 
(126). Because age is the strongest risk factor for sporadic AD, 
it is important to continue to study how biomarkers and related 
brain processes change during aging. As an example, studies of 
Aβ metabolism using SILK have shown that there are marked 
changes in parameters related to production and clearance of Aβ 
from the CSF in association with aging (127).

TOwARD AN eXPANDeD SUiTe  
OF BiOMARKeRS

Biomarkers in biofluids have provided several important 
insights into AD, and currently have a role both in diagnosis 
and in the development of therapy. An attainable future goal is 
to improve and standardize current assays for Aβ, tau, and P-tau 
to permit routine and widespread clinical use. Progress will 
continue to be made in the development of assays to allow early 
and pre-symptomatic detection of AD to facilitate therapeutic 
studies (128). An ambitious goal will be to identify biomarkers 
that predict who is at risk for beginning to developing amyloid 
deposition in the brain before these deposits arise. In the area 
of diagnostics, the development of multi-analyte panels that 
are able to provide indices of non-AD degenerative disorders 
and important biological processes will remain an important 
area of research. As an illustrative example, a recent study of 
a nine analyte panel of CSF biomarkers had good differential 
diagnostic ability to distinguish between atypical movement 
disorders, PD and AD (129).

For clinical trials, a suite of biomarkers to evaluate amyloid 
processing exists, but markers related to oligomers remain 
elusive. Biomarkers that inform about target engagement for 
other therapeutic areas, for example, tau therapeutics, require 
further development. Prognostic, predictive, and companion 
biomarkers have not yet been identified and can be sought in the 
context of longitudinal studies. Relationships between biofluid 
markers, brain imaging, and cognitive testing will help to refine 
the roadmap of progression along the way to dementia in AD, 
especially during preclinical and prodromal stages. The poten-
tial for plasma biomarkers to provide screening, diagnostic, or 
prognostic tools merits continued study, but the design and 
validation of a plasma biomarker may be more complex than for 
a CSF biomarker.

The growth of research and development of new tech-
nologies gives hope that we may be able to develop a more 
comprehensive suite of biomarkers to build a detailed picture 
of the brain, that may integrate markers related to different 
cell types, important cellular structures such as synapses, 
biological processes such as transport, lipid metabolism, and 
exosome release, and effects of damage, oxidative stress, and 
inflammation. Progress in these areas holds the promise of 
greatly extending the reach of biofluid biomarkers for AD and 
related disorders.
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Our understanding of the pathogenesis of Alzheimer disease (AD) has been greatly
influenced by investigation of rare families with autosomal dominant mutations that cause
early onset AD. Mutations in the genes coding for amyloid precursor protein (APP),
presenilin 1 (PSEN-1), and presenilin 2 (PSEN-2) cause over-production of the amyloid-β
peptide (Aβ) leading to early deposition of Aβ in the brain, which in turn is hypothesized
to initiate a cascade of processes, resulting in neuronal death, cognitive decline, and
eventual dementia. Studies of cerebrospinal fluid (CSF) from individuals with the common
form of AD, late-onset AD (LOAD), have revealed that low CSF Aβ42 and high CSF tau are
associated with AD brain pathology. Herein, we review the literature on CSF biomarkers
in autosomal dominant AD (ADAD), which has contributed to a detailed road map of
AD pathogenesis, especially during the preclinical period, prior to the appearance of
any cognitive symptoms. Current drug trials are also taking advantage of the unique
characteristics of ADAD and utilizing CSF biomarkers to accelerate development of
effective therapies for AD.
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Introduction

In 1901, Dr. Alois Alzheimer began treating Auguste D., a 51-year-old womanwithmemory loss and
hallucinations. Ms. D’s dementia progressed and she died at the age of 56. Upon histopathological
examination,Alzheimer found two types of abnormalities in the brain thatwere later termed amyloid
plaques and neurofibrillary tangles (1). Over a century later, when patients die with a characteristic
history of progressive cognitive decline and upon autopsy are found to have significant quantities
of amyloid plaques and neurofibrillary tangles, they are assigned the neuropathological diagnosis of
Alzheimer disease (AD). The vast majority of patients with AD develop dementia at age 65 or older.
Genetic studies of patients like Ms. D, who develop cognitive decline before age 65, have revealed
rare autosomal dominant mutations that cause AD (2). Recently, surviving samples from Ms. D
were subjected to genetic analysis and found to have a genetic mutation in presenilin 1 (PSEN-1)
(3), although there has been some controversy about this finding (4).

There is some concern that the pathogenesis of autosomal dominant AD (ADAD) may vary
from the common late-onset AD (LOAD). However, while there are certainly some differences
between ADAD and LOAD in terms of disease etiology, clinical features, and neuropathology, they
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share many characteristics including an abnormal pattern of cere-
brospinal fluid (CSF) biomarkers (Table S1 in Supplementary
Material). Although we cannot completely dismiss the notions
that the pathogenesis of ADAD and LOAD are distinct and that
findings from ADAD do not apply to LOAD, investigation of
families with ADAD have contributed enormously to our under-
standing of AD. Finding mutations that cause ADAD identi-
fied key molecules in the disease process (5–9). Transgenic mice
expressing human ADAD mutations revolutionized the field and
have been used to examine almost every aspect of the disease
(10). Recently, studies of CSF and brain imaging biomarkers have
helped establish the time course of AD-related brain changes in
individuals affected by ADAD, especially during the preclinical
stage, prior to the appearance of cognitive symptoms (11, 12).
Furthermore, after the failure of numerous drug trials to halt,
slow, or reverse cognitive decline in symptomatic individuals with
LOAD, clinical trials are now utilizing the unique nature of ADAD
and the data derived from these families to design prevention trials
for AD dementia in both ADAD mutation carriers (MCs) and
individuals at risk for LOAD, while they are still asymptomatic
(13, 14). Just as Ms. D’s genetic misfortune benefited the entire
field of AD research, it is likely that ADAD patients will lead us to
better treatments for all people afflicted by this disease.

Epidemiology

Alzheimer disease is the most common cause of dementia and,
in the United States, affects ~4.7 million individuals aged 65
and older (15). Less than five percent of AD patients develop
symptoms before age 65 and are classified as having early onset
Alzheimer disease (EOAD) (16). Even rarer are the <1% of AD
patients who carry mutations that cause ADAD with 100% pene-
trance who are distributed world-wide. Carriers of ADAD muta-
tions typically develop symptoms of dementia in their 30s to 60s,
depending on their specific gene mutation and the age of onset
within their family (17, 18).Much of our current knowledge about
ADAD and biomarkers of ADAD comes from two large studies:
the multi-center, international Dominantly Inherited Alzheimer
Network (DIAN) cohort, and the Alzheimer’s Prevention Initia-
tive (API) cohort that studies a large pedigree living in the state
of Antioquia in Colombia, South America. The DIAN cohort
includes carriers and non-carrier (NC) family members with
many different ADAD mutations, while the Colombian kindred
is likely descended from a single individual (19) and carries the
E280A mutation in the PSEN-1 gene.

Clinical Features

Regardless of whether patients develop symptoms of AD before
age 65 (EOAD) or after age 65 (LOAD), the typical first symp-
tom of brain dysfunction is progressive episodic memory loss
that slowly worsens over years (20). However, about 30–40%
of patients with early symptom onset either from non-familial
EOAD or ADAD have an increased frequency of atypical presen-
tations, such as impairments in non-memory domains, including
executive, behavioral, language, and visuospatial (21–23). PSEN-
1 MCs have been reported to be more likely to have headaches,
myoclonus, gait abnormalities, pseudobulbar affect, and spastic

paraparesis (24–26). Some mutations in the gene for amyloid
precursor protein (APP) cause severe cerebral amyloid angiopathy
(CAA), with resultant strokes and brain hemorrhages (27). These
clinical features are rarely observed in LOAD.

Neuropathology

The hallmarks of AD, regardless of the age at dementia onset
and its underlying cause (ADAD versus LOAD), are aggrega-
tion of the amyloid-β (Aβ) peptide into amyloid plaques and
region-specific development of intraneuronal neurofibrillary tan-
gles composed of hyperphosphorylated forms of the microtubule-
associated protein, tau (28). AD-affected brains also demonstrate
significant neuronal loss and associated neuroinflammation (29–
31), although these features are not specific to AD.

In addition to these classic pathologies, some ADADmutations
have been associated with neuropathological abnormalities not
typically seen in LOAD. For example, amyloid deposition has been
observed in the cerebellum of PSEN-1 E280A carriers (32), an
area not typically affected in LOAD. “Cotton-wool” type plaques
that are larger than typical plaques, lack congophilic cores and
have few associated dystrophic neurites (33) are often seen in
individuals carrying certain PSEN-1mutations (34). Some ADAD
mutations (notably in APP) result in severe CAA, which appears
histologically as deposition of Aβ40 in the blood vessel wall. The
specific pattern of CAA distribution in the brain depends on the
mutation (e.g., Dutch, Flemish, Arctic, Iowa, and Italian) (34).

Genetics and Pathogenesis

The genetics of ADAD have provided key insights into the molec-
ular pathogenesis of AD. The observation in 1984 that older adults
with Trisomy 21, also known as Down syndrome, develop the
brain changes of AD suggested that a genetic locus on chromo-
some 21 might be involved in AD (35). Indeed, the first ADAD
mutations were identified in the APP gene that resides on chro-
mosome 21, thus implicating amyloid as a key player in AD
pathogenesis (5–7, 36). We also now know that duplication of
the APP locus results in ADAD (37, 38), likely because of amy-
loid over-production. Following the discovery of APP mutations,
mutations in PSEN-1 (8) and the gene for presenilin 2 (PSEN-
2) (9) were identified and found to increase the amount of the
more aggregation-prone Aβ42 compared to Aβ40 (39). Later, it
was discovered that presenilin 1 is a critical component of the
γ-secretase enzyme complex that cleaves APP to form Aβ (40).
To date, 40 mutations in APP, 197 mutations in PSEN-1, and 25
mutations in PSEN-2 have been identified that cause ADAD (2).

Since ADAD mutations either increase total Aβ or increase
the ratio of Aβ42:Aβ42, amyloid has been hypothesized to be the
initiator of AD, an idea described as the “Amyloid Hypothesis”
(41). In further support of this hypothesis, amutationwas recently
discovered in APP that decreases Aβ production and lowers the
risk for AD (42). According to this hypothesis, initial deposition
of Aβ into amyloid plaques leads to downstream tau-related neu-
ronal pathology (tangles), neuronal injury, and subsequent neu-
ronal death, which is then manifested as cognitive impairment,
ultimately culminating in dementia at the end stage of the disease.
Data from neuropathological, brain imaging, and CSF biomarker
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studies in LOAD are consistent with this hypothesis (43–49), but
it has only been through study of ADAD that we have a more
precise knowledge of the timing of these changes during the early,
preclinical (presymptomatic) stage.

CSF Biomarkers in ADAD

Due to its high prevalence, the majority of AD biomarker studies
to date have evaluated individuals with LOAD.CSF levels of Aβ42,
tau, and phosphotau181 (ptau) (markers of amyloid, neuronal
injury, and tangles, respectively) have stood the test of time in
exhibiting both diagnostic and prognostic utility (50). Individuals
diagnosed with very mild or mild AD dementia have low levels
of CSF Aβ42 (51–54) that inversely correlate with the presence
of amyloid as visualized by positron emission tomography (PET)
(55–59). Concentrations of CSF tau and ptau are increased in AD
and have been shown to positively correlate (albeit to differing
degrees) with tangle load at autopsy (52, 53, 60) and regional brain
atrophy as defined bymagnetic resonance imaging (MRI) (61–64).
Whenpaired, the combination of lowCSFAβ42 andhigh tau/ptau
has been shown to be a strong predictor of future cognitive decline
in both early symptomatic (very mild dementia or mild cognitive
impairment, MCI) and asymptomatic individuals (55, 65–68).
However, while such analyses in individuals at risk for LOAD can

estimate the risk for decline, they cannot provide the information
that ismost useful for clinical care –where an individual falls along
the pathologic disease cascade or when an individual can expect
to develop symptoms of dementia.

In contrast, ADAD provides a unique resource for characteriz-
ing changes in CSF biomarkers, especially those that occur long
before the onset of dementia. With ADAD families, investigators
know if and when an individual will develop dementia. Mutations
have 100% penetrance, allowing investigators to know with cer-
tainty that an individual will develop AD. Furthermore, within a
given family, the age of dementia onset remains fairly consistent,
allowing researchers to calculate an estimated number of years
until symptom onset (EYO). The EYO construct permits evalua-
tion of biomarker concentrations as a function of where along the
disease trajectory an individual falls, independent of the actual age
of dementia onset of their parent (17).UsingADAD families, stud-
ies can examine biomarker levels in MCs and NCs at distinct time
points throughout the course of the disease, including the preclin-
ical AD interval many years prior to dementia onset. However,
the low prevalence of ADAD has historically created difficulties
in evaluating CSF biomarkers in these families. Most early studies
analyzed CSF from fewer than 10 MCs (69–71) (Table 1), and
with the exception of those evaluating the large Columbia kindred
(PSEN-1 E280A) (12, 72), most have pooled together carriers of

TABLE 1 | Studies examining CSF biomarkers in participants with autosomal dominant Alzheimer disease.

Study Mutation(s) Aβ42 Tau pTau Comments

Moonis et al. (69)
6 MC
6 Unrelated controls

PSEN-1 C410Y, PSEN-1 P242H,
and R352H

↓ N.S. Not tested MC EYO −8±3

Ringman et al. (74)
20 MC
9 NC

PSEN-1 A431E, PSEN-1 L235V,
PSEN-1 G206A, APP V717I

↓ (trend) ↑ ↑ MC EYO ~−12
NC EYO −9±12

Fortea et al. (70)
8 MC
5 NC

PSEN-1 L286P, PSEN-1 M139T ↓ (trend) N.S. N.S. MC EYO −6±10
NC EYO −7±9

Scholl et al. (71)
4 MC
7 Unrelated controls

APP KM670/671 NL, APP E693G,
PSEN-1 H163Y

↓ ↑ ↑

Reiman et al. (72)
10 MC
10 NC

PSEN-1 E280A (API) ↑ N.S. N.S. MC EYO ~−25
NC EYO ~−26

Ringman et al. (75)
13 MC
5 NC

PSEN-1 A431E, PSEN-1 L235V,
PSEN-1 S212Y, APP V717I

↓ ↑ ↑ MC EYO −12±10
NC EYO −6±14

Bateman et al. (11)
88 MC
40 NC

Many (DIAN) ↓ at EYO −10 and
closer to EAO

↑ at EYO −15 and
closer to EAO

Not shown

Thordardottir et al. (76)
10 MC
12 NC

APP KM670/671 NL, APP E693G,
PSEN-1 H163Y, PSEN-1 I143T

↓ ↑ ↑ MC EYO −7±9
NC EYO −7±12

Fleisher et al. (12)
32 MC
22 NC

PSEN-1 E280A (API) ↓ at EYO −25 and
closer to EAO

↑ at EYO −20 and
closer to EAO

↑ at EYO −18 and
closer to EAO

API, Alzheimer’s Prevention Initiative; APP, amyloid precursor protein; DIAN, Dominantly Inherited Alzheimer Network; EAO, estimated age of symptom onset; EYO, estimated years to
symptom onset; MC, mutation carrier; NC, mutation non-carrier (typically first-degree relative of MC); N.S., not significant; PSEN-1; presenilin 1.
Numbers in parentheses refer to associated reference.
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different mutations. Despite the relatively small sample sizes and
potential heterogeneity caused by pooling together individuals
with different mutations, the pattern of CSF biomarker changes
seen in ADAD MCs is remarkably similar to that observed in
LOAD, namely, reduced levels of CSF Aβ42 and elevated levels
of tau and ptau (Table 1; Table S1 in Supplementary Material).
The one exception is very young MCs (in their 20s, about 25 years
prior to AD symptom onset), who have elevated CSF Aβ42 (72).
This was hypothesized to reflect over-production of CSF Aβ42 in
ADAD MCs, which has more recently been confirmed directly in
kinetic studies (73).

The larger DIAN and API studies have permitted analysis of
CSF and imaging biomarkers in greater numbers of both asymp-
tomatic and symptomatic individuals that span a wide range
of EYOs, thus allowing conclusions to be drawn regarding the
timing of such biomarker changes during the preclinical period
(Figure 1). Results from cross-sectional analyses demonstrate
higher levels of CSF Aβ42 in MCs compared to NCs very early
in the disease process (~20–30 years prior to estimated symptom
onset, EYO −20 to −30), which then drop with disease pro-
gression, becoming significantly lower than NCs ~10–20 years
prior to symptom onset (~EYO −10 to −20) (11, 12, 72, 77).
These low levels then begin to plateau with the development of
cognitive symptoms. After Aβ42 levels begin to drop, levels of tau
and ptau in MCs become significantly higher than NCs (~EYO
−15), and then continue to increase with disease progression.
However, a recent study of within-person change in biomark-
ers in a small sub-cohort of DIAN participants with longitudi-
nal biomarker data has shown that although levels of CSF tau
and ptau increase in MCs during the preclinical (asymptomatic)
phase, levels stabilize or decline over time in individuals who
are symptomatic (77). Similar patterns were observed in levels of

FIGURE 1 | A time course of changes in ADAD mutation carriers
versus non-carriers. Cross-sectional data obtained in the DIAN cohort
demonstrates that CSF Aβ42 (yellow) declines as Aβ deposition increases as
shown by amyloid PET imaging (orange). CSF tau (green) increases as
hippocampal volume (blue) and glucose metabolism as shown by FDG PET
(purple) decreases. CDR-SOB (Clinical Dementia Rating-Sum of Boxes)
(black), which quantifies clinical symptoms of dementia, increases (indicating
worse performance) relatively late in the disease course. Reproduced with
permission from Bateman et al. (11).

visinin-like protein 1 (VILIP-1) (77), a neuronal calcium sensor
protein that is a marker of neuronal injury/death (78). Consistent
with this pattern, a previous report of a single asymptomatic
ADAD (APP V717I) MC showed substantial increases in tau and
ptau over a 4- to 5-year period very early in the disease process
(~EYO −19 to −14) (79), whereas a longitudinal decrease (or a
lack of increase) in ptau was reported in a small Japanese cohort
(n= 4) of symptomatic PSEN1 MCs (80). Although not often
discussed, results consistent with these changes in the trajectories
of neuronal injury-related markers have been reported in LOAD
(81–83).

Although this general model is consistent with data obtained
from cross-sectional studies in LOAD (49, 84–86) and suggests
a common pathophysiology for AD due to mutations and the
much more common “sporadic” form, the longitudinal data from
DIAN supports a model that incorporates an eventual slowing
down of the rate of neuronal injury and death as may be indi-
cated by reductions in these markers. It is also possible that the
later decreases during the symptomatic phase may reflect fewer
neurons left to contribute to the pool of CSF tau/ptau/VILIP-1.
If corroborated in additional cohorts, this reversing pattern of
marker change will likely have an impact on the definition of a
positive neurodegenerative biomarker outcome in clinical trials,
especially during the symptomatic phase. For example, an effective
therapy may only slow the rate of increase in injury markers
in individuals who are in the preclinical phase, but stabilize or
decrease the rate of change in injury markers later in the disease.
Confirmation of such patterns awaits evaluation of biomarker
trajectories in clinical trials.

Use of ADAD in Clinical Trial Design

Many clinical trials in symptomatic individuals with LOAD have
failed to meet their clinical endpoints of delaying, halting, or
reversing cognitive decline. One possibility proposed to explain
this failure is that therapies must be delivered earlier, in individu-
als known to have underlyingADpathology, but before significant
symptoms aremanifest (87). However, there are several challenges
associated with the design and implementation of such “preven-
tion trials,” including identifying asymptomatic participants with
known underlying AD pathology and who are at a point in their
disease trajectory when they are close to becoming symptomatic.
Although CSF and imaging biomarkers are currently being used
in clinical trials to confirm underlying amyloid pathology in
individuals at risk for developing LOAD (http://www.nia.nih.gov/
alzheimers/clinical-trials/), the onset of dementia in LOAD is
characteristically difficult to predict, even in individuals who are
biomarker-positive. As a result, large numbers of participants are
required in order to provide adequate statistical power to show a
potential drug effect. In contrast, since ADAD is fully penetrant
and the time until onset of dementia symptoms in MCs can be
predicted with relatively high precision, fewer trial participants
are required to demonstrate treatment efficacy within a suitable
timeframe. Two such prevention trials in ADAD are currently
underway; the DIAN-Trials Unit (DIAN-TU) and API, both of
which are testing monoclonal antibodies directed against various
forms of Aβ (13, 14).
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Another possibility to explain the failure of previous clinical
trials in LOAD is that the drug did not engage its purported
target. Given the compelling data from observational biomarker
studies of ADAD (Table 1), biomarkers can serve as meaningful
endpoints to verify target engagement even before the possible
appearance of significant cognitive effects. To this end, the DIAN-
TU has defined biomarkers as the primary endpoint [amyloid
PET or CSF Aβ, with CSF tau(s) as downstream targets], with the
trial design transitioning to a cognitive endpoint only for those
drugs shown to have properly engaged their pathologic targets
(14, 88, 89). CSF biomarkers are also being used as exploratory
measures in the API trial (13) and the Anti-Amyloid Treatment in
Asymptomatic Alzheimer’s (A4) prevention trial in LOAD (90).

Conclusion

Although there are some differences in the pathology and clin-
ical expression in ADAD compared to LOAD (Table S1 in Sup-
plementary Material), studies of ADAD have provided critical
insight that has propelled our knowledge and investigation of
all forms of AD. Investigators have proposed the relative timing
of biomarker changes in LOAD (48, 49), but these hypotheses
cannot yet be empirically verified because we do not know a priori
when individuals with LOAD will develop symptoms. Because
the EYO is known in ADAD cases, data-based models of AD can
be generated (Figure 1) (11, 12). Curves representing changes in

CSF and imaging biomarkers over the disease course in ADAD
can be superimposed on curves of cognitive function, resulting in
a detailed road map of AD pathologic processes. These analyses
confirm that AD brain changes begin to develop over two decades
before the onset of dementia. Now, as researchers work to develop
drugs that prevent dementia associated with AD pathology, they
are using ADAD to accelerate clinical trials (13, 14). It would be
appropriate if ADAD, which represents <1% of all AD but has
provided so much insight into the disease, leads to a drug that
ultimately prevents all forms of AD.
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Background: The cognitive effects of physical exercise in patients with dementia dis-
orders or mild cognitive impairment have been examined in various studies; however 
the biochemical effects of exercise from intervention studies are largely unknown. The 
objective of this systematic review is to investigate the published results on biomarkers 
in physical exercise intervention studies in patients with MCI or dementia.

Methods: The PubMed database was searched for studies from 1976 to February 2015. 
We included intervention studies investigating the effect of physical exercise activity on 
biomarkers in patients with MCI or dementia.

Results: A total of eight studies were identified (n = 447 patients) evaluating exercise 
regimes with variable duration (single session–three sessions/week for 26 weeks) and 
intensity (light-resistance training–high-intensity aerobic exercise). Various biomarkers 
were measured before and after intervention. Seven of the eight studies found a signifi-
cant effect on their selected biomarkers with a positive effect of exercise on brain-derived 
neurotrophic factor, cholesterol, testosterone, estradiol, dehydroepiadrosterone, and 
insulin in the intervention groups compared with controls.

Conclusion: Although few studies suggest a beneficial effect on selected biomarkers, 
we need more knowledge of the biochemical effect of physical exercise in dementia or 
MCI.

Keywords: dementia, MCi, exercise intervention, biomarkers, physical activity

introduction

The prevalence of dementia is increasing, currently affecting more than 44 million people, and 
estimated affect 75 million people worldwide by 2030. Alzheimer’s disease (AD) accounts for the 
majority of dementia cases (1–3). Currently there is no cure for these disorders, and there are 
currently no effective pharmacological interventions (4, 5). Attention has therefore turned toward 
non-pharmacological approaches, including exercise, to slow the cognitive decline associated with 
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dementia (2, 6). Linking evidence from population-based cohorts 
or RCT studies with biochemical evidence will be crucial in order 
to understand how non-pharmacological interventions may 
potentially alter the course of the disease.

In epidemiological studies, retrospective cohort studies, and 
case–control studies, there is consensus that an active lifestyle in 
midlife decreases the risk of dementia in late adulthood (7, 8). 
The cognitive effects of physical exercise and an active lifestyle 
in healthy elderly subjects, and in those with MCI and dementia, 
have also been examined in various cross-sectional studies, inter-
vention studies, and prospective studies, with conflicting results 
(9–21). Almost all studies in patients with mild cognitive impair-
ment (MCI) show some effect on cognition, but recent systematic 
reviews call for caution when interpreting results in dementia due 
to limited evidence (22, 23). Lack of consensus could be due to 
differences in the study methodologies used, type of physical 
activity, or in the cognitive measures used.

Because some studies have identified a clinical effect of physi-
cal exercise, it is imperative to understand if and how exercise 
alters the pathophysiology of dementia. Such an understanding 
is necessary for the successful promotion and implementation of 
physical exercise as a part of the treatment for dementia. Our cur-
rent knowledge comes largely from animal studies. Beta-Amyloid 
(Aβ) pathology can be altered in response to exercise in a mouse 
and rat model for AD (24, 25), and brain plasticity proteins, like 
brain-derived neurotrophic factor (BDNF), can be up-regulated 
in response to physical exercise (26). Also, long-term exercise 
treatment reduces oxidative stress (OX) in the hippocampus of 
aging rats (27). In a large study of healthy elderly subjects, lower 
plasma and brain Aβ was observed in those reporting higher 
levels of physical activity (21), and similar findings has been 
found in preclinical AD subjects (28), consistent with animal 
studies suggesting that physical activity may modulate specific 
AD pathology in humans as well. However, because observational 
and cross-sectional designs cannot establish causality, we need 
randomized controlled intervention trials to understand the 
biochemical effects of exercise.

Exercise-based interventions studies in various diseases have 
clarified some of the biochemical effects of physical activity, such 
as improved metabolic homeostasis in diabetes mellitus (29), 
reduced OX in obese subjects (30), and reduced low-grade inflam-
mation in coronary artery disease (31). Thus, physical exercise 
may exert its effect through modulation of specific AD pathology 
and/or through pathological processes common to other diseases.

Therefore, the object of this study was to systematically review 
and evaluate the scientific literature regarding the biochemical 
effect of exercise in MCI and dementia disorders in intervention 
trials and furthermore to provide recommendations for future 
biochemical studies in this field. Based on the studies cited above, 
we hypothesized that physical exercise interventions would 
improve not only specific Aβ pathology, but also pathological 
processes downstream of Aβ accumulation.

Methods

This systematic review was performed according to the recom-
mendation of the Cochrane collaboration (32) and the Preferred 

Reporting Items for Systematic Review and Meta-Analysis: the 
PRISMA statement (33).

eligibility Criteria
Randomized controlled trials or clinical trials investigating the 
effect of physical exercise or activity on patients with MCI or 
dementia were selected to review. Studies must have obtained 
bio-fluid markers, regardless of whether the biomarkers were 
included as primary or secondary outcome.

Search Strategy
The following electronic database was searched: MEDLINE 
(accessed via PubMed). The database PubMed was selected 
because it contains more that 23 million citations from biomedical 
literature from MEDLINE, life science journals and online books.

The search conducted in February 2015 searched databases for 
the following MeSH terms and their English synonyms. Studies 
published from 1976 to 2015 were included.

Medline (Via Pubmed.org) was searched with the keywords 
and Boolean operators with the filter English and Human:

(“Dementia”[Majr]) AND (“Exercise”[Majr])
(“Mild Cognitive impairment”[Majr]) AND (“Exercise”[Majr])
(“Dementia”[Majr]) AND (“physical fitness”[Majr])
(“Mild Cognitive impairment”[Majr]) AND (“Physical 
fitness”[Majr])

The search was done by two authors separately (first and 
second) author. The search results are described in Figure 1.

Inclusion criteria included: original work (no review or meta-
analysis), physical activity/exercise as intervention, only full-text 
publication, and English language.

Study Selection and Data extraction
Studies were selected on the basis of the inclusion criteria listed 
above. The selected studies are listed in Table 1 and Table S1 in 
Supplementary Material. Data extraction was done by the first 
author according to the data extraction form seen in Table S2 in 
Supplementary Material, in regards to author, endpoints meas-
ured, subjects, intervention, and results found.

Results

The initial search gave 228 publications, from which 187 were 
collected for further reading and 111 of which were excluded 
due to irrelevance or because they did not meet the inclusion 
criteria on the basis of their title or abstract. From the remain-
ing 76 publications, 54 met inclusion and exclusion criteria and 
were selected for analysis. After a detailed analysis, publications 
were excluded if they did not include analysis of biomarkers. The 
excluded publications are listed in Table S1 in Supplementary 
Material. In total, eight publications remained for inclusion in 
the review. Publications included are listed in Table 1. Figure 1 
shows the flowchart of the data gathering process.

Sample Subjects
Although our MeSH term search covered all dementia diag-
noses, the majority of identified publications studied patients 
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with AD. Subjects were either from a nursing home-residing 
population (15, 35, 37) or a home-living population (34, 41, 
42). Two studies did not describe living status (38, 41).

In Table 1, mean age and mean MMSE have been listed, giving 
a general indication of the sample subjects studied. The age range 
was from 66.4 to 85.4 years. The MMSE range was from 13.9 to 
28.7. Only Baker et  al. have a population with a MMSE above 
21, which indicated that the majority of the studies have been on 
patients with moderate-to-severe dementia.

Sample Size
The numbers of subjects used in the selected studies range 
from 13 to 110 subjects. In general, the small sample sizes have 
generated little power for calculation of effect.

exercise Protocol
Four studies implemented an aerobic training program with 
low-to-high intensity (34, 35, 37, 39), three studies investigated 
the effect of a single bout of high-intensity aerobic or resistance 
training exercise (38, 41, 42) and one study investigated the 
effect of light resistance training and stretching (15). Thus, 
most studies investigated aerobic training to investigate the 
effect on biochemical biomarkers. The studies reviewed applied 

FiguRe 1 | Flowchart of the publication search and selection process.

very different training regimes, with regards to intensity, dura-
tion and frequency. Eggermont et  al. (37) applied the lowest 
intensity with a walking program at a self-selected speed, 
and they did not report any significant results on any of their 
selected biomarkers. Cheng et al. applied a light exercise pro-
gram and found that the exercise groups had a slower decline 
in their cognitive measures compared to controls. The three 
remaining aerobic exercise studies have applied a moderate-to-
high-intensity exercise program, and they found a significant 
increase in levels of their selected biomarkers, and in the cogni-
tive measures.

exercise Supervision
Five of the eight selected studies had non-supervised training 
or supervision by caregivers. Three studies had supervision by 
trainers. Two studies reported use of heart rate monitors to 
ensure that the intended exercise intensity of the exercise 
was reached. In Baker et al. (34), only some of the training 
sessions were supervised.

Cognition
Six out of these eight studies also investigated cognitive perfor-
mance (15, 34, 35, 37, 39, 41). Of these six studies, four reported 
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Publication endpoint Subjects intervention Results on cognition Results 
biomarkers

Akishita et al. 
(15)

Cognitive markers
ADL
MMSE
Blood markers:
Estradiol
Testosterone
DHEA
DHEA sulfate
Sex hormone-
binding globulin

13 ♀ ADa

Nursing home residents
Mean age: 84.5 ± 5
Mean MMSE: 13.9 ± 1.9

N = 13, resistance training (light) + stretching 
30 min 2/weekc + 5/weekb × 12 weeks

No change in MMSE ↑ Testosterone
No change in ADL ↑ Estradiol

↑ DHEA

Baker et al. 
(34)

Cognitive markers:
Symbol-digit 
modalities
Verbal fluency
Trail B
STROOP
Task switching
Story recall
List-learning
Blood markers:
Insulin
IGF-1
Cortisol
BDNF
Platelet factor 4
Aβ42

Cholesterol
Cardio markers:
VO2 peak

29 MCIa

Home living
Mean age
Stretching 66 ± 6.0
Intervention 71 ± 7.5
Mean MMSE
Stretching 28.8 ± 1.0
Intervention 28.6 ± 1.2

n = 10, stretching (<50% HRR) 45–60 min 4/
week × 26 weeksc

n = 19, aerobic exercise (75–85% HRR) 
45–60 min 4/week × 26 weeksc

♀
Increased executive function
Increased performance in 
STROOP
Both
Increased performance in 
trail B

Gender 
difference
♀
↑ Insulin 
sensitivity
↑ Insulin
↑ Cortisol in 
control group
↑ BDNF
♂
↓ Cortisol in 
controls group
↓ BDNF
↑ IGF-1
Both
↓ Body fat
↓ Total 
Cholesterol
↑ VO2 peak

Cheng et al. 
(35)

Cognitive markers:
MMSE
Call-recall
Categorical fluency
Digit span
Blood markers:
Cholesterol
HDL
Tri-glycerides
Glucose
Genetic markers:
ApoE genotype

110 dementiaa

Nursing home residents
Mean age
Control 80.8 ± 7.2
Mahjong 81.9 ± 6.2
Tai Chi 81.8 ± 7.4
Mean MMSE
Control 18.8 ± 4.1
Mahjong 19.0 ± 3.2
Tai Chi 18.7 ± 3.9

n = 39, aerobic exercise (Tai Chi) 60 min  
3/week × 12 weeksb

n = 36, cognitive activity (Mahjong) 60 min  
3/week × 12 weeksb

Tai Chi
Slower decline in cognitive 
measures
Mahjong
Slower decline in cognitive 
measures

Non-reported

Coelho et al. 
(36)

Blood markers: 
BDNF

21 ADa

18 cognitive normal (used as 
controls)
Home living
Mean age
AD 76.3 ± 6.2
Controls 74.5 ± 4.7
Mean MMSE
AD 21.0 ± 3.9
Controls 28.0 ± 2.5

n = 39, acute aerobic exercise (85% HRR) 
17–22 min oncec

None studied Both: ↑ BDNF

Eggermont 
et al. (37)

Cognitive markers
MMSE
Face recognition
Picture recognition
Delayed word call
Digit span 
backwards
Category fluency
Letter fluency
Genetic markers
ApoE

97 dementiaa

Nursing home residents
Mean age: 85.4
Mean MMSE: 17.7

n = 51, walking 30 min 5/week × 6 weeksb No significant results reported No significant 
results 
reported

(Continued)
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Publication endpoint Subjects intervention Results on cognition Results 
biomarkers

Mancuso  
et al. (38)

Blood markers:
COX
Lactate

18 ADa

20 cognitive normal
No mention of living status
Mean age
AD 66.4 ± 8.9
Controls 63.4 ± 9.1
Mean MMSE
AD 17.4 ± 4.9
Controls, not reported

n = 38, acute resistance training (increment 
10–70% 1RM) onceb

Not studied ↑ Lactate
↓ Lactate 
recovery after 
exercise
↓ COX activity

Nascimento 
et al. (39, 41)

Cognitive markers:
MoCA
Blood markers
BDNF
TNF-α
IL-6

37 MCIa n = 35 (20 MCI, 15),aerobic exercise 
(60–80% HRR) 60 min 3/week × 16 weeksc

MCI: increased cognition Both
30 cognitive normal ↓ TNF
Home living ↓ IL
Mean age
MCI used as controls 
68.5 ± 5.9
MCI exercise 67.3 ± 5.3
Cognitive normal used as 
controls 68.1 ± 5.7
Cognitive normal exercise 
66.6 ± 7.9
Median MoCA
MCI used as controls 21
MCI exercise 20
Cognitive normal used as 
controls 27
Cognitive normal exercise 27

Segal et al. 
(41)

Cognitive marker: 
IAPS

23 aMCIa

31 cognitive normal
No mentioning of home 
status
Mean age
aMCI 71.4 ± 2.4
Cognitive normal 69 ± 2
Mean MMSE
aMCI, not reported
Cognitive normal, not 
reported

n = 26 (11a MCI, 15 controls) acute aerobic 
exercise (70% VO2max) 6 min onceb

Both: increased picture recall Both: ↑ saliva 
alpha-amylase

Saliva markers: 
alpha-amylase

ADL, activities of daily living; DHEA, dehydroepiadrosterone; AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; MCI, mild cognitive impairment; IGF-1, insulin-like 
growth factor 1; BDNF, brain-derived neurotrophic factor; Aβ40+42, beta-amyloid isoform 40 and 42; VO2 peak, peak oxygen uptake; HRR, heart rate reserve; ♀, women; ♂, men; 
MMSE, mini-mental state examination; HDL, high-density lipoprotein; COX, cytochrome c oxidase; MoCA, Montreal Cognitive Assessment; TNF-a, tumor necrosis factor alpha; IL-6, 
interleukin-6; IPAS; International Affective Picture Set.
aDiagnosed according to international guidelines.
bSupervised by caregiver, healthcare worker, or not mentioned.
cSupervised by trainer or physiotherapist.

any significant effect on the cognitive measures. Baker et al. (34)  
reported an improvement in several tests of executive function, 
but only in women, Cheng et al. (35) reported a reduced decline 
in MMSE, Nascimento et  al. (39) found an improved cognition 
measured by the Montreal Cognitive Assessment (MoCA), and 
Segal et al. (41) found a significant improved picture recall after 
exercise.

effect on Biomarkers
In total, eight studies that focused on biochemical markers 
were identified. Seven out of eight studies investigated protein 
biomarkers (15, 34, 35, 38–42), and two studies investigated the 
difference in the effect of exercise depending on the patients 
ApoE genotype (35, 37). One study also investigated markers of 

cardiovascular health (34). Table 1 summarized the biochemical 
and cognitive findings.

In seven out of eight studies, a positive relationship was found 
between their selected biomarkers and the exercise intervention. 
Only one study did not find any significant results on any of their 
selected biomarkers (37).

Coelho et  al. (36) and Segal et  al. (41), found that exercise 
resulted in a significant up-regulation in the neuroplasticity 
protein BDNF. Baker et al. (34) also measured BDNF and found 
higher levels after exercise, however only in women. Nascimento 
et al. reported BDNF as one of their end points, however they 
did not report any findings. They did, however, report decreased 
Tumor necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) 
levels after exercise.
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Besides blood levels of BDNF, other biochemical com-
pounds in blood including cholesterol and insulin were 
analyzed. Baker et  al. (34) and Cheng et  al. (35), measured 
plasma levels of insulin and cholesterol. Cheng et al. (35) also 
measured HDL, tri-glycerides, and glucose. Only Baker et al. 
(34) reported an effect of the intervention on these biomarkers, 
namely a significant decrease in cholesterol and an increase in 
insulin sensitivity.

On a different note besides neurological markers and 
metabolic markers, Akishita et al. (15) found that exercise had a 
significant up-regulating effect on selected sex hormones (testos-
terone, estradiol, and DEHA) in women. Segal et al. (41) found an 
increase in salivary alpha-amylase (sAA), an indirect measure of 
endogenous norepinephrine (NE), after a single session of high-
intensity exercise (70% HRR). Mancuso et  al. (38) found that 
lactate increased after exercise, and that platelet mitochondria 
COX activity was decreased.

We did not find any intervention studies that investigated the 
effect of exercise on established diagnostic markers for dementia 
disease, such as Aβ, tau, p-tau, and α-synuclein.

Discussion

Physical exercise as a non-pharmacological treatment for medi-
cal disease has proven beneficial for reducing the risk for many 
diseases including stroke, high blood pressure, and mental 
disorders like chronic stress and depression (43). However, 
compared to our understanding or physical exercise’s impact on 
cardiovascular health and general fitness, our understanding of 
physical exercise’s impact on cognitive health is still very much 
in its infancy. An impact of physical exercise on quality of life 
and activity of daily living in patients with dementia has been 
established; however evidence of the molecular effects is not 
clear.

The objective of this study was to conduct a systematic review 
to identify and evaluate the scientific literature published on 
the effect of an exercise intervention in dementia, in regards to 
relevant biomarkers.

Biochemical evidence of the effects of exercise
Insulin and diabetes have been connected to an increased risk of 
developing AD and cognitive impairment (44, 45). Two of the 
reviewed studies measured insulin sensitivity or glucose control. 
Baker et al. (34) found increased insulin sensitivity and increased 
insulin in the exercise group, however only in women. Cheng 
et al. (35) measured blood glucose levels, but they did not find 
any significant result.

Mancuso et al. (38) investigated the reactive oxygen species 
(ROS) generation and OX, measured via COX activity and lactate 
production in platelets. ROS and OX are thought to be involved 
in AD through the neurotoxicity of amyloid build up, metabolic 
impairments and free-radical production in mitochondria (46, 
47). To investigate the metabolic contribution of mitochondrial 
impairment, COX activity and lactate production was measured 
before and after an exercise intervention. At baseline, the AD 
groups displayed higher levels of lactate and significantly lower 
activity of COX, compared to aged match cognitive normal 

individuals. This increased level of lactate in AD patients was 
unchanged throughout the exercise intervention, indicating 
mitochondrial impairment in AD. The exercise intervention did 
not alter COX activity, indicating that exercise might not be able 
to influence the mitochondrial electron transport chain (ETC). 
However, since Mancuso et al. (38) did not find any correlation 
with cognitive elements, such as MMSE, mitochondrial impair-
ment might be an angle to study the pathology of AD, and not so 
much a way to improve cognitive decline.

Nascimento et al. (39, 41) investigated the influence of exercise 
on inflammation markers in MCI and cognitively normal subjects 
and found decreased levels of the pro-inflammatory cytokines, 
TNF-α and IL-6. Inflammation is a known factor in neurodegen-
erative diseases (48–50). Both pro-inflammatory cytokines (e.g., 
IL-6) and anti-inflammatory cytokines (e.g., IL-10 and IL-18) 
have been found to be increased in AD (51), and wherein it is 
speculated that an increased inflammatory response negatively 
contributes to neurodegeneration in AD (50). Several studies 
have shown that inflammation is directly influenced by physical 
activity, which down-regulates pro-inflammatory reactions in the 
brain (52). For further insight into the pathology of neuroinflam-
mation, it might be beneficial to measure a variety of factors, both 
pro-inflammatory and anti-inflammatory.

Three of eight identified studies have focused on BDNF, 
all of which found an increase in BDNF after exercise. Lower 
levels of brain tissue BDNF have been seen in patients with AD 
compared to healthy controls (26, 53). The exercise-induced 
BDNF increase seen in the studies in this review has also been 
reported in animal studies, where brain levels of BDNF were 
increased after exercise (26), and in an intervention study in 
young healthy men, where plasma BDNF was increased with 
exercise. In order to achieve a more precise measurement of 
neuronal BDNF without the systemic component, BDNF levels 
in CSF could be assessed.

Alongside BDNF, Akishita et  al. (15) measured increased 
levels of female sex hormones after exercise. Lower levels of 
sex hormones have previously been shown to increase the risk 
of AD (54). Exercise has been found to increase sex hormones 
and sex hormone-binding globulin in post-menstrual women 
(55–57). One could therefore speculate that an increase in sex 
hormones is beneficial to the cognitive performance in patients 
already diagnosed with AD. In the study by Akishita et al. (15), 
there was no effect on ADL or cognition, and the up-regulating 
effect of exercise on sex hormones was lost after 3  months 
post-exercise.

Pharmacological evidence established that NE is involved in 
memory modulation, and can be regulated by exercise (58–60). 
This makes NE modulation by exercise an ideal target for memory 
modulation in patients with cognitive impairments. Segal et  al. 
(41) studied this relationship with a single bout of high-intensity 
exercise in patients with aMCI. The cognitive performance was 
investigated with picture recall before and after exercise, and NE 
was measured indirectly via sAA. They found that performance in 
picture recall was significantly improved in the exercise cognitive 
normal control group as well in the exercise aMCI groups, and not 
in the corresponding non-exercise groups. Furthermore, sAA levels 
were equally increased in both exercise groups (cognitive normal 
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and aMCI). When it comes to dementia diseases, like AD with more 
advanced neurodegeneration, it is unknown if exercise is able to up-
regulate NE, so further studies are needed. In addition, the potential 
harms of recurring acute increases in NE need to be investigated.

None of the review studies in this review focused their 
attention on already previously established markers of neu-
rodegenerative disease. Baker et al. (61) has studied the effect 
of a diet intervention with or without high-intensity physical 
activity, and its effect on CSF levels of the amyloidogenic peptide 
Aβ42. The main outcome was that patients with MCI subjected 
to a modulated diet, and who had a high-intensity physically 
active lifestyle, had higher levels of CSF Aβ42, than those without 
an active lifestyle. Furthermore, brain levels of Aβ42 have been 
shown in animal studies to be reduced in response to physical 
exercise (62). Aβ42 therefore appears to be a physiologically 
relevant biomarker that was not measured in any of the included 
studies likely due to difficulty of including CSF measures in 
study design, attributable to the discomfort of lumbar puncture.

Normal aging
In previous studies on the effect of exercise in a population of 
healthy elderly individuals, a decrease in the metabolic biomarkers 
of cholesterol, HDL, and leptin (63) was described. Furthermore, 
the exercise group showed increased glucose sensitivity after 
intervention, compared to controls (63). Aging is connected with 
chronic low-grade inflammation, increased risk for disease, poor 
physical function and mortality (64). Exercise has been shown 
to decrease the levels of circulating inflammatory cytokines (65). 
The expected effects of exercise on biomarkers of metabolism and 
inflammation are similar between normal aging individuals and 
patients with dementia. In the study by Nascimento et  al. (39, 
41), where aged matched cognitive normal controls were stud-
ied, the effect of exercise on the inflammation biomarkers were 
not specific to either the dementia group or the control group. 
However, only the MCI group showed improved cognition. This 
could indicate a link between cognitive measures and alterations 
in the inflammation profile. One could speculate that the lack 
of effect on cognition seen in the control group could be due to 
the scale chosen for measuring cognition (MoCA). MoCA may 
not be sensitive enough to quantify cognition in a group that 
already performs well cognitively, as this group had high MoCA 
scores even before intervention, and thereby improvement in the 
controls group will not be detected.

BDNF has previously been investigated not only for its brain 
plasticity modulating effect in dementia patients, but also in sub-
jects with depression (66) and in animal studies, high-intensity 
exercise has a modulating effect on BDNF (26). Studies have 
found that BDNF levels decline with age, and it has been shown 
to be associated with memory deficits (67). An up-regulation of 
BDNF would therefore be beneficial, and maybe act as a protect-
ing factor against dementia and other memory deficiencies.

genetic Risk Factors
The effect of the known risk factor for AD, ApoE (68), was found 
not to have an effect for the outcome on biomarkers after an 
exercise intervention. Previous studies have indicated that that 
outcome of an exercise intervention could be ApoE genotype 

dependent (69). However, neither Eggermont et  al. (37) nor 
Cheng et al. (35), found any significant difference in effect accord-
ing to ApoE genotype.

A possibility to further explore the ApoE effect on AD could 
be to investigate the gene product of ApoE, the protein apoE. A 
recent study has indicated that low levels of apoE increases risk 
of AD (70). Currently there are no plasma markers for AD, and 
perhaps apoE may have the potential to be a ground-breaking 
new risk factor for AD.

exercise intervention
In regards to the exercise protocol, most studies applied an 
aerobic training, like walking, to investigate the effect on bio-
chemical markers. The studies reviewed have applied varying 
training regimes, durations, and frequencies. This makes a direct 
comparison difficult. However, most of the studies applying a 
moderate-to-high-intensity aerobic exercise protocol, have found 
a significant effect on biomarkers, while low-intensity protocols 
did not show significant effects. This could indicate that the level 
of intensity of the aerobic exercise is important for achieving an 
effect of an exercise intervention.

The level of supervision for protocol adherence and intensity 
varied greatly among the reviewed studies. Overall supervision 
is necessary to ensure general adherence to the program and 
that exercise intensity is maintained, especially when it comes to 
moderate-to-high-intensity exercise, where the physical demands 
on the patients are far greater. For example, supervised training 
sessions with professional trainers and equipment, such as a pulse 
watch, can be used.

Cognition
Another caveat worth considering is whether the effect of 
physical exercise on cognition is caused by measurable changes 
in biomarkers that reflect the pathophysiology of the disorder or 
whether exercise improves cognition through general improve-
ment of brain function through other mechanisms. These could 
include up-regulation of neurotransmitters relevant for cogni-
tion, such as NE or increase in vascular endothelial growth factor 
(71). This remains to be determined.

Biomarkers are the main outcome assessed in this review 
article, but when studying dementias, cognitive measures have 
to be taken into account. It is unclear whether lack of cognitive 
assessment as a measured outcome is due to negative findings or 
that cognition went untested. Although a change in a biochemi-
cal markers with physical exercise does not imply a therapeutic 
effect on symptomatology, an objectively measurable effect on a 
relevant pathophysiological biochemical parameter will support 
the importance of an implementation of physical exercise as part 
of the treatment for dementia.

Recommendations for Sampling and analysis
Of all the studies that have been conducted on exercise in patients 
with dementia disease or cognitive impairment, only eight studies 
have included biomarkers as a part of their assessment. However, 
the effect on functional activity and quality of life are relevant to 
the patient and caregiver, useful biochemical measures of these 
effects are still lacking.
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Conclusion
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Alzheimer’s disease (AD) is characterized by the accumulation of Aβ peptides, hyper-
phosphorylated tau proteins, and neuronal loss in the brain of affected patients. The
causes of neurodegeneration in AD are not clear, but apoptosis could be one of the cell
death mechanisms. According to the amyloid hypothesis, abnormal aggregation of Aβ
leads to altered kinase activities inducing tau phosphorylation and neuronal degeneration.
Several studies have shown that pro-apoptotic kinases could be a link between Aβ and
tau anomalies. Here, we present recent evidences from AD experimental models and
human studies that three pro-apoptotic kinases (double-stranded RNA kinase (PKR),
glycogen synthase kinase-3β, and C-Jun terminal kinase (JNK) could be implicated in AD
physiopathology. These kinases are detectable in human fluids and the analysis of their
levels could be used as potential surrogate markers to evaluate cell death and clinical
prognosis. In addition to current biomarkers (Aβ1–42, tau, and phosphorylated tau), these
new evaluations could bring about valuable information on potential innovative therapeutic
targets to alter the clinical evolution.

Keywords: cerebrospinal fluid, pro-apoptotic kinase, PKR, GSK-3, JNK, Alzheimer’s disease

Introduction

Neuropathological lesions in Alzheimer’s disease (AD) include senile plaques, neurofibrillary tan-
gles, and amyloid angiopathy leading to synaptic and neuronal degradations. Aβ is formed after the
cleavage of amyloid precursor protein (APP) by β secretase (BACE1) and γ secretase (1). According
to the amyloid cascade hypothesis (2), biochemical and genetic findings have suggested that Aβ
accumulation can induce tau phosphorylation and aggregation, synaptic dysfunction, and neuronal
alteration, responsible for clinical signs of dementia (3). The precisemechanisms of neuronal demise
have not been fully elucidated; however, apoptosis has been one of the most analyzed mechanisms
in previous reports. Apoptosis is a sequence of events leading to the activation of caspases and
cell disintegration. It has been proposed as the predominant form of cell death in AD due to
unbalanced actions between pro and anti-apoptotic proteins (4, 5). Increased expression of several
pro-apoptotic kinases has been observed in AD brains and their cellular pathways could be linked
to AD physiopathology (6–13).

Protein kinases represent one of the largest super families, and they are molecular switches
activating and inhibiting many biological processes, such as memory, differentiation, cell division,
and cell death. They belong to complex metabolisms interacting with other kinases and their
dysfunctions can be associated with various diseases (14). According to Hardy’s hypothesis (3), Aβ
peptides can trigger protein kinases in AD participating in neuronal signaling pathways between Aβ
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and tau phosphorylation. Many of these kinases are also pro-
apoptotic and could induce synaptic and neuronal sheddings.

Recently, reports have shown that cerebrospinal fluid (CSF)
levels of Aβ1–42, total tau (T-tau), and phosphorylated tau (ptau)
were altered in AD patients and in patients with mild cog-
nitive impairment (MCI) with higher risks to convert to AD
(15). The analysis of CSF biomarkers has brought about new
insights into the managing procedures of AD patients leading to
new diagnostic criteria (16). The levels of these CSF biomark-
ers correlate with the severity of neuropathological lesions (17,
18). The use of CSF biomarkers has improved the confidence
of clinicians for AD diagnosis (19) and now serves for the
screening of patients in clinical trials (20). Because lumbar
puncture (LP) is better known, more practiced, and well tol-
erated (21–24), physicians resort in CSF biomarkers more and
more in clinical practice reflecting the impact on AD diagnosis
(25, 26).

However, these classic CSF biomarkers are not directly predic-
tive of the AD evolution. The need for new biomarkers remains
to avoid the classification of patients by quintiles or clusters (27,
28). Furthermore, they have several pre-analytical requirements
limiting the analysis to expert centers while AD patients are
located everywhere in the world (29–31). Consequently, addi-
tional biomarkers are needed to predict the clinical evolution
and cognitive decline, and to assess the efficiency of treatment
targeting pathways of neuronal death.

This brief report will provide an overview of three pro-
apoptotic protein kinases that are involved inADphysiopathology
with detectable levels in biological fluids. We aim to address their
place as new biomarkers reflecting the rate of neuronal death,
predicting possibly the clinical evolution and requiring less pre-
analytical preparations.

Pro-Apoptotic Kinases in Alzheimer’s
Disease

Double-Stranded RNA-Dependent Protein Kinase
Involvement of PKR in AD Pathophysiology
RNA-dependent protein kinase (PKR) is a serine/threonine pro-
apoptotic kinase present in cells as non-activated. PKR plays a role
in various cell functions (32) and is involved in apoptosis (33–40).
Activation of PKR results from autophosphorylation on threo-
nine residues 446 and 451 of the kinase domain (41–45). Once
activated, PKR triggers several effectors and pathways leading to
apoptosis including the activation of eukaryotic initiating factor
2 alpha (eiF2α), which inhibits protein synthesis. PKR partici-
pates in the activation of caspase 8, which can contribute to the
conversion of procaspase 3 into caspase 3 (46, 47). More widely,
PKR activates both intrinsic and extrinsic apoptotic pathways (38,
48–51). Activated and pro-apoptotic forms of PKR (pPKR) can
accumulate in several neurodegenerative diseases including AD
(9, 12, 52–54). In 2002, we have observed an abnormal activation
of PKR in AD brains (9) and this result was confirmed by several
teams (12, 52, 53). Immunohistochemical findings performed
in AD brains revealed an accumulation of pPKR around senile
plaques (in dystrophic neurites), in the cytoplasm of neurons
especially in the hippocampus and the temporal cortex, whereas

neuronal staining was more nuclear in the frontal and parietal
cortex (8, 55, 56).

Using animal and cells models, we have shown that PKR is
activated by Aβ peptide (8, 53, 55–61) through its activator PACT
(56), and this activation plays a role in neuronal death in AD (8,
55, 56), Furthermore, we have shown that the activation of PKR
(partly by Aβ) could control the levels of β-secretase (BACE1) in
stressed cells. These data suggest the existence of a pathological
self-sustaining loop involvingPKR (1).On the other hand,wehave
reported a co-localization of ptau and pPKR (8). In neural cell cul-
tures, Aβ induced the phosphorylation of PKR, glycogen synthase
kinase-3β (GSK-3β), and tau. The pharmacological inhibition of
PKR reduced GSK-3 activation and tau phosphorylation, suggest-
ing that PKR could indirectly control the abnormal formation of
tangles (8). Moreover, PKR has been shown to be implicated in
memory (62). All these findings suggest that PKR plays a key role
in the events leading to abnormal molecular signals at the origin
of neurodegeneration in AD.

PKR as a New Biomarker
The analysis of PKR levels in biological fluids of AD patients was
further explored. In 2006, we observed increased pPKR levels in
lymphocytes from AD patients compared to controls. However,
an important overlap between the two groups was found showing
that this biological test was not appropriate for diagnosis (63). The
CSF is in direct contact with the brain and is less influenced by
peripheral factors. We have evaluated CSF PKR concentrations
in AD, MCI, and control individuals. Ninety one patients were
included. The levels of total PKR (T-PKR), pPKR, Aβ, T-tau, and
ptau were determined by Western blots or ELISA methods. The
concentrations of T-PKR and pPKR were significantly increased
in AD patients and in most MCI patients compared to neuro-
logical controls. The optimal threshold for pPKR to discriminate
AD patients from controls gave a sensitivity of 91.1% and a
specificity of 94.3%. In the group of AD patients, concentrations
of pPKR correlated with CSF levels of tau and ptau. A few AD
or MCI patients with normal Aβ and tau levels had increased
pPKR levels. A correct discrimination between non-AD subjects
and AD patients was possible with CSF PKR evaluations (11).
To understand if pPKR and ptau could be found in extracellular
fluid after the induction of neural endoplasmic reticulum (ER)
stress, we have carried out a study in the supernatant of stressed
human neuroblastoma cells. Results have revealed an increased
concentration of T-PKR, pPKR, T-tau, and ptau after cellular
stress. pPKR, together with tau, are released from neural cells
due to an increased membrane permeability of unknown origin
or late breakdown of the apoptotic plasma membrane. The fact
that especially pPKR is increased in AD CSF (317%) and much
less T-PKR (38%) could suggest that mainly pPKR accumulates in
affected neurons before being released in the extracellular space of
AD brains (11).

In a second step, we have analyzed in the same cohort, the
predictive value of CSF pPKR levels on the cognitive decline over
2 years (11, 64). Every 6months, patients underwent neurologi-
cal exams and neuropsychological assessments including a Mini
Mental State Examination (MMSE) evaluation. Using a multivari-
ate linear mixed model, our results showed that the level of CSF
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pPKR was associated with a more pronounced cognitive decline.
In this cohort, CSF pPKR levels were the only biomarkers linked
to the cognitive decline over the follow-up survey. Furthermore,
although classical biomarkers are very useful to predict the clinical
outcome ofMCI patients, the results of biomarker levels in the two
groups of amnestic MCI patients (converters and non-converters)
show that PKR was the most discriminant biomarker between the
two groups (64).

Glycogen Synthase Kinase-3 Protein Kinase
GSK-3βββ and AD Pathophysiology
Glycogen synthase kinase-3 (GSK-3) is a proline-directed ser-
ine/threonine kinase and is ubiquitously expressed with two iso-
forms, GSK-3α and GSK-3β (65, 66). GSK-3 has a role in many
biological pathways including gene transcription, apoptosis (67),
regulation of glycogen metabolism (68, 69), and microtubule sta-
bility (70, 71). GSK-3β is highly present in neurons (72) and can
phosphorylate tau at 17 sites of the protein, more extensively than
any other kinases (71). It is activated on two phosphorylation sites
(Tyrosine 216 and Serine 9), which have opposite effects. Tyr216
phosphorylation leads to GSK-3β activation while serine 9 phos-
phorylation inhibits its activity (66). Evidences from several works
have suggested that the involvement of GSK-3 in AD is linked
to the reduction of acetylcholine synthesis (66) and to increased
production of Aβ. GSK-3β can co-localize with ptau in dystrophic
neurites and tangles (8, 73, 74). Enhanced GSK-3 protein levels
and activity were observed in the frontal cortex and hippocampus
inADbrains (8). Furthermore, in 2012, we have shown that pPKR,
activated GSK-3β, and ptau proteins can be co-expressed in AD
brains. In addition, PKR canmodulate neuronal apoptosis and tau
phosphorylation through GSK-3β activation. GSK-3 inhibition
decreased tau phosphorylation without acting on PKR activation
(8). It has recently been reported that a polymorphism in the
GSK-3 promoter region is a risk factor for late onset AD (75). We
have also shown that active Aβ immunotherapy in AD patients
induced a reduction of all GSK-3β forms; active, inactive, and
total (76). Overall, the inactive GSK-3β appears to be the more
abundant form compared to the active form. Finally, GSK-3 is pro-
apoptotic and thereby might directly contribute to neuronal death
in AD (67).

GSK-3 as a Biomarker
In 2004, Hye et al. explored GSK-3 levels in circulating lympho-
cytes. Total GSK-3α and β and inactive GSK-3β concentrations
were assessed inwhite blood cells in a series of 113 patients includ-
ing AD, MCI, and elderly controls. The results showed increased
GSK-3α (+65%) and GSK-3β (+59%) protein levels in AD and
MCI compared to controls without concomitant augmentation of
pGSK-3β (77).

In 2004, a decreased level of CSF GSK-3β in schizophrenic
patients from a small cohort has been shown (78). The study did
not evaluate activated or inactivated form of the kinase and so far
no study has assessed CSF GSK-3 concentrations in AD patients.

Taking together, measurements of GSK-3 in biological fluids
could be a supplemental biomarker reflecting AD pathology.
Since GSK-3 is dramatically decreased in AD brains after active
Aβ immunization (76), CSF GSK-3 evaluation could reflect the

efficiency of this therapeutic on neuronal stress and pro-apoptotic
pathways.

C-Jun N-Terminal Kinases
JNK and AD Pathophysiology
C-Jun N-terminal kinases (JNKs) are a family of serine/threonine
protein kinases encoded by three genes (JNK1, JNK2, and JNK3).
JNK1 and JNK2 are ubiquitous, and JNK3 is mainly expressed
in the brain. JNKs are activated by phosphorylation (pJNK)
through mitogen-activated protein (MAP) kinase kinase path-
ways induced by extracellular stimuli, such as cytokines and Aβ
peptides (79). JNKs have multiple functions, including regulation
of gene expression, inflammation, cell proliferation, and apoptosis
(80). In the brain, while JNK1 and 2 are involved in the devel-
opment, JNK3 seems principally implicated in neurodegeneration
(81). Previous studies have revealed that JNKs, particularly JNK3,
can control BACE1 expression levels (82), can phosphorylate APP,
and enhance Aβ production (83, 84). The deletion of JNK3 has
a neuroprotective effect against ischemia (85) and excitotoxicity
(86, 87). Aβ-induced cell death is reduced in cultures of cortical
neurons from JNK3 knockout (KO) mice, and JNKs have been
implicated in experimental models of AD and Parkinson’s dis-
ease. pJNK is increased in AD brains as well as upstream JNKs
activators (88).

Immunohistochemical findings in AD brains have shown that
the activated form of JNK (pJNK) was localized in peripheral rims
of senile plaques, in neurofibrillary tangles, and granulovacuolar
degenerations, as previously reported (7, 88). Neurons were mod-
estly marked in the cytoplasm and in the nucleus in AD brains. In
control brains, pJNK immunolabellings were rarely detected. The
full form of JNK3 was detected, in the center and around senile
plaques, as well as in the cytoplasm of neurons. Confocal imaging
revealed an association between Aβ42 and JNK3 stainings in
senile plaques, suggesting that JNK3 proteins may accumulate
during the formation of amyloid aggregates (7). Immunochemical
results revealed a significant correlation between Aβ and JNK3
levels in control and AD brains. In frontal cortex, pJNK and JNK3
could be detected in the same senile plaques. Quantification of
these histological results showed an increase of JNK3 staining
(+59%) and pJNK staining (+182%) in AD brains compared to
control brains (7).

JNK as a CSF Biomarker
According to these results, JNK3 could be a marker of abnormal
pathways in the CSF. In a recent study, CSF JNKs levels were
evaluated by western blots in AD patients and neurological con-
trols. JNK1, JNK2, and pJNK proteins were not detectable in the
CSF. A significant increase of CSF JNK3 levels was found in AD
patients compared to controls (+23%). Optimal cut-offs showed
that the JNK3 value of 70.3 optical density units (ODU) had a
sensitivity of 80% and a specificity of 73%, with an area under
curve of 0.75 (7). No correlations were found between CSF JNK3
levels and age, sex, CSF levels of Aβ1–42, T-tau, and pTau, as
well as MRI evaluations using Fazekas scores (89) or Scheltens
scales (90).

Patients with AD were followed for a mean period of 1.8 (±1.3)
years. During the follow-up, clinicians performed 4.7 (±2.25)
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MMSE tests per patient. Using linearmixedmodels, a longitudinal
analysis using tertiles of JNK3 levels was carried out. We found
that patients in the third tertile (>89ODU) experienced a reduced
and significant decline in MMSE scores over time. This associa-
tionwasmaintained after adjusting for age, sex, educational levels,
and MRI abnormalities. Comparison of the tertiles revealed that
patients in the two lowest tertiles (<89 ODU) experienced a more
rapid decline of MMSE scores over time than those in the upper
tertile (7).

Conclusion

Apoptosis seems an important way of cellular death inAD. Several
pro-apoptotic kinases are involved in the pathophysiology of AD,
and the evaluations of CSF concentrations could be useful to pre-
dict the cognitive decline. In addition, since these three kinases are
implicated in neuronal apoptosis, they represent new therapeutic
targets that could afford neuroprotection and alter the relentless
clinical evolution in AD patients.
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In the continuing search for new cerebrospinal fluid (CSF) biomarkers for Alzheimer’s dis-
ease (AD), reasonable candidates are the secretase enzymes involved in the processing
of the amyloid precursor protein (APP), as well as the large proteolytic cleavage fragments
sAPPα and sAPPβ. The enzymatic activities of some of these secretases, such as BACE1
and TACE, have been investigated as potential AD biomarkers, and it has been assumed
that these activities present in human CSF result from the soluble truncated forms of the
membrane-bound enzymes. However, we and others recently identified soluble forms of
BACE1 and APP in CSF containing the intracellular domains, as well as the multi-pass
transmembrane presenilin-1 (PS1) and other subunits of γ-secretase. We also review
recent findings that suggest that most of these soluble transmembrane proteins could
display self-association properties based on hydrophobic and/or ionic interactions leading
to the formation of heteromeric complexes. The oligomerization state of these potential
new biomarkers needs to be taken into consideration for assessing their real potential as
CSF biomarkers for AD by adequate molecular tools.

Keywords: Alzheimer’s disease, cerebrospinal fluid, BACE1, soluble amyloid precursor protein, presenilin-1, TACE

Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder recognized as the most
common cause of dementia among the elderly. The pathologic characteristics of AD are neu-
rodegeneration and proteinaceous deposits, including extracellular plaques composed mostly of
β-amyloid peptides (Aβ) and intracellular tangles of the microtubule-associated protein tau abnor-
mally hyperphosphorylated (P-tau). Both pathological effectors, Aβ and P-tau, can be monitored in
cerebrospinal fluid (CSF). In late-onset AD, concentrations of tau and P-tau in CSF are increased
and probably reflect neuronal damage, but levels of Aβ peptides are decreased. These changes can
be measured in CSF before the onset of any other symptoms, and, therefore, they can be used as a
diagnostic marker for the disease [for a recent review, see Ref. (1)]. Although numerous laboratories
have reported increased levels of P-tau and total tau (T-tau) in the CSF of AD patients, they are not
specific, and also increase in other neuropathological disorders (2, 3). It is well recognized that Aβ
peptides, and especially the Aβ42 species, are the most specific CSF biomarkers for AD.

According to the amyloid hypothesis, accumulation of Aβ in the brain, resulting from an
imbalance between production and clearance, is the primary influence driving AD pathogenesis (4).
The Aβ peptide is generated by processing a larger type I transmembrane spanning glycoprotein,
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the amyloid precursor protein (APP), through the successive
action of proteolytic enzymes called secretases. Sequential pro-
cessing of APP begins with either the action of α-secretase or β-
secretase, followed by γ-secretase cleavage. When cleavage is car-
ried out by β- and γ-secretase, the so-called amyloidogenic path-
way, a 36–43 amino acid peptide is generated since γ-secretase
acts on a domain with multiple potential cleavage sites (5). The
Aβ40 peptide is themost common species, while theAβ42 variant
is the most amyloidogenic form of the peptide associated with
AD progression. However, in the non-pathological condition,
the majority of APP molecules are cleaved through the non-
amyloidogenic pathway by the sequential action of α- and γ-
secretases. α-Secretase cleaves APP within the Aβ domain, pre-
cluding the generation of the Aβ peptide [for a review, see Ref.
(6)]. The existence in CSF of several shorter isoforms in addition
to Aβ40 and Aβ42 has been explained by an alternative APP
processing pathway involving concerted cleavages of APP by α-
and β-secretase (7).

The predisposition for self-association of Aβ42 determines that
while Aβ42 content is increased in the AD brain, its levels in
CSF are decreased presumably due to its increasing deposition in
brain tissue (2). In this context, with two dynamics playing out
in opposite directions within the brain, increasing Aβ production
and increasing deposition, the interpretation of CSF changes in
Aβ levels in pre-symptomatic stages seems difficult. In fact, Jack
et al. (8) proposed thatAβ-plaque biomarkers are dynamic early in
the disease before the appearance of clinical symptoms, but have
largely reached a plateau by the time clinical symptoms appear,
determining that CSF Aβ does not change significantly over time
in patients with AD. Moreover, in this context, it is difficult
to anticipate, thus to evaluate, the outcomes expected from the
CSF biochemical assessments of Aβ in AD subjects consequence
of effective therapy with β- or γ-secretase inhibitors, potential
disease-modifying therapeutics under development (9, 10).

In accordance with the mentioned challenges, there is a need to
identify additional β-amyloid-related markers of AD. Reasonable
candidates are proteins, such as secretases, involved in the patho-
logical processing of APP, and the large proteolytic cleavage frag-
ments sAPPα and sAPPβ. Sincemost of these secretases are trans-
membrane proteins, their assessments in CSFwere not considered
until recent years. The purpose of this article is to review recent
evidence about the presence of secretase components in CSF and
their potential as AD biomarkers. In addition, we summarize
our recent findings about the presence of soluble full-length APP
(sAPPf) in CSF and their oligomerization into heteromers. Our
studies demonstrated that sAPP heteromers contribute to the
estimation of sAPPα and sAPPβ levels, which needs to be taken
into consideration for their assessment by ELISA. The suitability
of applying adequate molecular tools for the assessment in CSF
of hydrophobic proteins and soluble heteromeric aggregates is
absolutely necessary to evaluate their potential as biomarkers.

Soluble Full-Length and Heteromers of
sAPP in CSF

The processing of APP begins with the action of either α-
secretase or β-secretase, initiating mandatory pathways. The

initial shedding by α-secretase or β-secretase releases large sol-
uble proteolytic cleavage fragments of APP, sAPPα and sAPPβ,
respectively, both present in human CSF (11, 12). Since amy-
loidogenic processing of APP is expected to be altered in the
Alzheimer brain, both large sAPP fragments have been postu-
lated as potential new AD biomarkers, but no consistent changes
in CSF sAPPα and sAPPβ levels have been identified to date
[see review by Perneczky et al. (13)]. Interestingly, it has been
suggested that full-length APP containing an intact cytoplasmic
domain also exists as a soluble form (sAPPf) (14, 15). Recently, we
confirmed that sAPPf is present in human CSF and demonstrated
its contribution when estimating levels of large sAPP fragments
(16). In consequence, the 6E10 antibody, a widely used anti-APP
antibody that recognizes an epitope present in sAPPα and absent
in sAPPβ, will detected not only sAPPα, but also sAPPf in CSF.
Therefore, the use of 6E10 or similar antibodies in contraposition
to pan-specific antibodies for the C-terminus of sAPPα should
be considered as a contributing factor for contradictory find-
ings between laboratories. Moreover, we have demonstrated that
sAPPf co-exists in CSF with sAPPα and sAPPβ, and all forms are
capable of assembling into heteromers [(16); see also Figure 1A].
TheAPPoligomerization status is particularly relevant, sincemost
quantification of sAPPα and sAPPβ in CSF from AD subjects
relies on ELISA determinations developed formonomeric species.
Our data indicate that sAPP heteromers interfere with the mea-
surement of sAPPα and sAPPβ in commercially available ELISA
kits. Interestingly, an unexpected positive correlation has been
consistently reported between both forms, indicating a similar
shift for sAPPα and sAPPβ levels (17–20). Since the production
of sAPPβ should be inversely proportional to that of sAPPα, this
is an unexpected finding that we attributed, at least in part, to the
existence of sAPPα/sAPPβ heteromers. In this context, early stud-
ies assessing sAPPα and sAPPβ levels by Western blot failed to
demonstrate this positive correspondence (21). The assessment of
sAPPα/sAPPβ levels is also of interest tomonitor the biochemical
effect of drugs targeting Aβ in clinical trials (22), particularly for
β-/γ-secretase inhibitors since discouraging reports question this
therapeutic strategy, even the amyloid cascade hypothesis (23). In
this regard, β-secretase inhibition resulted in sAPPβ significant
decrease, but also in increased concentration of sAPPα (24),
suggesting that inhibition of β-secretase in humans resulted in a
compensatory increase in non-amyloidogenic APP cleavage. The
simultaneous determination of sAPPα and sAPPβ in CSF by pro-
tocols that prevents underestimation by heteromeric association
is mandatory.

In conclusion, an optimal approach to quantify sAPPα and
sAPPβ in CSF has been based on ELISA determinations, but the
presence of heteromeric complexes of sAPP obligate adjusting
protocols. Moreover, the characterization of a soluble transmem-
brane protein might be hindered by the difficulty in distinguish-
ing it from the truncated species generated by cleavage of the
transmembrane protein. The existence of different sAPP isoforms,
generated from alternative exon splicing (26), adds complexity to
the determination of sAPP as CSF biomarkers, but needs to be
taken into consideration since large species of sAPP, which should
correspond to APP751/770, appeared to increase AD CSF (16).
Analysis of sAPPf splicing isoforms may be of particular interest
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FIGURE 1 | sAPP and PS1 complexes in CSF. (A) APP complexes from
CSF samples analyzed by blue native-PAGE and resolved with a C-terminal
antibody (from Sigma), confirmed the presence of APP complexes. A CSF
sample denatured by boiling at 95°C for 5min under fully reducing
conditions (Dn) was also analyzed by blue native-PAGE to warrant the
migration of the monomeric sAPP band. A similar banding profile was
obtained with sAPPα and sAPPβ specific antibodies (not shown). See Ref.
(16) for further details. (B) CSF samples were fractionated in 5–20%
sucrose density gradients (left panel: same CSF sample prior fractionation).

The fractions (collected from the top) were immunoblotted for PS1 with an
anti N-terminal antibody (from Calbiochem). Enzymes of known
sedimentation coefficient, β-galactosidase (G, 16.0S; ~540 kDa), catalase
(C, 11.4S; ~232 kDa), and alkaline phosphatase (P, 6.1S; ~140–160 kDa)
were used as internal markers. Incubation of blots with antibodies for the
different γ-secretase subunits confirmed that APH1 and PEN2, but not
nicastrin, are present in CSF as complexes (see Ref. (25) to complete
information). In all analyses performed on PS1, denaturation before
electrophoresis was conducted at 50°C.

and needs to be more specifically addressed. More research is
needed to design an appropriate strategy and assays for CSF
sAPP. The validation of sAPP as a CSF biomarker may be of
particular interest for assessing the effect of clinical trials based
on β-secretase inhibition, where a decrease in newly generated
sAPPβ is expected, but with an unclear effect on newly generated
sAPPα (27).

β-Secretase and TACE/α-Secretase
Activities in CSF

The major neuronal β-secretase has been identified as beta-site
APP cleaving enzyme 1 [BACE1; (28)], though other proteases
such as BACE2 and cathepsins might be involved as well (29,
30). Interestingly, both BACE1 protein and activity levels can be
measured in CSF (31), but, to date, accurate determination of
BACE1 remains a great challenge and there is no consensus as to
whether its levels are consistently affected in CSF as dementia pro-
gresses (32). Most published results suggest that BACE1 activity
increases in AD, preferentially in MCI cases with prodromal AD
(31, 33, 34). However, such biochemical analysis often relies on
APP fluorogenic substrates with modified APP β-cleavage sites,
whose discrimination between BACE1 from other β-secretase
enzymes like BACE2 and cathepsins is unclear [for a review, see
Ref. (32)]. Currently, it is not known whether BACE1 activity
reflects BACE1 protein content since it correlates poorly (33),
and it is also unknown if the values measured are due to full-
length BACE1 or a truncated form. Mature BACE1 holoprotein
contains a single transmembrane domain and a short intracel-
lular C-terminal (28). Membrane-bound BACE1 can be partly
cleaved within its extracellular domain to generate soluble BACE1
for secretion (35, 36). Accordingly, it has been assumed that

the BACE1 present in CSF is a truncated soluble form of the
originally membrane-bound BACE1 missing the transmembrane
and intracellular domains (37). Indeed, some studies failed to
demonstrate the presence of BACE1 containing the C-terminal
domain in human CSF and plasma (38, 39), but others detected
immunoreactivity with BACE1C-terminal antibodies (25, 31, 33),
suggesting that full-lengthBACE1 exists in this fluid. The presence
of full-length BACE1, together with its truncated form, has also
been demonstrated in conditioned media from cultured neurons
(40). The presence in CSF of an immature form of BACE1 protein,
poorly active or inactive, has also been suggested (33). Futurework
will be required to elucidate if both the full-length and truncated
BACE1 account for β-secretase in CSF.

Furthermore, similarly to APP, BACE1 occurred as a dimer
in human brain tissue (41, 42). Therefore, we cannot discard the
occurrence of BACE1 forming complexes in CSF, which needs
to be taken into consideration, especially for the attempts to
develop BACE1 ELISA assays (33, 43). In conclusion, extensive
work remains to be accomplished to reinforce the interest of using
CSF BACE1 levels and activity as AD biomarkers.

Regarding α-secretase, at least three members of the ADAM (a
disintegrin and metalloproteinase) family, ADAM10, ADAM17
(TACE), and ADAM9 have been proposed as α-secretases (44),
and other ADAM family members, such as ADAM8, has also
demonstrated efficiency in cleavage of APP (45). Evidence indi-
cates that ADAM10, but not ADAM9 or ADAM17, is the enzyme
acting as a physiologically relevant constitutive α-secretase in vivo
(46, 47). To our knowledge, the occurrence of ADAM-10/α-
secretase activity in either CSF or plasma has not been reported
to date, and ADAM10 has so far only been found in platelets (48)
and other blood cells (49). However, elevated activity levels for
ADAM17/TACE activity have been found in both CSF (50) and
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plasma (51, 52) from subjects with AD. TACE releases several
transmembrane proteins into soluble forms, including APP, but
also tumor necrosis factor α (TNFα) receptors (53). The synthetic
peptide used for TACE enzymatic activity assays in CSF and
plasma consists of a TACE-sensitive TNF sequence surrounding
the TACE-specific cleaving site (50); thus, it constitutes a sub-
strate favorable for TACE compared to ADAM10. α-Secretase
accurately refers to the activity targeting APP and generating
sAPPα; nonetheless, the general requirements for secretase cleav-
age are not strict and we cannot exclude the possibility that other
enzymes, including ADAM10, may cleave peptides in human
CSF and plasma. The presence in CSF of other ADAM family
members, including ADAM10, deserves study.

Moreover, ADAM proteases, similarly to BACE1, are type I
transmembrane proteins, but also include secreted isoforms (44).
Indeed, ADAM10 and ADAM17 have been shown to be secreted
outside the cells in exosomes (54). Thus, the occurrence of TACE
activity in CSF and plasma has been attributed to soluble isoforms
shedding from cell membranes after the cleavage of TNFα and
the TNF receptors. Nonetheless, TACE protein has only been
studied in plasma by Western blot using an anti-TACE polyclonal
antibody (52), but not by the combination of N- and C-terminal
antibodies allowing characterization of the full-length and trun-
cated forms. Again, a parallel study of protein and enzyme activity
is pending in order to define the most sensitive molecular tools
necessary for using ADAM as CSF biomarkers.

Presenilin-1 and Other γ-Secretase
Components are Present in CSF

γ-Secretase is an intramembrane protease complex composed of
presenilin-1 (PS1), nicastrin, APH1 (anterior pharynx-defective
1), and PEN2 (presenilin enhancer 2) (55). Since most of the γ-
secretase components contain several transmembrane domains,
their presence in CSF was not assessed until recently. PS1
is a transmembrane aspartyl protease and the catalytic sub-
unit of γ-secretase, and it is known to undergo endoprote-
olytic cleavage as part of its maturation, generating N- and C-
terminal fragments (NTF and CTF) (56), with six- and three-
transmembrane domains, respectively (57). APH1 also displays
seven-transmembrane domains and PEN2 two transmembrane
domains; only nicastrin contains a single transmembrane domain
[for a review, see Ref. (58)]. Previously, the presence of solu-
ble CTF–PS1 was reported in the media from cultured neurons
(59). Recently, we demonstrated the presence of 100–150-kDa
heteromeric complexes in CSF, composed of NTF and CTF PS1
[(25); see also Figure 1B]. The presence of the NTF and 20-
kDa CTF fragments was only clearly detectable in post-mortem
CSF, where artifacts are likely to appear. APH1 and PEN2, but
not nicastrin, co-exist within these CSF–PS1 complexes. We were
unable to detect γ-secretase activity in human CSF, and pre-
sumed that CSF–PS1 complexes may result from non-specific
aggregation of these transmembrane proteins with large num-
bers of hydrophobic regions. PS1 aggregates have previously been
described as temperature-sensitive (60); similarly, CSF–PS1 com-
plexes are only detectable when denaturation before electrophore-
sis is conducted at 50°C (15min). Thus, analysis performed with

samples denatured at 98°C can underestimate and fail to detect
PS1 complexes. Ultracentrifugation in sucrose density gradients
confirmed the existence of stable complexes of 100–150-kDa, but
also showed that large complexes, which sediment in regions
closer to 200 and 250 kDa, are unstable during electrophoresis
under denaturing conditions. Interestingly, when we assessed
whether CSF–PS1 levels are altered in AD, ventricular post-
mortem samples (disease at term) display higher levels of PS1
than those present in non-demented control cases, particularly the
stable complexes resolved by sucrose density gradients. Lumbar
CSF samples from probable AD cases (early stages of the disease)
display only significant differences in the proportion of the PS1
stable complex, but not in total levels (25). The amount of PS1
stable complexes correlates with Aβ42. Our results suggest that
the early and more significant phenomenon is the change in the
dynamics of the assembly of PS1 complexes. The change in the
proportion of stable complexes appears as a better marker for
discriminating pathological samples than the estimation of total
PS1 protein levels. Further characterization of CSF–PS1 com-
plexes has yet to be conducted in order to define the appropri-
ate methodological approach for evaluating their feasibility as a
potential new AD biomarker, as well evaluation of its diagnos-
tic performance in comparison with existing biomarkers such
as Aβ.

Conclusion

Because CSF is in direct contact with the extracellular space of
the central nervous system, biochemical changes in the brain
could potentially be reflected in CSF. It is expected that poten-
tial AD biomarkers involved in AD pathogenesis will mirror
AD progression. However, to date, no single biomarker has
reached expectations. Several models of CSF secretion have
been proposed (61–63), but the relationship with protein con-
tent and cellular origin of CSF protein composition remains
unclear. Moreover, increasing evidence indicates the occurrence
of soluble full-length membrane proteins in CSF. The mecha-
nisms by which these membrane-bound proteins reached the
CSF are unknown. Active secretion is unlikely, and it is still
unclear if passive release from brain cells or neuronal death may
be major contributing factors, as recently observed for BACE1
(43). Most of these forms could display self-association prop-
erties based on hydrophobic and/or ionic interactions, result-
ing in the formation of complexes. Indeed, proteins like pre-
senilins, with large numbers of hydrophobic regions, may be
highly unstable in CSF, and spontaneously form complexes.
The occurrence of different types of protein complexes in CSF,
forming heterogeneous components, should be considered to
accurately determine their levels. In this sense, the presence
in CSF of soluble oligomers, normally associated with protein-
misfolding diseases, has been suggested for multiple sclerosis
patients (64).

Our understanding of the potential roles for APP, BACE1,
ADAM proteins, PS1, and other related proteins in CSF is lacking,
but of interest in order to design adequate quantification strategies
to assess their real potential as biomarkers for AD. Ultimately, it
is anticipated that a combination of CSF biomarkers might serve
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for early diagnosis, but also for assessing disease progression and
especially the efficiency of secretase inhibitors during the course
of clinical trials. In this review, we presented evidence that most of
the proteins related with APP processing are measurable in CSF.
More investigation should focus on the possibility of monitoring
soluble forms of APP and secretase components, and to evaluate
the progress and feasibility of developingmolecular tools for these
potential new CSF biomarkers for AD.
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Alzheimer’s disease (AD) is characterized as a complex, age-related neurological disorder of the
human central nervous system (CNS) that involves the progressive mis-regulation of multiple
biological pathways at multiple molecular, genetic, epigenetic, neurophysiological, cognitive, and
behavioral levels. It has been about 8 years since the first reports of altered microRNA (miRNA)
abundance and speciation: (i) in anatomical regions of the brain targeted by the AD process after
post-mortem examination, (ii) in blood serum, and (iii) in cerebrospinal fluid (CSF) (1–3). Since
then an in depth overview of the peer-reviewed literature has provided no general consensus of
what miRNAs are up-or-down regulated in any tissue or biofluid compartment in thousands of AD
patients. In this brief “Opinion” paper on “Biomarkers of Alzheimer’s disease: the present and the
future,” we will highlight the extremely heterogeneous nature of miRNA expression in AD, based on
very recent advances in the analysis of miRNA populations in various biofluid compartments com-
pared to normally aging, neurologically normal controls. This work is based against a background of
our laboratory’s 24 years of research experience into the structure and function of small, non-coding
RNAs in the aging human CNS in health and in age-related neurological disease (4).

First, it is important to appreciate that all forms of dementia due to AD are broadly classified
as either early onset (EOAD, under 65 years of age), or late onset (LOAD, over 65 years of age)
(5, 6). About ~5% of all AD cases have a genetic component (see below) while the remaining
~95% of all AD cases are of a sporadic (idiopathic) nature or are of unknown origin (5–8). The
extremely heterogeneous nature of AD pervades all molecular, genetic, neuropathological and
behavioral, mnemonic, and cognitive levels, including the clinical presentation of the disease (6–
15). For example, the key neuropathological markers of AD include: (i) the progressive deposition
of amyloid-beta (Aβ) peptides into dense, insoluble pro-inflammatory senile plaques (SP); (ii)
the accumulation of hyperphosphorylated tau into neurofibrillary tangles (NFT); (iii) synaptic
atrophy, “pruning” and loss, neuronal degeneration and neuronal cell death; (iv) alterations in the
innate-immune response; and (v) the progressive inflammatory neurodegeneration and anatomical
targeting of only specific anatomical regions of the brain (1–15). These highly interactive character-
istics collectively suggest the participation of multiple pathogenic pathways, and the involvement
of multiple deficits in the expression of CNS genes (1–15). Accordingly, this culminates in a
remarkably heterogeneous neuropathological scaffold for AD, with significant variations in disease
onset, progression, severity of neuropathology, extent of behavioral and cognitive deficits, and
memory loss (4–12). To cite one very recent example, a relatively large epidemiological study of

Abbreviations: miRNA, microRNA.
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AD patient data (N = 7815) (12) indicated significant hetero-
geneity in the first cognitive/behavioral symptomatic “indicator”
experienced by AD patients (13–16). In other recent studies,
two laboratories have independently reported significant varia-
tion in the miRNA-34a-mediated triggering receptor expressed
in myeloid/microglial cells-2 (TREM2) down-regulation in an
African-American population that further underscores (i) the
importance of investigating different ethnic populations for AD
epigenetic risk; (ii) intrinsic variance and human biochemical and
genetic individuality; and (iii) allelic heterogeneity and potentially
diverse pathogenic contributory mechanisms to the AD process
(sufficient TREM2 is important in the clearance of excessive Aβ
peptides from the brain) (9–16). Related to these observations
are studies that over the last 15 years have indicated that gene
expression patterns at themessenger RNA (mRNA) level, Aβ pep-
tide load, SP and NFT densities and localization, and familial and
clinical histories further underscore AD heterogeneity (8–12, 17–
20). Indeed, there appears to be intrinsic limitations of useful AD
biomarkers because just one biomarker cannot define the mecha-
nism of AD, by nature are associative and/or correlative, and are
unable to unequivocally prove disease causality (13–17, 21–23).
For example current genome-wide association studies (GWAS),
whole-exome andwhole-genome sequencing have revealedmuta-
tions in excess of 20 genetic loci associated with AD risk (11, 19,
20, 24). Three main genes are involved in EOAD: amyloid precur-
sor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2),
while the apolipoprotein E (ApoE) E4 allele has been found to be
a main risk factor for LOAD (1, 17–19, 23). Additionally, recent
studies have discovered other genes that might be peripherally
involved in AD, including clusterin (CLU), complement receptor
1 (CR1), phosphatidylinositol binding clathrin assembly protein
(PICALM), sortilin-related receptor (SORL1), complement factor
H (CFH), the triggering receptor expressed on myeloid/microglial
cells 2 (TREM2), and the cluster of differentiation 33 (CD33) gene
loci; although not one single case of AD has yet been found to be
associated with more than one of these aberrant genetic loci (11,
25). Indeed, most AD cases do not contain any of these mutant
genetic “biomarkers” (11, 20, 24–26). Further, the persistence
of mutations in these genes from birth and throughout life, in
contrast to the general development of AD in old age, suggests that
multiple age-associated gene regulatory mechanisms must come
into play to initiate and drive development and propagation of the
ADprocess, andmiRNAs are excellent candidates for these diverse
age-related, developmental, and regulatory roles (1–5, 9, 22).

Regarding the rate and variability of cognitive decline in
AD, one large recent study did not find evidence support-
ing a substantial role of the mini-mental status examination
(MMSE) as a stand-alone single-administration test in the
identification of mild cognitively impaired patients who even-
tually develop AD, suggesting the need for additional neu-
ropsychological testing and comprehensive biomarker analy-
sis (21–23). Indeed, although AD is the most common form
of senile dementia, it can often be challenging to distinguish
this insidious and fatal disorder from other equally hetero-
geneous neurodegenerative disorders, such as frontal tempo-
ral dementia, human prion disease [including bovine spongi-
form encephalopathy (BSE; mad cow disease), Creutzfeldt–Jakob

disease, Gerstmann–Sträussler–Scheinker syndrome, and other
relatively rare human prion diseases], Huntington’s disease, Lewy
Body dementia, Parkinson’s disease, cerebrovascular disease, or
vascular (multiple infarct) dementia (16–18, 21–23). Indeed, the
diagnostic accuracy of when brain-mediated cognitive deficits
actually begin may require a dimensional rather than a cate-
gorical classification, and a lifespan rather than aging group-
ing, and it has been recently suggested that a multidimensional
system-vulnerability approach rather than a simple “hypothetical
biomarker” model of age-associated cognitive decline and demen-
tia may be more useful diagnostically (12, 20). Put another way,
AD might be classified not as a discrete disease entity but rather
as a “neurological disconnection syndrome” (7, 8, 11, 15, 24). This
“neurological disconnection syndrome” is more broadly defined as
an abnormal condition characterized by an established group of
variable neurological signs, symptoms, and molecular markers,
including miRNA abundance and speciation, that individually
possess only limited neuropathological and cognition/behavioral
similarities from patient to patient (7–9, 11–18, 21–24).

Further to the concept of AD heterogeneity are the ideas that
form the conceptual basis for “human biochemical and genetic
individuality” (5, 9, 18). These include individual gene sequence
variation, gene-based susceptibility to disease and heterogeneity
in miRNA abundance and complexity, that may in part drive a
general redundancy in gene expression in different human popu-
lations (5, 9, 16, 21, 22). Interestingly, these variationsmay directly
impact the genetic evolution of the human species (4, 5, 18–20, 24–
26). Much independently derived data support the concept that
the genetics, epigenetics, and genome-wide regulatory networks
of AD vary considerably among different human populations
that possess different genetic and/or environmental backgrounds.
Furthermore, despite the fact that genetic factors are inherited
and fixed, non-genetic factors, such as (i) environmental or occu-
pational exposures to pesticides, organic solvents, anesthetics,
and/or food additives; (ii) pre-existing medical conditions such
as cancer, cerebrovascular, and/or cardiovascular disease, depres-
sion, diabetes, dyslipidemia, hypertension, traumatic brain injury,
older age, female gender, andApoE status; and (iii) lifestyle factors
such as alcohol and coffee consumption, salt, sugar, and choles-
terol and fat intake, body mass index, cognitive activity, physical
activity, and smoking, are life-style determined and these are
known to impact the incidence, development and propagation of
AD (18–20, 24–31). Interestingly, certain potentially pathogenic
“pro-inflammatorymiRNAs” of the host are significantly inducible
by common microbial and environmental factors such as herpes
simplex-1 virus (HSV-1) and naturally occurring elements of the
biosphere (such as aluminum oxides that make up almost 9% of
the earth’s crust) (32–35).

To make another important point concerning the variable
contribution of specific miRNAs to AD, we surveyed the most
recently published papers on “miRNA biomarkers for AD” using
the National Institutes of Health National Library of Medicine
website MedLine (www.ncbi.nlm.nih.gov; using the keywords
“Alzheimer’s disease,” “miRNA” and “2015”). The most recent
findings of 15 independent labs further support the contention of
extremely high miRNA heterogeneity in AD tissue and biofluids
(36–50). For example, the last 15 reports of diagnostic markers
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in AD CSF (36–39; involving miRNA-27a, miRNA-29a, miRNA-
191, miRNA-384) and others, AD blood serum (38–46; involving
miRNA-107, miRNA-125b, miRNA-128, miRNA-132, miRNA-
191, miRNA-206, miRNA-384) and others; “humanized” AD cell
models (47–50; involving miRNA-125b, miRNA-128, miRNA-
138) and others, and several recent reviews (51–55) provides no
common or general consensus of any single miRNA that defines
causality for the onset or duration of the AD process. To further
complicate these findings, recent molecular-genetic studies have
also shown that evenwhen derived fromhomogenous source pop-
ulations, such as pluripotent stem cells, individual cells from those
populations exhibit significant differences in gene expression,
protein abundance and phenotypic output; here specific families
of miRNAs appear to have a deterministic role in reconfigur-
ing the “pluripotency network” of individual cells with important
downstream functional consequences (47–49, 56, 57).

It is further important to point out exactly what an advanced
analytical techniquewill tell us. For example,most AD researchers
would agree that the production of Aβ42 peptides is involved in
the AD process. Aβ42 peptides and fragments are generated by
a variety of secretases (chiefly α-, β-, and γ-secretases), however,
other secretase-like enzymes and enzyme modifiers appear to be
involved (5, 8, 14, 25, 31, 58). While RNA-seq and other “next
generation sequencing” (NGS) methods will tell us something
about the levels of expression of these secretases they would give
us no clue about the activity of these secretases in the brain,
and their ability to generate Aβ42 or other AD-relevant peptides,
which are affected bymany other genetic, epigenetic, non-genetic,
environmental, and host lifestyle factors. So it is unlikely that
RNA-seq, NGS, or other “advanced sequencing methodologies”
could give us the entire story of what is going on in AD, although
most agree it would give us very valuable insight as to what is
happening at the molecular-genetic level, and perhaps be of some
value diagnostically.

Lastly, if high-density microarray- and advanced RNA-
sequencing based profiles of AD brain or biofluid samples
are any indication of AD variability then there are real and
significant human population differences in AD onset, incidence,
epidemiology, disease course and progression (9, 16, 21, 22, 25,
50, 57). It is unlikely that a single miRNA in the CSF, blood
serum, urine, or any other biofluid compartments from multiple
human populations will be predictive for AD at any stage of
the disease. However, what might be particularly useful for
significantly improved AD diagnostics would be a selective, high-
density panel of a “pathogenic and neurodegeneration-associated
miRNA family” that along with other gene expression-based

biometrics could more accurately predict the onset of AD-
type change. This highly interactive, “personalized medicine”
approach – involving a comprehensive evaluation that scores
multiple AD deficiencies including miRNA-, mRNA-, and
protein-based gene expression alterations, AD-relevant DNA
mutations, pro-inflammatory biomarkers (such as C-reactive
protein or CRP), and Aβ40- and Aβ42-peptide load in the CSF
and blood serum, combined with data from MRI- and PET-
based brain imaging, and familial, clinical history, lifestyle,
and other factors could be extremely useful in the improved
diagnosis of AD susceptibility and development (52–58). These
highly integrated and multidimensional diagnostic approaches
certainly lie within the grasp of current medical technologies –
it will just be a matter of improved application, data acquisition
and integration of clinical research and healthcare resources
to frame a more accurate diagnostic portrait of the “alleged
AD patient.” Indeed, an equally wide variety of individualistic
prevention and “personalized” treatment strategies would be
required to more effectively address such age-related neurological
disorders, including the implementation of combinatorial and/or
customized anti-miRNA strategies that have as yet not been
considered.
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The differentiation betweenmultiple system atrophy (MSA) and Parkinson’s disease (PD) is
difficult, particularly in early disease stages. Therefore, we aimed to evaluate the diagnostic
value of neurofilament light chain (NFL), fms-like tyrosine kinase ligand (FLT3L), and total
tau protein (t-tau) in cerebrospinal fluid (CSF) as biomarkers to discriminate MSA from
PD. Using commercially available enzyme-linked immunosorbent assays, we measured
CSF levels of NFL, FLT3L, and t-tau in a discovery cohort of 36 PD patients, 27 MSA
patients, and 57 non-neurological controls and in a validation cohort of 32 PD patients,
25 MSA patients, 15 PSP patients, 5 CBS patients, and 56 non-neurological controls.
Cut-offs obtained from individual assays and binary logistic regression models developed
from combinations of biomarkers were assessed. CSF levels of NFL were substantially
increased in MSA and discriminated between MSA and PD with a sensitivity of 74% and
specificity of 92% (AUC=0.85) in the discovery cohort and with 80% sensitivity and 97%
specificity (AUC=0.94) in the validation cohort. FLT3L levels in CSF were significantly
lower in both PD and MSA compared to controls in the discovery cohort, but not in
the validation cohort. t-tau levels were significantly higher in MSA than PD and controls.
Addition of either FLT3L or t-tau to NFL did not improve discrimination of PD from MSA
above NFL alone. Our findings show that increased levels of NFL in CSF offer clinically
relevant, high accuracy discrimination between PD and MSA.

Keywords: Parkinson’s disease, multiple system atrophy, neurofilament light chain, FLT3 ligand, cerebrospinal fluid

Introduction

Parkinson’s disease (PD) is the most common movement disorder with typical age of onset around
60 years although some patients (~3–5%) develop PD before the age of 40 (1). PD is characterized
by four cardinal motor features: involuntary tremor, postural instability, bradykinesia, and rigidity
(2). Non-motor features such as cognitive disturbances, depression, mild autonomic dysfunction
(including orthostatic hypotension), and disordered sleep commonly accompany these motor
symptoms (3).

Multiple system atrophy (MSA) is a relatively rare and sporadic adult-onset disease characterized
by a variable combination of parkinsonism, cerebellar ataxia, autonomic dysfunction (particularly
orthostatic hypotension), and pyramidal signs (4). MSA is commonly misdiagnosed as PD, partic-
ularly in early disease stages, because of overlapping symptoms, occasionally good responsiveness
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to dopaminergic treatment in MSA, and similar age of onset,
typically around 60 years (1, 4). However, MSA progresses more
rapidly thanPDand is associatedwith amuchpoorer quality of life
(5). Moreover, the response to levodopa, although variable, is gen-
erally poor and may lead to worsening of orthostatic hypotension
in some MSA patients (6). A reliable biomarker capable of clearly
distinguishing betweenMSAandPDwould have great clinical and
diagnostic value.

Two recent studies have investigated the utility of fms-like tyro-
sine kinase ligand (FLT3L) as a potential cerebrospinal fluid (CSF)
biomarker to differentiate MSA from PD but had conflicting
results. While one paper reported that CSF levels of FLT3L could
differentiate betweenMSA and PDwith high accuracy (7) another
showed no significant differences in FLT3L levels between MSA
and PD (8). However, there is currently no literature available
investigating the biological significance of FLT3L in PD. There-
fore, additional studies are required to ascertain the utility of
FLT3L as a biomarker and, if its utility in distinguishing PD from
MSA can be confirmed, further studies investigating its biological
significance would be highly warranted.

Neurofilament proteins are highly phosphorylated neuronal
cytoskeleleton proteins composed of three subunits of which the
smallest, the 68 kDa neurofilament light chain (NFL), forms the
backbone and is essential for neurofilament assembly (9). Ele-
vated levels of CSF NFL in atypical parkinsonisms compared
with PD and controls have been observed and may reflect more
extensive neuronal damage in AP than in PD. Similarly, tau

has an important function in providing structural stability to
axonal microtubules. Mutations in the MAPT gene have been
associated with PD and thus mark tau as a potential biomarker
for PD (10). As might be expected, CSF levels of NFL and
total tau protein (t-tau) have been shown to discriminate PD
from atypical parkinsonisms (11–14) but these studies require
further validation. In the current study, we aimed to determine
which CSF biomarker (NFL, t-tau, or FLT3L), or combination
of biomarkers, could provide optimal discrimination of MSA
from PD.

Materials and Methods

Patients
The present studywas performed at the RadboudUniversityMed-
ical Centre (Nijmegen, the Netherlands). We studied patients ini-
tially referred to our tertiary movement disorder center between
December 2000 and November 2008 (Figure 1), with a hypoki-
netic rigid syndrome of uncertain diagnosis at presentation, and
who received a subsequent diagnosis of PD or MSA. The initial
clinical diagnosis (at presentation) was established by a neurol-
ogist specialized in movement disorders according to current
diagnostic criteria for PD (15) and MSA (16). Patients underwent
extensive neurological examination and a subset of the patients
were included from a previous study in which they were studied
prospectively for three years (57% of MSA and 86.8% of PD
patients) (17). For these patients, diagnosis was established by

FIGURE 1 | Flowchart of patient inclusion in this study. PD, Parkinson’s disease; MSA, multiple system atrophy; PSP, progressive supranuclear palsy; CBD,
corticobasal degeneration; CSF, cerebrospinal fluid; n, number. CSF was obtained during the initial diagnostic assessment upon presentation.
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two neurologists specialized in movement disorders and patients
underwent extensive neurological examination and imaging stud-
ies at initial visit and again after 3 years (SupplementaryMaterial).
Ten MSA patients and five PD patients have been described
earlier (14, 18) but the CSF parameters reported in the current
study were not previously reported. The remaining eight MSA
and four PD patients were incidental cases for whom case review
follow-up was performed by a neurologist (author Marjolein
B. Aerts).

Disease severity was established using the (modified) Hoehn
and Yahr (H&Y) (19) stages and unified Parkinson’s disease rat-
ing scale (UPDRS) (20); ataxia severity was assessed using the
International Cooperative Ataxia Rating Scale (ICARS) (21). Final
diagnosis was confirmed by case review up to 9 years after initial
visit. Controls consisted of patients referred to our Neurology
Department during the period 2001–2009, who underwent lum-
bar puncture as part of the diagnostic process, and who had been
confirmed as having no neurological disease.

For the discovery group, we analyzedCSF samples fromPD and
MSA patients obtained between 2001 and 2004, and controls con-
sisted of patients with lumbar punctures obtained between 2001
and 2006. To validate our findings, we examinedCSF in additional
MSA and PD patients with lumbar punctures obtained between
2005 and 2008, and control CSFs obtained between 2007 and
2010. Additional patients diagnosed with progressive supranu-
clear palsy (PSP, n= 15) and corticobasal syndrome (CBS, n= 5)
with previously unreported, retrospective CSF NFL levels were
included to show differences in NFL levels between PD patients
and other atypical parkinsonisms (Figure 1; Table S5 in Sup-
plementary Material). Initial clinical diagnosis for these patients
was established by a movement disorders specialist using current
diagnostic criteria for PSP (22) and CBS (23). Lumbar puncture
samples from all MSA and PD patients were analyzed for all CSF
parameters to determine and validate the utility of these param-
eters in discriminating PD from MSA. Controls in the discovery
group were tested for all CSF parameters for comparison with PD
and MSA patients. NFL and FLT3L levels in a second group of
controls in the validation cohort provided additional reference
values for these parameters.

Ethical Statement
The following applies to 59/68 PD patients and 32/52 MSA
patients: written informed consent was obtained from the par-
ticipants prior to participation of the study. All clinical investiga-
tions have been conducted according to the principles expressed
in the Declaration of Helsinki. In case patients were unable to
consent (defined as MMSE score below 25), written informed
consent was obtained from a next of kin of the patient. The local
institutional review board (“Commissie Mensgebonden Onder-
zoek region Arnhem-Nijmegen”) approved of this study. For the
remaining patients (i.e., 9/68 of PD patients, 20/52 MSA patients,
and all controls), CSF samples were obtained as part of the clinical
diagnostic work-up of a patient. Patients were informed that their
data, including CSF, could be used for further scientific purposes
and were given the option to object against this use, in which
case their data were not used. This procedure has been approved
as well.

CSF Samples and Analysis
Cerebrospinal fluid samples obtained by lumbar puncture were
collected in polypropylene tubes, centrifuged (5min, 860× g
at room temperature), and stored at −80°C. Patient informa-
tion was decoded to maintain confidentiality. Undiluted CSF
samples were measured in duplicate using commercially avail-
able enzyme-linked immunosorbent assays (ELISAs) for Human
FLT3L (R&D Systems, Abingdon, UK), NFL (NF-light® Neuro-
filament ELISA RUO; a gift from UmanDiagnostics, Sweden),
and t-tau (INNOTEST® hTau, InnogeneticsN.V., Ghent, Belgium).
ELISAs were performed according to manufacturer’s instructions
except the capture antibody for the FLT3L ELISA was used at
1 µg/mL.

Statistical Analysis
Cerebrospinal fluid parameters with non-Gaussian distribution
were log transformed and between-group differences were tested
using one-way analysis of variance (ANOVA) followed by Tukey’s
post hoc test. Mann–Whitney U tests were used to compare data
with a non-Gaussian distribution (NFL levels in the discovery
group). Spearman rank correlation was used to determine cor-
relations. We performed analysis of covariance (ANCOVA) to
control for possible confounding variables (e.g., age, gender, dis-
ease duration, and disease severity). Binary logistic regression
was used to identify variables contributing to discrimination of
MSA from PD and receiver–operator curves (ROCs) were used to
determine the diagnostic accuracy of CSF parameters and models
developed from the binary logistic regression. Statistical analyses
were performed using GraphPad PRISM 5 software (San Diego,
CA, USA) and SPSS software version 20.0 (Chicago, IL, USA).
Comparison of the ROC curves was performed using MedCalc®
software version 12.5.0.0. Bootstrapping analyses using data from
both cohorts were also performed for additional validation of the
measures using Medcalc 12.7.0 9 Trial version.

Results

Patient Characteristics
We analyzed 233 CSF samples: 52 MSA patients, 68 PD patients,
and 113 non-neurological controls. Of these, 61% (32/52) of
the MSA and 87% (59/68) of the PD patients had been studied
prospectively for 3 years. The discovery group consisted of 36 PD,
27 MSA, and 57 controls. Patient characteristics and CSF parame-
ters are reported in Table 1. CSF samples from controls were used
to obtain reference values for NFL, FLT3L, and t-tau. In order
to confirm the use of NFL, FLT3L, and t-tau in discriminating
between PD and MSA, we included a validation group consisting
of 32 PD and 25 MSA patients. Since CSF measures of NFL and
FLT3L are rather novel, we included 56 additional controls to
obtain additional reference values.

NFL, t-tau, and FLT3L Levels in CSF of the
Discovery Cohort
In the discovery group, CSF FLT3L levels were significantly lower
in PD (38.4± 11.9 ng/L; p< 0.01) and MSA (39.3± 12.4 ng/L;
p< 0.05) compared with controls (47.8± 14.3 ng/L) but similar in
MSA and PD (Figure 2A). We found significantly higher levels
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TABLE 1 | Patient demographic and baseline characteristics – discovery
cohort.

PD (n= 36) MSA (n= 27) Controls
(n= 57)

Age in years (SD)b 60.1 (10.4) 62.6 (9.0) 57.0 (11.5)

Number of males (%) 22 (61.1) 15 (55.6) 37 (64.9)

Years of follow-up
(range)

5.5 (0–9.2) 2.9 (0–7.9) N/A

NFL (ng/L) 1350 (915) 4548 (3206) 1503 (619)

FLT3L (ng/L) 38.4 (11.9) 39.3 (12.4) 47.8 (14.3)

t-tau (ng/L) 242 (190) 335 (164) 251 (110)

Disease duration,
months (range)c

PD (n= 28) MSA (n= 14) p-Valuea

43.8 (6–158) 43.7 (8–96) p= 0.508

Disease severityc PD (n= 32) MSA (n= 14) p-Valuea

H&Y 2.0 (0.60); n= 32 2.7 (1.2); n= 14 p= 0.014

UPDRS; mean (SD) 30.3 (11.5); n= 27 32.5 (16.7); n= 14 p= 0.627

ICARS; mean (SD) 2.9 (4.8); n=20 12.1 (9.5); n= 9 p= 0.020

Cognitive function PD (n= 28) MSA (n= 14) p-Valuea

MMSE; mean (SD) 28.5 (1.6) 27.5 (3.5) p>0.05

SD, standard deviation; H&Y, Hoehn and Yahr score; ICARS, International Cooperative
Ataxia Rating Scale; UPDRS, unified Parkinson’s disease rating scale; N/A, not applicable.
aStudent’s t-test p-values for PD versus MSA.
bAt time of lumbar puncture.
cAt time of inclusion.

of CSF NFL in MSA (4548± 3206 ng/L) compared with both
PD (1350± 915 ng/L, p< 0.001) and controls (1503± 619 ng/L,
p< 0.001) but not between PD and controls (Figure 2B). CSF t-
tau levels were significantly higher forMSA (335± 164 ng/L) than
PD (242± 190 ng/L; p< 0.05; Figure 2C) and, compared with our
reference values for t-tau in healthy controls, 46% ofMSA patients
and 11% of PD patients had elevated (≥350 ng/L) t-tau levels.

FLT3L correlated with both NFL and t-tau for PD and controls
but not MSA. There was a moderate correlation between NFL and
t-tau in PD (r= 0.39, p< 0.05) but not MSA (r= 0.34, p= 0.11)
or controls (r= 0.43, p= 0.08). Details of the correlation data are
provided in Table S1 in Supplementary Material. Four of the PD
patients exhibited levels of t-tau that weremarkedly different from
the remainder of the group (Figure 2C) but this was not correlated
with MMSE since individual MMSE scores were 30 for 1 patient,
29 for 2 patients, and 26 for 1 patient. Despite long-term clinical
follow-up (3–8.8 years), we can neither rule out, nor confirm,
subclinical tauopathy in these patients.

Neurofilament light chain alone provided high discrimination
(AUC 0.85) between MSA and PD with 74.1% sensitivity and
91.7% specificity. Logistic regression models of combination
biomarkers were then analyzed (summarized in Table 2). The
combination of t-tau and NFL developed in our previous study
(12) (Model 1: y=NFL+ 0.15*t-tau; AUC= 0.89) yielded
similar sensitivity (75.0%) and specificity (91.2%; AUC= 0.90)
for discriminating MSA from PD whereas the combination
of FLT3L and NFL (Model 2: y=−1.646+ 0.001*NFL-
0.0308*FLT3L) yielded a sensitivity of 81.8% and specificity of
94.8% (AUC= 0.89). The combination of NFL, FLT3L, and t-tau
(Model 3: y=−3.054–0.001*NFL+ 0.003*t-tau− 0.028*FLT3L)
yielded a higher AUC (0.92) with increased sensitivity (94.7%)

but reduced specificity (83.3%). Comparison of the ROC analyses
showed that this improvement was not significantly better at
discriminating betweenMSA from PD thanNFL alone (p> 0.05).

Gender was not correlated with CSF parameters for any group.
Age was correlated with, or tended to be correlated with, all CSF
parameters in PD and controls but not in MSA (Table S2 in
Supplementary Material). Disease duration and severity (ICARS
and H&Y) were not correlated with CSF parameters for either
PD or MSA in the discovery cohort. UPDRS was not correlated
with CSF parameters in the PD group but, intriguingly, showed a
significant negative correlation with NFL (r=−0.57, p< 0.05) in
MSA.Details of these correlations are provided in Table S3 in Sup-
plementary Material. When we repeated our analyses controlling
for age, gender, UPDRS, and disease duration using ANCOVA,
significance levels were maintained for NFL but not FLT3L or
t-tau, suggesting that NFL levels are robust but FLT3L and t-
tau levels may be influenced by other factors that give rise to
heterogeneous values.

Validation of the Diagnostic Markers
In the validation cohort, we confirmed higher levels of CSF NFL
in MSA (5938± 4267 ng/L) compared with PD (1103± 442 ng/L;
p< 0.001) and controls (1290± 664 ng/L; p< 0.001; Table S4 in
Supplementary Material). CSF NFL levels were also significantly
higher in other atypical parkinsonsisms (AP; 15 PSP and 5 CBS)
than in PD and controls (Table S5 in Supplementary Material).
This significance was maintained after controlling for age, gender,
and disease durationwithAUC≥ 0.9 (Figure S1 in Supplementary
Material). FLT3L levels were non-significantly lower in both PD
and MSA compared with the controls although a small significant
difference between MSA and controls was found after controlling
for age, gender, disease duration, and disease severity (p< 0.05).
As with the discovery group, we also observed higher levels of t-
tau inMSA than PDbut this failed to reach significance (p= 0.06).
We noted that t-tau levels in both PD and MSA in the validation
groups were overall lower than in the discovery group and for
MSA the difference in t-tau levels in discovery (335± 164 ng/L)
versus validation (244± 93 ng/L) was significant (p< 0.05). The
methodology used to measure t-tau (Innotest ELISAs) was the
same for all patients but CSF samples collected prior to 2004 were
analyzed retrospectively, which may have influenced our results.

Disease duration was significantly shorter in PD (25.1months;
range 6–84) than MSA (39.0months; range 12–106) in the valida-
tion group, but controlling for this variable using ANCOVA did
not alter the significance level for the CSF parameters.

The models developed using the CSF parameters from the
discovery group were applied to the validation group and diag-
nostic values were calculated using cut-offs obtained from the
discovery group. We could correctly identify the majority of
MSA patients (sensitivity= 80% and specificity= 97%) using
NFL alone (AUC= 0.94). Again, ROC curve comparison showed
that none of the models significantly improved the discrimination
of MSA from PD.

Bootstrapping analysis of the combined data to further validate
our result, produced an ROC curve for NFL (PD versus MSA)
that was highly comparable with ROC curves from the individual
cohorts (AUC= 0.90; sensitivity= 77%; specificity= 96%, cut-off
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FIGURE 2 | Cerebrospinal fluid concentrations of FLT3L, NFL, and t-tau
for the MSA, PD, and control groups: discovery cohort. (A) FLT3L levels
are significantly reduced in MSA and PD as compared to controls. NFL (B) and

t-tau (C) concentrations are significantly increased in the MSA group compared
with the PD group. MSA, multiple system atrophy; PD, Parkinson’s disease; NS,
non-significant difference; mean values are indicated by horizontal lines.

TABLE 2 | Comparison of models for discriminating MSA from PD.

CSF variables Number of patientsa Cut-off b point Sensitivity (%) Specificity (%) AUC Youden indexc Likelihood ratiod

DISCOVERY
NFL PD= 36, MSA= 27 >2315 74.1 91.7 0.854 65.7 8.9
Model 1e PD= 34, MSA= 20 >2388 75.0 91.2 0.879 70.6 8.5
Model 2f PD= 31, MSA= 22 >−0. 925 81.8 94.8 0.887 68.9 6.3
Model 3g PD= 29, MSA= 15 >−1.604 94.7 83.3 0.921 78.1 5.7
VALIDATION
NFL PD= 32, MSA= 25 >2315 80.0 96.9 0.938 76.9 25.6
Model 1e PD= 32, MSA= 24 >2388 76.1 96.9 0.932 76.1 25.3
Model 2f PD= 32, MSA= 23 >−0. 925 82.6 96.9 0.969 79.5 26.4
Model 3g PD= 32, MSA= 22 >−1.604 81.8 96.9 0.948 75.6 26.2

aDue to missing data points, not all CSF parameters were available in all patients.
bCut-off refers to the selected value of the individual biomarker or the combination where the two groups can be separated at the indicated sensitivity and specificity.
cYouden index: sensitivity+ specificity−100.
dLikelihood ratio: sensitivity/(1− specificity).
eModel 1: y=NFL+0.15*t-tau.
fModel 2: y=−1.646+0.001*NFL-0.03*FLT3L.
gModel 3: y=−3.054–0.001*NFL+0.003*t-tau− 0.028*FLT3L.

>2174 ng/L). Bootstrapping of the combined FLT3L data revealed
significantly lower levels of FLT3L in both the PD and MSA
groups compared with controls as was observed in the discovery
group but not the validation group. We found no significant
differences in CSF FLT3L levels between PD and MSA patients
in the individual cohorts nor when using bootstrapping of the
combined data.

Discussion

In the current study, we showed that CSF levels of NFL can be
used for clinically relevant discrimination ofMSA fromPD. These
results confirm our previous findings using a different method
of detection for NFL (14) and the findings of a more recent
study using the same ELISA method (12). However, unlike these
previous case-control studies, we recruited most of our patients
from a prospective studywith long clinical follow-up. Higher t-tau
levels for MSA patients in this study confirm similar observation
in other studies (12, 14, 18) but the contribution of t-tau to the
overall discrimination of PD from MSA was not significant. We
noted high t-tau values in around 11% of our PD patients and
46% of our MSA patients in the discovery group. However, very
few patients in the validation group had high t-tau levels (3% of
PD and 8% of MSA). Since the diagnostic value of our previously
developed model combining NFL and t-tau (Model 1), did not

differ between the discovery and validation groups, this variation
probably did not adversely influence our results.

We found significantly decreased CSF FLT3L levels in PD and
MSA compared to controls in our discovery cohort but not in
the validation cohort. Bootstrapping of the combined data was
consistent with the discovery group, revealing significantly lower
levels of FLT3L in both PD and MSA compared with controls
but we and others (10) found no significant differences in CSF
FLT3L levels between PD and MSA. These results contradict an
earlier study showing high accuracy discrimination between PD
and MSA using FLT3L but we have used a different method of
detection for FLT3L than the original paper (7) and our results
agree with a more recent study using the same methodology as
the original paper (9).

Unlike the first study (7), we did not attempt to exclude patients
with possible familial PD, although genetic causes of PD were not
identified in our cohorts. Variance could be partly attributable to
inclusion of younger PD patients (<50 years in 15/52 PD patients)
since we observed a strong correlation between age and FLT3L
levels in both PD and controls. After subdivision of PD and MSA
for age (i.e.,>50 and<50 years), differences betweenPDandMSA
were maintained and we found no differences between young
versus old PD or MSA patients (data not shown).

Neurofilament proteins are essential for maintaining the neu-
ronal cytoskeleton and increased levels of NFL in the CSF of
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MSA patients likely reflects extensive axonal degeneration. In
keeping with earlier findings (12, 14), CSF NFL was increased
in MSA and aided discrimination of MSA from PD and, in the
current study, NFL alone provided the best tool for discriminating
between MSA and PD. The addition of FLT3L and t-tau to NFL
analysis improved this discrimination only slightly. However, we
observed strong correlations between NFL and FLT3L in PD
and controls in both the discovery and validation phases that
warrant further investigation to determine the potential func-
tion of FLT3L in the central nervous system. The lack of cor-
relation between NFL and FLT3L in the MSA patients suggests
that increased levels of NFL were not dependent on changes in
FLT3L or vice versa and does not support a role for FLT3L in the
pathology of MSA.

FLT3L is a hematopoietic growth factor expressed in various
tissues including the brain (24) and has an important role in
hematopoietic stem cell survival and proliferation (25). Although
FLT3L has a neurotrophic function contributing to increased
survival of a subset of post-mitotic neurons (24), its role in
neurodegenerative diseases is unknown. In amyotrophic lateral
sclerosis (ALS), CSF levels of FLT3L are elevated compared with
healthy controls (26). Nerve growth factor (NGF), which nor-
mally synergizes with FLT3L to exert its neurotrophic effect,
also increases the expression of NFL. Since both NGF and NFL
are increased in ALS (27, 28), NGF may contribute to elevated
levels of FLT3L and NFL as observed in ALS (27, 29, 30). In
PD, levels of NGF are reduced (29) and possibly contribute
to observed reductions in CSF FLT3L and NFL levels in some
patients. However, contrary to previous observations, CSF FLT3L
levels alone do not serve as a biomarker for differentiation ofMSA
from PD.

A major strength of our study is that diagnosis was made
prospectively for the majority of PD and MSA patients using
detailed neurological examination in combination with imaging
studies, and final diagnosis was confirmed after long follow-up
by case review. Our findings emphasize a consistency with other
studies (12–14, 31) showing that CSF NFL levels could be a useful
adjunct to clinical diagnosis for distinguishing PD from MSA
and other atypical parkinsonisms. Since both ours and previous
studies have shown significantly increased CSF NFL levels in
atypical parkinsonism disorders other than MSA, including PSP
and CBS (12, 13, 31), CSF NFL levels do not represent a specific
marker for MSA but rather, may be more generally useful for dis-
tinguishing PD from atypical parkinsonisms (12, 14). Our results
will require confirmation in larger cohorts in future research,
with (eventual) pathological confirmation of disease. Further,
additional studies will also be required to determine whether NFL
levels are influenced by other extraneous influences such as other

non-neurological diseases (e.g., cancer) (32, 33) or familial versus
sporadic forms of PD, and to determine whether increased NFL
levels will be useful for differentiating PD from other APs at early
stages of disease.

Following the successful identification of the CSF biomark-
ers t-tau, p-tau, and Aβ42 that support the clinical diagnosis
of Alzheimer’s disease, there has been a growing interest in the
discovery of similarly specific CSF biomarkers for PD and AP.
Many studies have been reported on the quantification of α-
synuclein in CSF. Although there is a general consistency that
decreased concentrations of this protein are observed in PD
and AP with α-synuclein pathology, large overlap between these
patient groups and neurological controls has hindered the intro-
duction of its quantification into clinical practice (34, 35). Sim-
ilarly, a large degree of overlap is seen for levels of oligomeric
α-synuclein and lysosomal enzyme levels in PD versus controls
(36). Yet another approach, using proteomics discovery in CSF,
did not yield a biomarker that could be applied in clinical practice
since a panel of a minimum of five proteins was required to
differentiate PD from controls at reasonable AUC (0.87) and the
AUC of single markers did not exceed 0.79 (37). Therefore, a
clinically useful CSF biomarker has not yet been identified for
PD. In contrast, however, our study supports the concept that
one (NFL) or two (NFL+ t-tau) CSF biomarkers may reliably
predict AP and PD in a population of patients with parkinsonism
at a high AUC (>0.90). This combination of biomarkers also
has a better clinical performance than the recently described
CSF biomarker UCH-L1 (38), which differentiates PD from AP
at an AUC of 0.69. In conclusion, currently the most progress
has been made in identifying CSF biomarkers for AP, with
NFL, either in combination with t-tau, being the most promising
biomarker so far.

Acknowledgments

This study was supported by the following grants: an EU Joint
Programme – Neurodegenerative Disease Research (JPND; www.
jpnd.eu) project, through funding by theMinistry of Education for
Netherlands: ZonMw (The Netherlands Organisation for Health
Research andDevelopment); the “Stichting Internationaal Parkin-
son Fonds”; and the “van Alkemade Keuls fonds.” We thank
Alexandra Versleijen and other technicians of the Department of
Laboratory Medicine for performing the CSF analyses.

Supplementary Material

The SupplementaryMaterial for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fneur.2015.00091

References
1. de Lau LM, Breteler MM. Epidemiology of Parkinson’s disease. Lancet Neurol

(2006) 5(6):525–35. doi:10.1016/S1474-4422(06)70471-9
2. Rodriguez-Oroz MC, Jahanshahi M, Krack P, Litvan I, Macias R, Bezard E,

et al. Initial clinical manifestations of Parkinson’s disease: features and patho-
physiological mechanisms. Lancet Neurol (2009) 8(12):1128–39. doi:10.1016/
S1474-4422(09)70293-5

3. Poewe W. Non-motor symptoms in Parkinson’s disease. Eur J Neurol (2008)
15:14–20. doi:10.1111/j.1468-1331.2008.02056.x

4. Stefanova N, Bücke P, Duerr S, Wenning GK. Multiple system atrophy:
an update. Lancet Neurol (2009) 8(12):1172–8. doi:10.1016/S1474-4422(09)
70288-1

5. Schrag A, Geser F, Stampfer-Kountchev M, Seppi K, Sawires M, Köllensperger
M, et al. Health-related quality of life in multiple system atrophy. Mov Disord
(2006) 21(6):809–15. doi:10.1002/mds.20808

Frontiers in Neurology | www.frontiersin.org                                                            163                                                                               May 2015 | Volume 6 | Article 91

www.jpnd.eu
www.jpnd.eu
http://journal.frontiersin.org/article/10.3389/fneur.2015.00091
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://dx.doi.org/10.1016/S1474-4422(09)70293-5
http://dx.doi.org/10.1016/S1474-4422(09)70293-5
http://dx.doi.org/10.1111/j.1468-1331.2008.02056.x
http://dx.doi.org/10.1016/S1474-4422(09)70288-1
http://dx.doi.org/10.1016/S1474-4422(09)70288-1
http://dx.doi.org/10.1002/mds.20808
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


Herbert et al. CSF NFL and FLT3L in parkinsonian disorders

6. Flabeau O, Meissner WG, Tison F. Multiple system atrophy: current and future
approaches tomanagement.TherAdvNeurol Disord (2010) 3(4):249–63. doi:10.
1177/1756285610375328

7. Shi M, Movius J, Dator R, Aro P, Zhao Y, Pan C, et al. Cerebrospinal fluid pep-
tides as potential Parkinson disease biomarkers: a staged pipeline for discovery
and validation. Mol Cell Proteomics (2015) 14(3):544–55. doi:10.1074/mcp.
M114.040576

8. Silajdžić E, Constantinescu R, Holmberg B, Björkqvist M, Hansson O. Flt3 lig-
and does not differentiate between parkinsonian disorders. Mov Disord (2014)
29(10):1319–22. doi:10.1002/mds.25948

9. Lasec R. Studying the intrinsic determinants of neuronal form and function.
In: Lasec RJ, Black MM, editors. Intrinsic Determinants of Neuronal Form and
Function. New York, NY: Alan R. Liss Inc (1988). p. 1–60.

10. Vandrovcova J, Pittman AM, Malzer E, Abou-Sleiman PM, Lees AJ, Wood NW,
et al. Association of MAPT haplotype-tagging SNPs with sporadic Parkinson’s
disease. Neurobiol Aging (2009) 30(9):1477–82. doi:10.1016/j.neurobiolaging.
2007.11.019

11. Bech S, Hjermind LE, Salvesen L, Nielsen JE, Heegaard NH, Jørgensen HL,
et al. Amyloid-related biomarkers and axonal damage proteins in parkinso-
nian syndromes. Parkinsonism Relat Disord (2012) 18(1):69–72. doi:10.1016/
j.parkreldis.2011.08.012

12. Hall S, Öhrfelt A, Constantinescu R, Andreasson U, Surova Y, Bostrom F,
et al. Accuracy of a panel of 5 cerebrospinal fluid biomarkers in the differential
diagnosis of patients with dementia and/or parkinsonian disorders.Arch Neurol
(2012) 69(11):1445–52. doi:10.1001/archneurol.2012.1654

13. Constantinescu R, Rosengren L, Johnels B, Zetterberg H, Holmberg B. Con-
secutive analyses of cerebrospinal fluid axonal and glial markers in Parkinson’s
disease and atypical parkinsonian disorders. Parkinsonism Relat Disord (2010)
16(2):142–5. doi:10.1016/j.parkreldis.2009.07.007

14. Abdo WF, Bloem BR, Van Geel WJ, Esselink RAJ, Verbeek MM. CSF neurofila-
ment light chain and tau differentiate multiple system atrophy from Parkinson’s
disease. Neurobiol Aging (2007) 28(5):742–7. doi:10.1016/j.neurobiolaging.
2006.03.010

15. Hughes AJ, Daniel SE, Ben-Shlomo Y, Lees AJ. The accuracy of diagnosis
of parkinsonian syndromes in a specialist movement disorder service. Brain
(2002) 125(4):861–70. doi:10.1093/brain/awf080

16. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski
JQ, et al. Second consensus statement on the diagnosis of multiple sys-
tem atrophy. Neurology (2008) 71(9):670–6. doi:10.1212/01.wnl.0000324625.
00404.15

17. Aerts MB, Esselink RA, Abdo WF, Meijer FJ, Drost G, Norgren N, et al.
Ancillary investigations to diagnose parkinsonism: a prospective clinical study.
J Neurol (2015) 262(2):346–56. doi:10.1007/s00415-014-7568-4

18. Abdo WF, van de Warrenburg BP, Kremer HP, Bloem BR, Verbeek MM. CSF
biomarker profiles do not differentiate between the cerebellar and parkinso-
nian phenotypes of multiple system atrophy. Parkinsonism Relat Disord (2007)
13(8):480–2. doi:10.1016/j.parkreldis.2007.02.002

19. Hoehn MM, Yahr MD. Parkinsonism: onset, progression, and mortality. Neu-
rology (2001) 57(10):S11–26.

20. Fahn S, Elton RL. Unified Parkinson’s disease rating scale. In: Fahn S, Marsden
CD, Calne D, editors. Recent Developments in Parkinson’s Disease. Florham
Park, NJ: MacMillan Healthcare Information (1987). p. 153–63.

21. Trouillas P, Takayanagi T, Hallett M, Currier RD, Subramony SH, Wessel
K, et al. International Cooperative Ataxia Rating Scale for pharmacological
assessment of the cerebellar syndrome. J Neurol Sci (1997) 145(2):205–11.
doi:10.1016/S0022-510X(96)00231-6

22. Litvan I, Agid Y, Calne D, Campbell G, Dubois B, Duvoisin RC, et al.
Clinical research criteria for the diagnosis of progressive supranuclear
palsy (Steele-Richardson-Olszewski syndrome): report of the NINDS-
SPSP International Workshop*. Neurology (1996) 47(1):1–9. doi:10.1212/
WNL.47.1.1

23. Boeve BF, Lang AE, Litvan I. Corticobasal degeneration and its relationship
to progressive supranuclear palsy and frontotemporal dementia. Ann Neurol
(2003) 54(S5):S15–9. doi:10.1002/ana.10570

24. Brazel CY, Ducceschi MH, Pytowski B, Levison SW. The FLT3 tyrosine kinase
receptor inhibits neural stem/progenitor cell proliferation and collaborates with
NGF to promote neuronal survival. Mol Cell Neurosci (2001) 18(4):381–93.
doi:10.1006/mcne.2001.1033

25. Shurin MR, Esche C, Lotze MT. FLT3: receptor and ligand. Biology and
potential clinical application. Cytokine Growth Factor Rev (1998) 9(1):37–48.
doi:10.1016/S1359-6101(97)00035-X

26. Iłzecka J. Cerebrospinal fluid Flt3 ligand level in patients with amyotrophic lat-
eral sclerosis.Acta Neurol Scand (2006) 114(3):205–9. doi:10.1111/j.1600-0404.
2006.00704.x

27. Casaccia-Bonnefil P, Carter BD, Dobrowsky RT, Chao MV. Death of oligoden-
drocytes mediated by the interaction of nerve growth factor with its receptor
p75. Nature (1996) 383(6602):716–9. doi:10.1038/383716a0

28. Mutoh T, Tokuda A, Miyadai T, Hamaguchi M, Fujiki N. Ganglioside GM1
binds to the Trk protein and regulates receptor function. Proc Natl Acad Sci U S
A (1995) 92(11):5087–91. doi:10.1073/pnas.92.11.5087

29. Chaturvedi RK, Shukla S, Seth K, Agrawal AK. Nerve growth factor increases
survival of dopaminergic graft, rescue nigral dopaminergic neurons and
restores functional deficits in rat model of Parkinson’s disease. Neurosci Lett
(2006) 398(1–2):44–9. doi:10.1016/j.neulet.2005.12.042

30. Reijn T, Abdo W, Schelhaas H, Verbeek M. CSF neurofilament protein analysis
in the differential diagnosis of ALS. J Neurol (2009) 256(4):615–9. doi:10.1007/
s00415-009-0131-z

31. Holmberg B, Johnels B, Ingvarsson P, Eriksson B, Rosengren L. CSF-
neurofilament and levodopa tests combined with discriminant analysis may
contribute to the differential diagnosis of parkinsonian syndromes. Parkinson-
ism Relat Disord (2001) 8(1):23–31. doi:10.1016/S1353-8020(00)00083-3

32. Li X-Q, Li L, Xiao C-H, Feng Y-M.NEFLmRNA expression level is a prognostic
factor for early-stage breast cancer patients. PLoS One (2012) 7(2):e31146.
doi:10.1371/journal.pone.0031146

33. Emi M, Fujiwara Y, Nakajima T, Tsuchiya E, Tsuda H, Hirohashi S, et al.
Frequent loss of heterozygosity for loci on chromosome 8p in hepatocellular car-
cinoma, colorectal cancer, and lung cancer. Cancer Res (1992) 52(19):5368–72.

34. Parnetti L, Castrioto A, Chiasserini D, Persichetti E, Tambasco N, El-Agnaf
O, et al. Cerebrospinal fluid biomarkers in Parkinson disease. Nat Rev Neurol
(2013) 9(3):131–40. doi:10.1038/nrneurol.2013.10

35. Kang J, Irwin DJ, Chen-Plotkin AS, Siderowf A, Caspell C, Coffey CS, et al.
Association of cerebrospinal fluid β-amyloid 1-42, t-tau, p-tau181, and α-
synuclein levels with clinical features of drug-naive patients with early parkin-
son disease. JAMA Neurol (2013) 70(10):1277–87. doi:10.1001/jamaneurol.
2013.3861

36. Parnetti L, Chiasserini D, Persichetti E, Eusebi P, Varghese S, Qureshi MM,
et al. Cerebrospinal fluid lysosomal enzymes and alpha-synuclein in Parkinson’s
disease. Mov Disord (2014) 29(8):1019–27. doi:10.1002/mds.25772

37. Shi M, Bradner J, Hancock AM, Chung KA, Quinn JF, Peskind ER, et al. Cere-
brospinal fluid biomarkers for Parkinson disease diagnosis and progression.
Ann Neurol (2011) 69(3):570–80. doi:10.1002/ana.22311

38. Mondello S, Constantinescu R, Zetterberg H, Andreasson U, Holmberg B,
Jeromin A. CSF α-synuclein and UCH-L1 levels in Parkinson’s disease and
atypical parkinsonian disorders. Parkinsonism Relat Disord (2014) 20(4):382–7.
doi:10.1016/j.parkreldis.2014.01.011

Conflict of Interest Statement: Niklas Norgren is the CEO of UmanDiagnostics.
UmanDiagnostics did not play any role in the study design and did not restrict
or affect the data analysis in any way. The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Herbert, Aerts, Beenes, Norgren, Esselink, Bloem, Kuiperij and
Verbeek. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Neurology | www.frontiersin.org                                                            164                                                                             May 2015 | Volume 6 | Article 91

http://dx.doi.org/10.1177/1756285610375328
http://dx.doi.org/10.1177/1756285610375328
http://dx.doi.org/10.1074/mcp.M114.040576
http://dx.doi.org/10.1074/mcp.M114.040576
http://dx.doi.org/10.1002/mds.25948
http://dx.doi.org/10.1016/j.neurobiolaging.2007.11.019
http://dx.doi.org/10.1016/j.neurobiolaging.2007.11.019
http://dx.doi.org/10.1016/j.parkreldis.2011.08.012
http://dx.doi.org/10.1016/j.parkreldis.2011.08.012
http://dx.doi.org/10.1001/archneurol.2012.1654
http://dx.doi.org/10.1016/j.parkreldis.2009.07.007
http://dx.doi.org/10.1016/j.neurobiolaging.2006.03.010
http://dx.doi.org/10.1016/j.neurobiolaging.2006.03.010
http://dx.doi.org/10.1093/brain/awf080
http://dx.doi.org/10.1212/01.wnl.0000324625.00404.15
http://dx.doi.org/10.1212/01.wnl.0000324625.00404.15
http://dx.doi.org/10.1007/s00415-014-7568-4
http://dx.doi.org/10.1016/j.parkreldis.2007.02.002
http://dx.doi.org/10.1016/S0022-510X(96)00231-6
http://dx.doi.org/10.1212/WNL.47.1.1
http://dx.doi.org/10.1212/WNL.47.1.1
http://dx.doi.org/10.1002/ana.10570
http://dx.doi.org/10.1006/mcne.2001.1033
http://dx.doi.org/10.1016/S1359-6101(97)00035-X
http://dx.doi.org/10.1111/j.1600-0404.2006.00704.x
http://dx.doi.org/10.1111/j.1600-0404.2006.00704.x
http://dx.doi.org/10.1038/383716a0
http://dx.doi.org/10.1073/pnas.92.11.5087
http://dx.doi.org/10.1016/j.neulet.2005.12.042
http://dx.doi.org/10.1007/s00415-009-0131-z
http://dx.doi.org/10.1007/s00415-009-0131-z
http://dx.doi.org/10.1016/S1353-8020(00)00083-3
http://dx.doi.org/10.1371/journal.pone.0031146
http://dx.doi.org/10.1038/nrneurol.2013.10
http://dx.doi.org/10.1001/jamaneurol.2013.3861
http://dx.doi.org/10.1001/jamaneurol.2013.3861
http://dx.doi.org/10.1002/mds.25772
http://dx.doi.org/10.1002/ana.22311
http://dx.doi.org/10.1016/j.parkreldis.2014.01.011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


REVIEW
published: 11 May 2015

doi: 10.3389/fneur.2015.00090

Edited by:
Charlotte Elisabeth Teunissen,
VU University Medical Center

Amsterdam, Netherlands

Reviewed by:
Alison Louise Baird,

University of Oxford, UK
Fabrizio Piazza,

University of Milano Bicocca, Italy
Andreas Jeromin,
Quanterix, USA

*Correspondence:
Kim Henriksen,

Nordic Bioscience A/S, Herlev
Hovedgade 207, Herlev DK 2730,

Denmark
kh@nordicbioscience.com

Specialty section:
This article was submitted to

Neurodegeneration, a section of the
journal Frontiers in Neurology

Received: 02 February 2015
Accepted: 10 April 2015
Published: 11 May 2015

Citation:
Inekci D, Jonesco DS, Kennard S,

Karsdal MA and Henriksen K (2015)
The potential of pathological protein

fragmentation in blood-based
biomarker development for

dementia – with emphasis on
Alzheimer’s disease.
Front. Neurol. 6:90.

doi: 10.3389/fneur.2015.00090

The potential of pathological protein
fragmentation in blood-based
biomarker development for
dementia – with emphasis on
Alzheimer’s disease
Dilek Inekci 1,2, Ditte Svendsen Jonesco 1, Sophie Kennard 1, Morten Asser Karsdal 1 and
Kim Henriksen 1*

1 Nordic Bioscience, Biomarkers and Research, Herlev, Denmark, 2 Systems Biology, Technical University of Denmark,
Lyngby, Denmark

The diagnosis of dementia is challenging and early stages are rarely detected limiting the
possibilities for early intervention. Another challenge is the overlap in the clinical features
across the different dementia types leading to difficulties in the differential diagnosis. Iden-
tifying biomarkers that can detect the pre-dementia stage and allow differential diagnosis
could provide an opportunity for timely and optimal intervention strategies. Also, such
biomarkers could help in selection and inclusion of the right patients in clinical trials of
bothAlzheimer’s disease andother dementia treatment candidates. Thecerebrospinal fluid
(CSF) has been themost investigated source of biomarkers and several candidate proteins
have been identified. However, looking solely at protein levels is too simplistic to provide
enough detailed information to differentiate between dementias, as there is a significant
crossover between the proteins involved in the different types of dementia. Additionally,
CSF sampling makes these biomarkers challenging for presymptomatic identification.
We need to focus on disease-specific protein fragmentation to find a fragment pattern
unique for each separate dementia type – a form of protein fragmentology. Targeting
protein fragments generated by disease-specific combinations of proteins and proteases
opposed to detecting the intact protein could reduce the overlap between diagnostic
groups as the extent of processing as well as which proteins and proteases constitute the
major hallmark of each dementia type differ. In addition, the fragments could be detectable
in blood as theymay be able to cross the blood–brain barrier due to their smaller size. In this
review, the potential of the fragment-based biomarker discovery for dementia diagnosis
and prognosis is discussed, especially highlighting how the knowledge from CSF protein
biomarkers can be used to guide blood-based biomarker development.

Keywords: dementia, Alzheimer’s disease, biomarkers, blood, post-translational modifications

Introduction

Dementias are brain disorders that cause a progressive decline in mental function. In 2009,
it was estimated that 35.6 million people were suffering from dementia worldwide and this
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number is expected to be 65.7 million by 2030 and 115.4 by
2050 (1). Alzheimer’s disease (AD) is the most common cause of
dementia, and accounts for 60–70% of all cases. Other common
causes of dementia are dementia with Lewy bodies (DLB), vascu-
lar dementia (VaD), frontotemporal lobar degeneration (FTLD),
and corticobasal degeneration (CBD). In addition to this, mixed
dementias are also commonly seen (2–4).

The major risk factor for developing dementia is age, with
increasing prevalence after age 65, followed by family his-
tory, environmental factors, and mutations (4). Cognitive and
neuropsychiatric symptoms are the key clinical features of
dementia (5).

The diagnosis of dementia is challenging and early and mod-
erate stages of dementia are rarely detected thereby limiting the
potential for early intervention. Additionally, a high number of
dementia cases are left without a diagnosis (6).

It is generally accepted that there is a need for early diagnosis
of dementia and many efforts have been made to develop early
biomarkers with the ability to identify the pre-dementia stage
of the disease before the onset of cognitive decline and brain
degeneration (7, 8).

Another challenge is the differential diagnosis of dementia, as
there is an overlap in the clinical features across the different
dementia types (9–11). There is currently no single marker avail-
able that can differentiate between AD and other dementia types.
Hence, there is a need for biomarkers that can distinguish between
the dementias.

Additionally, successful development of disease-modifying
drugs and prevention therapies require biomarkers that can rec-
ognize neuropathological changes in the pre-dementia stage and
allow differential diagnosis. This would allow inclusion of the
right patients in the clinical trials, monitoring of the treatment
efficacy, and exclusion of patients that have already reached a
point-of-no-return and would not have any beneficial effect of a
given intervention (12, 13).

Unfortunately, the biomarker development has been hampered
by the fact that tracking molecular pathological changes in the
brain is a huge challenge due to the inaccessible nature of the brain.
Currently imaging and CSF biomarkers provide the best method
for diagnosing, staging, as well as predicting clinical progression
of AD and related dementias. However their use is limited by
cost, availability and by the fact that repeated brain scans and
withdrawal of CSF by lumbar punctures are not advisable (14, 15).
These aspects all underline the need for novel biomarkers which
are easily obtainable.

The Proteopathy of Dementia

Most dementias can be designated as proteopathies characterized
by aberrant processing of neuronal proteins such as fragmen-
tations, aggregations and other post-translational modifications
(PTMs) (Table 1) (3, 16).

The potential of these proteins as diagnostic and prognostic
biomarkers has been extensively studied at the protein level. How-
ever, these investigations have been limited by the fact that the role
of each of these pathological changes throughout the development
of dementia is unresolved. This is due to the intrinsic difficulty

TABLE 1 | Common types of dementia and proteins affected.

Dementia type Proteins affected Reference

Alzheimer’s disease (AD) tau, Aβ, ApoE,
α-synuclein

(17–19)

Vascular dementia (VaD) tau (20, 21)
Corticobasal degeneration (CBD) tau (22)
Dementia with Lewy Bodies (DLB) α-synuclein (19)
Parkinson’s disease dementia α-synuclein (23)
Frontotemporal lobar dementia (FTLD)

• FTLD-tau Tau (20, 22)
• FTLD-TDP43 TDP43 (24, 25)
• FTLD-FUS FUS (26, 27)

of detecting the disease before patients display symptoms, which
may be 20 years before the earliest cognitive changes are detected
(28). Another complicating factor in diagnosing and determining
progression of dementia is the significant crossover between the
proteins involved in the different types of dementia. Thus, looking
solely at protein levels is too simplistic to provide enough detailed
information to differentiate between different dementia types. An
alternative to this is the application of PTMs as biomarkers for AD.
This is not a new approach, since it has already been investigated
in the development of CSF-derived AD biomarkers Aβ1–42 and
phosphorylated tau (p-tau). This presents an excellent example
of how understanding the molecular pathology inflicts certain
protein fingerprints on key proteins, provides insight not only to
central disease mechanisms, but also provides an opportunity to
improve the protein’s usage in terms of diagnostic and prognostic
value for a specific dementia or even a subtype of dementia.

As we have previously proposed, AD pathology and other
dementias may give rise to blood circulating fragments of key
neuronal proteins, thereby allowing detection of disease specific
post-translationally truncated fragments in the blood (29). This
would allow easier and more frequent sampling and analysis and
provide earlier diagnosis and prognosis of dementia.

The present review will focus on addressing the potential of
disease-specific protein fragmentation for dementia diagnosis and
prognosis and how these fragments can be utilized as biomarkers
to segregate between the different types of dementia, especially
highlighting how the knowledge fromCSF protein biomarkers can
be applied to investigate blood-based biomarkers.

Status of CSF Biomarkers

The pathological alterations in the brain at the molecular level are
directly reflected in the CSF, therefore this fluid has been the most
investigated source for development of biomarkers for AD and
related dementias. Aβ42, t-tau (total tau), p-tau, and α-synuclein
are the most studied CSF biomarkers and their performance has
been evaluated in several studies (30). Other biomarkers that will
be described in this review are apolipoprotein E (ApoE), TAR
DNA-binding protein 43 (TDP-43), fused in Sarcoma protein
(FUS), and glial fibrillary acidic protein (GFAP).

Aβ42 is the main component in the extracellular amyloid
plaques of AD and is a marker of amyloid precursor protein
(APP) processing and plaque load. In AD, a decrease in CSF
Aβ42 has been found, which is probably due to deposition in
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plaques (17, 31). Generation of Aβ42 is an early event in AD, hence
measuring CSF Aβ42 is a very relevant strategy in prodromal AD
to screen for early cases as well as monitoring disease progression.
However as it is today the strategy of measuring CSF Aβ42 only
provides a supplementary test to support the diagnosis once cog-
nitive dysfunction is apparent, and it gives little information on the
disease progression as this biomarker has already found a steady-
state of abnormality early in the disease progression (32, 33).
CSF Aβ42 is able to discriminate between AD and non-demented
controls with a sensitivity of 59–96% and a specificity of 77–89%
(17, 34–36). A change inAβ42 levels has also been studied for other
types of dementia and shows a slight decrease in FTLD, DLB, and
VaD (32). CSFAβ42 has been shown to predict the rate of cognitive
decline in patients with very mild dementia and predict AD in
subjects with mild cognitive impairment (MCI) (37, 38).

Cerebrospinal fluid t-tau is a biomarker of neuronal damage
and neuronal and axonal degeneration and several studies have
shown an increased level in AD patients compared with controls
with a sensitivity and specificity of 70–83% and 81–92%, respec-
tively (17, 34–36). However, CSF t-tau is not specific for AD and
is also increased in other dementias such as Creutzfeldt–Jakob
disease (CJD) patients and in a significant number of patients with
DLB, FTLD, VaD, and CBD (20, 32).

Cerebrospinal fluid p-tau reflects aberrant phosphorylation
and neurofibrillary tangle (NFT) burden. A strong increase in
p-tau has been found in AD using ELISA methods that detect dif-
ferent phosphorylated epitopes such as p-tau(181) or p-tau(231).
CSF p-tau differentiates between AD patients and controls with
a sensitivity of 68–86% and a specificity of 61–73% (35, 36). A
moderate increase in p-tau has also been found in CJD and DLB
(17, 20). It has been reported that the use of p-tau instead of t-tau
may improve the diagnostic sensitivity and differential diagnosis
ofADversusDLB andFTD, respectively (34). Both t-tau and p-tau
have been found to predict progression from MCI to AD (32, 39).

The combination of CSF biomarkers (t-tau/Aβ1–42 and
p-tau/Aβ1–42) has been found to increase the sensitivity and
specificity when compared to the single markers. The t-
tau/Aβ1–42 ratio shows a potential as a preclinical biomarker since
it discriminates between MCI patients that progress to AD and
those that do not progress, although the CSF sampling makes
it virtually useless for this purpose (36, 40, 41). Furthermore,
the ratio shows promise in prediction of dementia in cognitively
normal older individuals (42).

Another interesting CSF biomarker is α-synuclein. Compared
to tau and Aβ1–42, little research has been done with respect to
CSF levels of α-synuclein, which is the main component of Lewy
bodies of DLB patients. Studies have demonstrated decreased CSF
levels of α-synuclein in DLB and Parkinson’s disease (PD) when
compared to controls indicating a potential diagnostic use (43,
44). In contrast to this other research groups have shown no
difference in CSF levels in DLB and PD patients compared with
controls and other dementias (45–47).

In bothPDandDLBpatients, the level ofα-synuclein oligomers
is increased compared to healthy patients and other types of
dementias (23, 48). In PD, the ratio of oligomers of α-synuclein
to total α-synuclein is also significant. There is an increase in
the ratio of oligomeric/total α-synuclein when compared to other

dementias (49). Recent studies have also shown significantly ele-
vated CSF levels of α-synuclein in AD patients (50) suggesting
that α-synuclein may not be specific to DLB and PD, or again
indicating that mixed pathologies are common.

Although, several CSF biomarkers show a promising diagnos-
tic and prognostic potential, there are still important drawbacks
limiting their clinical utility (Table 2). An important limitation
is the lack of assay standardization and global cut-off values for
biomarker concentrations. The handling of CSF and use of differ-
ent technological platforms and antibodies are the major reasons
for significant differences in biomarker concentrations between
studies (51). Fortunately, international standardization initiatives
have been initiated to reduce the large variations between studies
and within laboratories (52). Another limitation of CSF biomark-
ers is the overlap between the protein profile of different types of
dementia (20). Lastly, the clinical utility of CSF biomarkers is still
hampered by sample collection, which requires a lumbar punc-
ture. Despite the fact that there is minor complications related
to lumbar puncture the procedure is still regarded as invasive in
the general population and repeated follow-up measurement is
challenging (14, 15), and hence they are not consistently applied
in clinical trials. On the other hand, the CSF proteins described
here all have a pathological link to the diseases of interest, and as
such are of quite some interest for the development of blood-based
biomarkers.

Status of Blood-Based Biomarkers

The use of blood as a source of dementia biomarkers is still
under investigation. Blood is a more feasible biomarker source
when compared to CSF due to its wide availability, low cost, time
effectiveness, and easier sampling. Several different approaches for
identification of blood biomarkers are available and these include
biomarkers of the amyloid and tau pathology, biomarkers of
inflammation, oxidative stress, mitochondrial dysfunction, neu-
ronal and microvascular injury, and biomarker panels (15, 53). So
far, the research has been hampered by two major challenges. The
first is the complexity of blood and the large variation in samples
and variation between studies. The difference in preanalytical and
analytical methods is an important reason for this variation and
these have been reviewed elsewhere (15). The second challenge
is the fact that blood is not in direct contact with the brain. This
limits the understanding of how the pathological alterations in the
brain are reflected in blood analytes, as well as the absolute level
of the analyte of interest in the blood. Additionally, the prevalent
presence of non-specific proteins in the blood is an obstacle
toward identification of disease-specific biomarkers. To overcome
these limitations, the experience from the well-characterized CSF

TABLE 2 | Advantages and drawbacks of CSF biomarkers.

Advantages Drawbacks

Diagnosis Sampling
Prognosis Standardization

Diagnostic cut-off values
False positive – false negative rates
Overlap with other dementias
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biomarkers, which in some cases are based on brain-specific
pathological alterations, i.e., p-tau, may be a starting point for
blood biomarker analysis. Pathological alterations in CSF proteins
may be reflected in blood as a consequence of absorption of CSF
into blood, by penetration due to barrier impairment in dementia
or simply by diffusion (54–58). Whether a brain-derived protein
can serve as a biomarker to be measured in blood will depend on
the concentration, the change in concentration during disease, the
molecular size and the half life in blood (57). Hence, exploring the
dynamic range of brain proteins in the peripheral blood is of great
interest.

The CSF biomarker tau is a brain-specific protein that can
become a relevant biomarker to be measured in blood. So far,
little is known about tau levels in blood and most studies have
been hindered by the low abundance of the protein in blood (59).
Zetterberg et al. (59) found that there was no correlation between
CSF tau levels and plasma tau indicating that the clearance of tau
is differently regulated (59). In healthy blood-donors tau protein
concentration is in the range <10 and >100 pg/mL and the ratio
between CSF:serum tau is 10:1 (57). Methods for determining
tau in serum/plasma are under investigation. Few studies have
reported elevated plasma tau levels in patients with AD (59, 60).
The results from these studies are encouraging but highly sensitive
detection methods are necessary. An ultrasensitive immunoas-
say for detection of plasma tau has been introduced and similar
methods would be highly relevant (61).

Another CSF biomarker with potential to be a blood biomarker
is Aβ. Plasma Aβ species have been examined by numerous stud-
ies but the results are contradictory. Some of these studies report
high Aβ42 or Aβ40 whereas others show a decrease in AD. The
overlap between patients withAD and healthy controls is also sub-
stantial. Importantly, Aβ is not brain-specific but is also expressed
by other cells, and as such there is an interference of the periph-
eral Aβ species with the brain-derived species. Additionally, the
binding of Aβ to plasma proteins and formation of Aβ oligomers
may disturb the quantification by immunoassays (62, 63).

Finally, several studies have quantified plasma α-synuclein and
α-synuclein oligomers in PD and DLB. However, additional stud-
ies are needed to evaluate blood α-synuclein as a valid biomarker
and the high levels of α-synuclein present in red blood cells must
be considered when quantifying the protein (64).

Plasma levels of ApoE, TDP-43, and GFAP have also been
reported and the main results from these studies will be reviewed
in the next sections.

Altogether, the inconsistent findings from plasma analyses
illustrate the need for a pathology specific combination of protein
andmodification of this protein in order to enhance the possibility
of generating a disease-specific biomarker, even more so in blood
specimens than CSF.

Status of Protein Fragmentation
Blood-Based Biomarkers

As mentioned identification and detection of brain-specific
proteins in blood is restricted by the blood–brain-barrier, the
substantial presence of non-specific proteins, and proteins from
co-morbidities in the circulation. The use of post-translationally

truncated protein fragments containing specific neo-epitopes as
biomarkers of dementias may overcome these complexities (29,
65). Targeting protein fragments generated by disease-specific
combinations of proteins and proteases opposed to detecting
the intact protein could diminish the overlap between diag-
nostic groups. Proteolytic fragmentation of proteins is a post-
translational process and several cleavage products have been
identified in relation to AD and other dementias. Aβ42, Aβ40,
and several other N- or C-terminally truncated Aβ peptides all
represent examples of proteolytically cleaved protein fragments.
Cleavage of tau, ApoE, α-synuclein, TDP-43, and GFAP has also
been reported (66–70).

Although, several of the described protein fragments have been
described in the literature and detected in CSF most of these
have not been studied in blood. Targeting protein fragmentation
by specific proteases may provide novel biomarkers for dementia
and create a specific profile of each disorder based on the frag-
ments and proteases that are involved in the pathology. Another
advantage of using fragments as blood biomarkers opposed to the
intact proteins may be the eased release from the central nervous
system (CNS) into the periphery. The fragments may easier pass
the blood-brain barrier due to their small size and be easier to
detect (71–75) (Figure 1).

In addition to applying disease-specific protein fragmentation
to identify new biomarkers for dementia, it is important to define
and validate the ability of each novel biomarker. The BIPED clas-
sification system (Burden of Disease, Investigative, Prognostic,
Efficacy of Intervention and Diagnostic) is a nomenclature first
used for osteoarthritis and offers categorization of biomarkers in
order to improve the development and validation of biomarkers
(15). The use of BIPED classification in dementia would aid in
the biomarker development process from target identification to
validation in clinical trials.

In the following sections, neuronal proteins involved in the
proteopathy of dementias will be reviewed with emphasis on
proteolytic fragmentations (Figure 2).

Amyloid Precursor Protein

Derivatives from the full-length APP are the main components of
the extracellular amyloid plaques. APPs are type 1 transmembrane

FIGURE 1 | Illustration of how the protein fragments may be able to
cross the blood–brain barrier. Protein fragments may have the advantage
of crossing the barrier as these breakdown products have a smaller size when
compared to the intact protein. Modified from Ref. (29).
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FIGURE 2 | Key neuronal proteins involved in the proteopathy of different types of dementia, proteases involved in their truncation and fragments
known from the literature. References can be found in the text.

proteins and exist in three isoforms in humans, APP695, APP751,
and APP770. The APP695 is the main isoform in neurons and
is the only isoform containing the sequence encoding Aβ (76,
77). In normal cells, APP is involved in kinase-based signaling,
growth regulation, neurite outgrowth, formation of synapses and
cell adhesion (33, 78). APP is cleaved by secretases and caspases at
specific sites and this leads to the formation and release of several
protein fragments (76, 78). The proteolytic processing of APP can
follow the amyloidogenic or the non-amyloidogenic pathway. The
major component of senile plaques, Aβ, is generated in the amy-
loidogenic pathway by sequential cleavage of APP by β-secretase
and γ-secretase to generate Aβ40 and Aβ42. BACE1 (β-site APP-
cleaving enzyme 1), BACE2 (β-site APP-cleaving enzyme 2), and
cathepsin B have been identified as β-secretase responsible for
production ofAβ. The γ-secretase activity belongs to amembrane-
bound protease complex (presenilin 1, presenilin 2, nicastrin,
Aph-1, and Pen-2) (76, 78). In the non-amyloidogenic processing,
APP is cleaved by α-secretase which binds to and cleaves APP
within the Aβ region and prevents formation of Aβ. All the
identified α-secretases are from the family of disintegrin and
metalloproteases (ADAMs).

The accumulation of Aβ is an early process in neurodegen-
eration leading to formation of oligomers, fibrils, and even-
tually extracellular plaques. CSF Aβ42 levels become abnormal
5–10 years or more before the diagnosis (79, 80). The concen-
tration of CSF Aβ42 begins to increase abnormally followed by
a drastic decrease. In mutation carriers (i.e., in the APP genes,
presenilin 1, or presenilin 2), CSF Aβ42 levels become abnormal
up to 25 years before disease onset (28). Intracellular levels of
Aβ initiate synaptic dysfunction, formation of NFTs and loss of
neurons. The Aβ42 is the main toxic form of Aβ, whereas Aβ40
has been shown to have neuroprotective functions (78, 81).

Aβ42 andAβ40 have also been detected in patients with cerebral
amyloid angiopathy (CAA), which can be a co-occurring disorder
with AD or a separate finding. CSF levels of Aβ42 and Aβ40
are lower in patients with CAA and CAA-related inflammation
(CAA-ri) than controls (82–84). Furthermore, the level of CSF

anti-Aβ autoantibodies is increased in CAA-ri which shares simi-
larities with the amyloid-related imaging abnormalities detected
in AD immunization clinical trials (84). It has been suggested
that the CSF anti-Aβ autoantibody concentration can be used as
a biomarker during immunization clinical trials in AD (84, 85).

The Aβ peptide is subjected to further truncations by different
proteases and forms peptides of various lengths. The peptides are
generated by N- or C-terminal truncation of Aβ and several of
these have been identified in CSF, e.g., Aβn–42 (n= 2–11), Aβ1–n
(n= 13–20), Aβ1–28, Aβ1–33, Aβ1–34, and Aβ1–n (n= 37–39).
These peptides have been found to be elevated in CSF of AD
patients but only few are involved in plaque formation (86–89).

Recently, it was reported that some of the identifiedAβ peptides
in CSF are generated by an alternative APP processing pathway
(90). In this pathway, APP is cleaved by α- and β-secretase without
the involvement of γ-secretase. Many of the peptides derived from
this pathway are elevated in CSF from AD suggesting an up-
regulation of this pathway in AD as a response to the increase
of the amyloidogenic pathway (90). The identified products of
the alternative pathway are Aβ1-14, Aβ1-15, and Aβ1-16. Eleven
other truncated peptides with C-terminal at residue 15 in the Aβ
sequence and start at the N-terminal end of the β-secretase site
have been identified in CSF. The peptides contain a part of the
Aβ sequence but are not degradation products of Aβ because they
start upstream of the β-secretase cleavage site. Several of these
were found to be elevated in AD and may also be generated in
the alternative processing pathway (91).

Plasma levels of Aβ42, Aβ40, and the ratio Aβ42/Aβ40 have
been examined in several cross-sectional studies with AD, MCI
patients, and healthy controls. The results have shown a substan-
tial overlap between diagnostic groups and the results between
studies have been contradictory (92). Aβ42 and Aβ40 have also
been studied in longitudinal studies to assess their association
with disease progression. Although the results are not clear
between individual studies the data show that a decreased baseline
level of Aβ42 predicts a greater risk of AD (92). A recent study
has quantified Aβ1-17 levels in plasma and has shown significant
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associations with the clinical diagnosis of AD, indicating the
potential of the Aβ fragments (93). The plasma levels of the
remaining Aβ cleavage products have only been examined in few
studies.Highly specific antibodies and robust immunoassaysmust
be developed and used for detection of these cleavage products of
different size.

Tau

Tau is the basic component of the intracellular insoluble filamen-
tous structures, also referred to as NFTs. The tau protein belongs
to the family of microtubule-associated proteins and binds to,
stabilizes, and promotes the assembly of microtubules. Tau is also
involved in signaling pathways and cytoskeletal organization (94).

Tau is mainly expressed in the central and peripheral nervous
system and most abundant in axons. There are six isoforms in
the adult human brain, which vary in size and have either three
or four microtubules-binding domains. The six forms each show
functional differences (95, 96). The ratio between tau containing
three and four domains is 1:1 in normal human brain but this
ratio is altered in the different tauopathies. Additionally, different
isoforms of tau are involved in the different tauopathies and
affect distinct brain regions, hence it has been suggested that the
isoform profiles can be used to classify the different tauopathies
(97, 98). Besides AD, the tauopathies include FTLD, progressive
supranuclear palsy (PSP), CBD, and prion diseases (20, 98).

In AD, the concentration of CSF t-tau and p-tau become abnor-
mal after Aβ42 and their levels increase progressively up to the
time of diagnosis. Thus, tau levels are higher in MCI patients
with an early conversion compared with late converters (79, 80).
IncreasedCSF levels of tau are increased 15 years before symptoms
in mutation carriers (28).

The conversion of soluble tau protein to insoluble inclusions
is a central event in AD and other tauopathies. Formation of
inclusions is mediated by protein aggregation andmisfolding. The
aggregates have been shown to be self-propagating and spread
from one neuron to another (99). Tau aggregation and misfolding
are induced by abnormal phosphorylation and proteolytic cleav-
age.Hyperphosphorylated tau is themain component ofNFTs and
several kinases and phosphatases have been associatedwith this. A
level of phosphorylation occurs at normal state but in disease state,
an abnormal level of phosphorylation is seen and results in a low-
binding affinity to tubulin promoting disassembly ofmicrotubules
(94, 96).

Although the presence of t-tau and p-tau in CSF has been
investigated in several studies, the nature of the protein in CSF
is not fully known. A number of studies have suggested the
presence of different tau and p-tau fragments in CSF (94, 95)
and a recent study has reported that CSF tau and p-tau occur as
various N-terminal and mid-domain fragments (67). The level of
specific fragments were significantly elevated inADpatients when
compared to controls and showed a diagnostic potential but the
fragments still remain to be measured in other dementias (67).

Plasma levels of t-tau and tau fragments have only been assessed
in few studies. It has been demonstrated that plasma t-tau levels
are elevated in AD patients but with an overlap with control sub-
jects (59). Hence, the diagnostic utility of plasma t-tau is not clear.
Recently, the presence of protease generated fragments of tau has

been shown in serum (75, 100, 101). The fragments have been
shown to correlate with symptoms in AD patients and predict
the disease progression in early AD (100, 101), indicating the
pathological relevance of fragmentations.

It is a possibility that the assays for t-tau may also detect certain
fragments of tau and as multiple systems are in use for detecting
t-tau, this is most likely different from assay to assay depend-
ing on the antibodies used. Unless an assay is constructed as a
sandwich ELISA with antibodies detecting the N- and C-terminal
sequences, there is this possibility.

Furthermore, it must be noticed that the relative concentration
of the protein determined in the clinical studies is a result of the
specific calibrators used in the different assays.

In dementia, tau is cleaved by caspases and calpains, but other
proteases have also been detected including thrombin, cathep-
sins, and puromycin-sensitive aminopeptidase (102). It has been
found that certain proteolytic fragments of tau are specific for
the different tauopathies suggesting that different proteases may
be specific to individual tauopathies (102). Several tau fragments
have been reported and the most studied are caspase-generated
tau fragments cleaved at D13, E391, and D421 as well as a calpain-
cleaved fragment of 17 kDa which are associated with AD (66,
103). The majority of the reported fragments have only been
analyzed in vitro, inAD-affected brains or transgenic animals (94).

Apolipoprotein E

The ε4 allele of ApoE is known to be associated with the risk of
developing AD. ApoE is a major transport protein of cholesterols
and other lipids in plasma and in the brain. It is most abundant
in the brain and the liver (104). In the CNS, ApoE is mainly
synthesized in astrocytes but is also present in lower concen-
tration in some neurons, activated microglia, oligodendrocytes,
and ependymal layer cells. In neurons, the synthesis of ApoE is
induced under neuronal stress and damage and has been detected
in cortical and hippocampal neurons (105). In the normal brain,
ApoE is associated with the maintenance and repair of neurons
and involved in the cholesterol homeostasis (106). ApoE is a
polymorphic protein with the main isoforms being ε2, ε3, and
ε4. The three isoforms differ by single amino acid substitutions at
positions 112 and 158 (104, 107). TheApoE ε4 allele is a risk factor
for late-onset familial and sporadic AD (18, 108). Around 10–15%
of the general population has the ε4 allele, whereas the prevalence
is 40–65% in AD patients. The majority of the general population
is homozygous for the ApoE ε3 allele. The third common isoforms
ε2 is present in 5–10% of the population. The ApoE ε2 allele has
protective effects on the cognition and has been associated with
reduced AD-related disease burden (109, 110).

Homozygosity forApoE ε4 leads to a 50–90% risk of developing
AD by the age 85, whereas individuals with one copy have a
risk of 45%. For individuals with no ApoE ε4 alleles the risk is
about 20% (18, 111). ApoE has been found to be co-localized with
amyloid plaques and NFTs (105). Several mechanisms have been
proposed for the role of ApoE ε4 in the pathology of AD including
regulation of the deposition and clearance of Aβ and amyloid
plaques, regulation of phosphorylation and assembly of tau into
NFTs, dysfunction of the neuronal signaling pathways, induction
of Aβ-regulated lysosomal leakage, increased atherosclerosis and
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vascular inflammation in AD, and apoptosis in neurons (105,
112). However, its exact role in the AD pathology still remains
unclear (105). Besides AD, the ε4 allele has also been associated
with CAA, hemorrhages, tauopathies, DLB, PD, and multiple
sclerosis (113–116).

The CSF, ApoE levels have been determined by several
studies and some have found decreased levels in CSF of AD
patients whereas other studies have shown an increase (117).
Increased CSF levels of ApoE were also detected in DLB and PD
patients (118).

Plasma ApoE levels have also been reported but as seen with
the CSF measurements the results have been inconsistent. A
study by Taddei et al. (119) reported increased plasma ApoE
levels in AD patients compared to controls. In contrast to this,
the Australian Imaging, Biomarkers and Lifestyle (AIBL) study
showed decreased plasma levels of ApoE and ApoE ε4 in AD
patients and showed a correlation with the disease level (120).
Two other studies based on the Rotterdam study and apoEurope
Study, respectively, also observed decreased ApoE levels in AD
patients compared to controls (121, 122). However, this difference
was not significant in the Rotterdam study when adjusted for
ApoE genotype, age, and gender (121). Finally, a recent study has
shown that low plasma ApoE levels are associated with the risk of
developing AD independent of the ApoE genotype, indicating the
potential of this biomarker as a preclinical marker (123).

Aberrant proteolytic cleavage of ApoE plays an important role
in the AD pathology associated with ApoE. ApoE is subjected to
intracellular proteolytic cleavage and generates neurotoxic frag-
ments. The fragments have been detected in cultured neurons and
AD brains and have been shown to induce tau phosphorylation
and formation of NFT-like aggregates in CNS neurons with p-tau
and phosphorylated neurofilaments (124, 125). In addition, the
fragments impair the function of mitochondria in neurons and
promote neurodegeneration. The level of ApoE fragments is ele-
vated in AD brains compared to cognitively normal controls (68).
Importantly, ApoE ε4 is more susceptible to fragmentation than
ApoE ε3 (124, 126). Among the fragments, a 22 kDa N-terminally
peptide has been detected in brain tissue and CSF. Interestingly,
the ApoE ε4-derived 22 kDa fragment has been found to be more
neurotoxic than the corresponding ApoE ε3-derived fragment
(68). Several C-terminally truncated ApoE fragments of different
lengths have also been detected in AD brains. One of these is
the apoE4 (∆272–299) fragment which interacts with p-tau and
phosphorylated neurofilament to form inclusions (124). A neuro-
specific chymotrypsin like protease has been suggested to be
involved in the formation of these fragments but further studies
are needed (127).

So far, there are no studies on plasma levels of ApoE fragments
and their correlation with AD or other dementias.

α-Synuclein

α-synuclein is a small protein located in both the CNS and the
peripheral nervous system. It can be found specifically bound to
the membrane of pre-synaptic vesicles and very little α-synuclein
is distributed throughout the rest of the nerve (128). α-synuclein
is also expressed in other tissues including red blood cells (64),
kidney, lung, heart, and liver (129). The specific function of

α-synuclein is unknown but it is implicated in a number of
dementias including AD, DLB, and PD. α-synuclein aggregates to
form a component of Lewy bodies that can be found in the cyto-
plasm of neurons. These aggregates are observed in the dementias
mentioned above except for AD and are believed to be the key
step in progression of neurdegeneration in synucleionopathies.
There is, however, evidence that suggests α-synuclein plays a role
in the aggregation of tau, which is observed in AD (130, 131).
Furthermore, increased levels of soluble α-synuclein have been
found in AD brains in patients in absence of LBD pathology and
the levels showed a correlation with cognitive decline (132).

Cerebrospinal fluid levels of α-synuclein and its oligomers have
been assessed in several types of dementia. The differential perfor-
mance of α-synuclein has been inconsistent in different clinical
studies. A number of studies have shown that CSF α-synuclein
levels are lower in DLB and PD patients than those with AD and
other dementias (43, 44, 133), whereas others have concluded that
CSF α-synuclein does not discriminate between dementias (46).
The levels of CSF α-synuclein oligomers are increased in DLB and
PD compared with controls and AD patients (48).

The plasma levels of α-synuclein and its oligomers have been
quantified in DLB and PD patients by several studies. Increased
plasma levels of α-synuclein and oligomers were seen in patients
with PD when compared to controls (134–137). However, contra-
dictory results were observed in other investigations (138, 139).
Similarly, the level of plasma α-synuclein oligomers was higher in
DLB patients than controls whereas the α-synuclein levels were
lower in DLB than AD patients and controls (134, 139).

A lot of focus has been on aggregation of the intact α-synuclein,
however more recently studies suggest that fragmentation of α-
synuclein is significant in the pathology of synucleinopathies.
Fragments of α-synuclein have been identified in brains of PD and
DLB patients (69, 141). One protease of interest is calpain, which
has been observed to create cleavage products that can induce
aggregation of α-synuclein in vitro.Calpain cleaves α-synuclein in
the N- and C-terminal regions (140). MMPs also play a role in α-
synuclein aggregation and therefore Lewy Body formation. Partial
cleavage with either MMP-1 or MMP-3 increases aggregation of
the protein (141) and both proteases are elevated in PD brains
(142, 143). Neurosin is another protease of interest, especially as
it is found within amyloid plaques in AD (144). Neurosin has also
been identified in CSF and has been found to be lower in patients
with synucleinopathies compared to those with AD and healthy
patients (145). Finally, cathepsins are known to be involved in
the proteolysis of α-synuclein (146). The presence of α-synuclein
fragments in CSF and plasma remains to be investigated.

TAR DNA-Binding Protein 43 and Fused in
Sarcoma Protein

TAR DNA-binding protein 43 is a nuclear protein that functions
in regulation of transcription and exon splicing (24, 147). TDP-
43 is known as the key protein in the pathogenesis of FTLD with
ubiquitin-positive, tau-negative inclusions. FTLD is the second
most common type of dementia after AD with an onset before
65 years of age (148) and differentiation between AD and FTLD
can be challenging as they share several clinical features (149).
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In FTLD, TDP-43 is post-translationally modified by aberrant
ubiquitination, hyperphosphorylation, and proteolytic cleavage
at the N-terminus (24, 25). In addition, TDP-43 is translocated
from the nucleus and generates cytoplasmic insoluble inclu-
sions containing ubiquitinated and aberrantly phosphorylated
TDP-43 (24).

TAR DNA-binding protein 43 neuronal and glial inclusions
have been detected in AD and several types of PD (150). TDP-
43 inclusions are found in 25–30% of all sporadic AD patients and
14% of familial ADpatients. The presence of TDP-43 inADbrains
has been shown to give greater brain atrophy and more deficits
when compared to AD patients without TDP-43 inclusions (151).
In addition, caspase 3-cleaved TDP-43 has been detected in AD
brains and it is proposed to be associated with neurodegeneration
(70). This suggests that TDP-43 in combination with specific AD
biomarkers can be used to identify patientswith the risk to develop
severe clinical deficits.

TAR DNA-binding protein 43 levels are detectable in CSF and
were found to be elevated in FTLD patients when compared to
controls (152, 153). TDP-43 has also been detected in plasma and
the levels were increased in FTLD and a subset of AD patients
(154, 155).

Fragmentation of TDP-43 has been observed. The N-terminal
cleavage of TDP-43 generates C-terminal fragments, but the cleav-
age sites and their function in the pathology of FTLD are not
fully known. In an in vitro study, two caspase-generated C-
terminal fragments of 25 and 35 kDa were identified (156). The
25 kDa fragment of TDP-43 was found to induce the formation of
intra-cellular toxic, insoluble andubiquitin- and phospho-positive
aggregations. Hence, protease cleavage initiates the translocation
of TDP-43 from the nucleus to cytoplasm and induces formation
of toxic insoluble inclusions (25). Caspase 3, 7, 6, and 8 have all
been associated with TDP-43 cleavage (156).

The TDP-43 fragments have not been investigated in CSF or
plasma.

TAR DNA-binding protein 43 and its fragments are potential
biomarkers for tau-negative FTLD and can be used in the differ-
ential diagnosis of dementia and aid in the separation between
tau-negative FTLD and tauopathies.

Another protein with implication for the differential diagno-
sis of dementia is the RNA-binding protein fused in sarcoma.
The FUS protein is the pathological protein in 10–20% of spo-
radic FTLD patients (FTLD-FUS), which are negative for TDP-
43 (26, 27, 157). The FUS protein binds to DNA and RNA and
is associated with several cellular processes such as cell prolif-
eration, DNA repair, transcription regulation, RNA splicing and
transport of RNA (158–162). FUS is ubiquitously expressed in
the nucleus and cytoplasm in most cell types and in neurons
and glial cells it is primarily expressed in the nucleus (163).
In FTLD, the FUS protein is mostly present in the cytoplasm
whereas the FUS levels in the nucleus are decreased indicating a
delocalization of the protein. The delocalization and accumula-
tion of FUS lead to formation of cytoplasmic inclusions that are
the characteristics of FTLD-FUS (26, 150). In addition, a mouse
model has shown that overexpression of the FUS protein results
in neurodegeneration (164).

To the best our knowledge neither the levels of FUS in CSF and
plasma nor its fragmentation have been reported.

Glial Fibrillary Acidic Protein

Glial Fibrillary Acidic Protein is a type III intermediate filament
(IF) protein constituting a part of the cytoskeleton in specific cell
types. Besides the pivotal role of GFAP in the structural properties
of these cells, it is involved in several fundamental cellular activi-
ties including motility (165), autophagy (166), synapse formation
(167), and myelination (168).

Although it was originally considered an astrocyte-specific
marker (169), GFAP has subsequently been demonstrated in glial
and non-glial cells of the periphery (170–173). GFAP has been
observed in virtually all areas of the brain but is mainly expressed
in hippocampal regions (174–176) as well as the subventricu-
lar zone and olfactory system of both non-demented elders and
patients with dementia (174–177). Multiple splice variants exist
and in human hippocampal AD tissue many of these isoforms
show differential transcript levels (176).

Differential transcript levels of GFAP isoforms may affect
cellular function and/or morphology (165) as analysis of in vitro
transfection suggests that GFAP isoforms differ in their ability
to form functioning IFs (174, 176, 178, 179). In general, little is
known about the role of GFAP in AD and other dementias. GFAP
is known to interact with proteins involved in cleavage of APP
(180, 181) as well as proteins modulating chaperone mediated
autophagy (CMA) (166). GFAP may both inhibit and promote
CMA and the phosphorylation state of GFAP is suggested to
influence this balance (166). Incomplete CMA of tau is suggested
to promote tau aggregation (182) which is a hallmark of several
tauopathies including AD (103).

Studies have shown a correlation between increased expression
levels of GFAP within brain regions involved in memory and the
neuropathological changes of AD such as Aβ deposits and NFTs
(183–187). Also, disease duration and progression of AD has been
shown to correlate strongly with up-regulation of GFAP in the
temporal lobe of AD patients (176, 184, 188).

In CSF, levels of GFAP have been observed to be increased in
ADpatients compared to controls (189–192). Furthermore, GFAP
levels were found to increase with AD severity (189). In most
studies, increased GFAP levels were independent of age, however,
Rosengren et al. (190), observed a correlation between these two
parameters (190).

Cerebrospinal fluid GFAP levels are also increased in patients
with other neurological disorders and brain injuries such as CJD
(191, 192), stroke (193, 194), and traumatic brain injury (195,
196). Regardless of this general increase in GFAP levels observed
in these disorders and injuries, GFAP may be applied in con-
text with other biomarkers for differential diagnosis, e.g., GFAP,
together with the glial-specific S100 calcium binding protein B
(S100β) may hold the potential to distinguish between CJD and
AD (191).

In a recent study, GFAP was measured in plasma. Patients cov-
ering a broad spectrum of neurological diseases, including several
forms of dementia, were included. Plasma levels of GFAP were
found to be independent of age and evenly distributed between
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genders. No disease category displayed consistently increased
levels of GFAP (197).

In vitro, GFAP is cleaved by caspase 6 at VELD225. The result is
a C-terminal fragment of GFAP unable to assemble into filaments
and an N-terminal fragment of GFAP perturbing in vitro filament
assembling and promoting inter-filament aggregation (198). Cas-
pase 3 is suggested to cleaveGFAPatDLTD266.CleavedGFAPhas
been shown to co-localize with caspase 3 in apoptotic astrocytes
around blood vessels as well as plaque-rich regions of specific
areas in the human AD brain (199). Furthermore, studies have
shown calpain I-mediated cleavage products of GFAP in human
brain as well as in CSF following traumatic brain injury (200, 201).
Taken together, these data suggest that GFAP is a target of calpain
I, caspase 3, and caspase 6 and that astrocyte injury and damage
in the AD brain may involve cleavage of GFAP.

Conclusive Remarks

In the last decades several biomarker candidates have been devel-
oped and evaluated for AD and related dementias. Given the
multiplicity of proteins involved in AD and related dementias as
well as the overlap in pathological features between the differ-
ent dementias it has to be acknowledged that so far no single
biomarker permits an accurate and differential diagnosis. The
diagnostic performance of the identified biomarkers could be
improved by focusing on the pathological fragmentation of these
proteins.

Although further studies are needed to evaluate the perfor-
mance of protein fragmentation biomarkers, we believe that these
biomarkers either alone or in combination with other biomarkers
have a clinical potential.
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Brain inflammation is one of the hallmarks of Alzheimer disease (AD) and a current trend
is that inflammatory mediators, particularly cytokines and chemokines, may represent
valuable biomarkers for early screening and diagnosis of the disease. Various studies
have reported differences in serum level of cytokines, chemokines, and growth factors
in patients with mild cognitive impairment or AD. However, data were often inconsistent
and the exact function of inflammation in neurodegeneration is still a matter of debate.
In the present work, we measured the expression of 120 biomarkers (corresponding to
cytokines, chemokines, growth factors, and related signaling proteins) in the serum of
49 patients with the following diagnosis distribution: 15 controls, 14 AD, and 20 MCI.
In addition, we performed the same analysis in the cerebrospinal fluid (CSF) of 20 of
these patients (10 AD and 10 controls). Among the biomarkers tested, none showed
significant changes in the serum, but 13 were significantly modified in the CSF of AD
patients. Interestingly, all of these biomarkers were implicated in neurogenesis or neural
stem cells migration and differentiation. In the second part of the study, 10 of these
putative biomarkers (plus 4 additional) were quantified using quantitative multiplex ELISA
methods in the CSF and the serum of an enlarged cohort composed of 31 AD and
24 control patients. Our results confirm the potential diagnosis interest of previously
published blood biomarkers, and proposes new ones (such as IL-8 and TNFR-I). Further
studies will be needed to validate these biomarkers which could be used alone, combined,
or in association with the classical amyloid and tau biomarkers.

Keywords: Alzheimer disease, biomarkers, inflammation, cerebrospinal fluid, serum

Background

Alzheimer disease (AD) is the most common neurodegenerative disorder worldwide. It is
characterized by progressive memory loss and cognitive function deficit. Emerging evidences
suggest that inflammation plays a central role in AD, and that the pathogenesis of the disease is not
restricted to the neuronal compartment, but also involves immunologicalmechanisms.However, the
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exact function of inflammation in neurodegeneration is still mat-
ter of debate, and it probably has both beneficial and detrimental
sides (1).

The chronic inflammatory response occurring in AD patients
appears to be triggered by damaged neurons, amyloid beta
(Aβ) peptides, and neurofibrillary tangles (2), which are neu-
ropathogenic characteristics of the disease. Inflammation is
present from pre-clinical to terminal stages of the disease, as
reflected by activated microglia and reactive astrocytes that sur-
round plaques. Microglia activation is a complex phenomenon,
resulting in various phenotypes of the cells (secreting differ-
ent types of cytokines), indicative of their interaction with
the environment and allowing for either inflammatory or anti-
inflammatory responses. The reactive astrocytes that accumu-
late around the plaques participate in the clearance of Aβ
deposits and in cytokine secretion, thus enhancing the neuro-
inflammatory response initiated by microglia [for review, see
Ref. (3)].

Diagnosis of AD relies onmultidisciplinary approaches, requir-
ing in particular expensive imaging procedures and invasive col-
lection of cerebrospinal fluid (CSF) for biomarkers analysis (4):
Aβ (in particular Aβ42), tau, and phospho-tau (p-tau) proteins.
Anyway and because of the non-specificity of the symptoms char-
acterizing the disease, its diagnosis is often delayed at a time when
the injuries have progressed. The diagnosis of certitude is based
on the presence of two neuropathologic processes: neurofibril-
lary tangles and amyloid senile plaques composed of accumu-
lated tau proteins and Aβ peptides, respectively (5, 6). Despite
intensive investigation, there is no cure currently available but
only therapies that aim at slowing down the progression of neu-
ronal injuries (4). These drugs are mostly effective at the earliest
time course of the disease but are unfortunately administered
later, at a time when the diagnosis is defined and injuries have
progressed.

Because of the necessity of early diagnosis for optimal treatment
and adequate handling of the patients, a reliable signature of
specific biomarkers improving identification of pre-clinical AD
would be of great interest. If CSF remains the most direct mean to
study biochemical changes occurring in the brain, ideal biomark-
ers should be detectable and measurable in a fluid obtained
through less invasive technique, such as the blood. Various groups
have recently focused on the search of a plasma panel of AD
biomarkers, thus opening promising perspectives in terms of
diagnosis of the disease, including at prodromal stages (7–12).
However, results were often controversial, because in particular of
the heterogeneity of the population-based cohort used and/or the
limitation in the sensitivity of the methods used. Thus no blood-
based panel has been validated so far as an aid for the diagnosis of
AD (13, 14).

Because of the inflammatory component of AD, one can
hypothesize that pathological processes associated with this dis-
order would produce disease-specific molecular changes in the
CSF and the blood, as a consequence of the inflammatory mech-
anisms. Thus, cytokines, chemokines, and growth factors could
be expected to be modified, as these are the primary means of
communication between cells. They could therefore represent
valuable biomarkers for early screening and diagnosis of the dis-
ease. To test this hypothesis, we performed multiplex analysis of

CSF and serum human samples and simultaneously evaluated the
level of expression of 120 biomarkers (corresponding to cytokines,
chemokines, growth factors, and related signaling proteins) in
these fluids. We discuss our results in this paper, in light of
previously published results.

Materials and Methods

Sample Collection and Handling
Bloodwas collected by venous puncture (BD vacutainer collection
tube with clot activator, ref 368815), let it clot at room temperature
(RT) for at least 30min, centrifuged in the next 4 h at 1500 g at
RT for 10min. Serum supernatant was subsequently aliquoted
by 0.5mL in 1.5mL eppendorf microtube (Eppendorf Protein
LoBind, ref 0030 108.116) and stored at −80°C until analysis.
CSF samples were collected by lumbar puncture in polypropylene
tubes (Starstedt; 10mL, ref 62.610.201), according to standard
operating procedures (15), centrifuged at 1000 g at 4°C during
10min, and the supernatant aliquoted and stored as for serum
samples.

Patient Description and Samples
CSF and sera originated from a sample collection of patients
who gave their informed consent from Montpellier neurological
and Clinical Research Memory Centers (CMRR) for cognitive or
behavioral disorders (officially registered collectionDC-2008-417
of the certified NFS 96-900 biobank of the CHRU of Montpellier
BB-0033-00031). This study was ethically approved under the
number 12.128Ter by the “Comité consultatif sur le traitement de
l’information en matière de recherche” (CCTIRS).

Patients were selected based for AD on the clinical criteria
established in 1984 by the National Institute of Neurological
and Communicative Disorders and Stroke (NINCDS) and the
Alzheimer’s Disease and RelatedDisorders Association (ADRDA)
(16). MCI patients were selected following the Petersen MCI
diagnosis criteria (17) with a concern regarding a change in cog-
nition, impairment in one or more cognitive domains, preser-
vation of independence in functional abilities without dementia.
Mini-mental state examination (MMSE) values illustrating differ-
ences in cognition of the different clinical groups are provided in
Table 1.

For the microarrays approach, a total of 49 serum samples
were analyzed. Sera originated from control subjects (n= 15), AD
(n= 14), or MCI (n= 20) patients. Among these MCI patients,
10 showed biological characteristics of AD. Of note, the time
between the collection of the samples and their analysis was not
significantly different between groups (Table 1).We also analyzed
the CSF of 20 of these 49 patients (10 AD patients and 10 control
subjects).

In the second step, and as a validation study, we selected 31 AD
patients (9 of thembelonging also to the initial cohort) with a PLM
scale of 2 or 3 (18). We also selected 24 control patients (4 of them
belonging also to the initial cohort) with a PLM scale of 0 or 1 (18)
and the following diagnoses: amyotrophic lateral sclerosis (n= 1),
Parkinson (n= 2), progressive supranuclear palsy (n= 2), vas-
cular dementia (n= 3), normal pressure hydrocephalus (n= 2),
Lewy body dementia (n= 2), peripheral neuropathy (n= 1), and
subjective cognitive impairment (n= 11).
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TABLE 1 | Demographic and CSF biomarkers in the population.

Diagnosis p (t-test)

Control AD

N Mean SD N Mean SD

Age 24 66.63 13.30 31 70.84 8.71 0.162
Sex 24 0.67 0.48 31 0.52 0.51 0.17 (Fischer’s test)
IATI 24 1.91 0.72 31 0.95 0.65 <0.001
CSF Aβ42 (pg/mL) 24 1024.58 350.39 31 812.10 314.71 0.059
CSF p-Tau (pg/mL) 24 32.33 10.74 31 87.19 32.74 <0.0001
CSF Tau (pg/mL) 24 188.00 74.27 31 635.97 272.45 <0.0001
CSF protein (g/L) 22 0.49 0.15 29 0.51 0.20 0.397
Serum CRP (mg/L) 21 3.12 4.79 22 2.39 2.64 0.397
Mini-mental state examination (MMSE)/30 20 25.40 6.80 28 22.20 4.80 0.066

Demographic data, CSF biomarker levels (Aβ42, tau, and p-tau), IATI, CSF proteins, serum CRP (inflammation biomarker), and MMSE are shown for control and AD groups. Results
are presented as mean and SD. t-test and Fischer exact test were computed.

Protein-Arrays Analysis
The relative abundance of 120 known signaling proteins (Table S1
in Supplementary Material) was measured in the 69 biological
samples (49 sera and 20 CSF) using protein antibodies-based
arrays (RayBio® Human Cytokine Antibody Array G-Series 1000,
AAH-CYT-G1000-8). Antibodies used for detection of the 120
proteins are distributed on two slides (G6 and G7), each one
allowing the semi-quantitation of 60 of the signaling proteins
(see Table S1 in Supplementary Material for protein maps). Every
sample tested was thereafter and simultaneously hybridized on
two slides: G6 and G7.

One hundred microliters of native CSF or diluted serum (1:2.5)
of each patient was hybridized on the slides, according to the
provider’s recommendations. As an internal quality control, a
pool of five sera (originating from control patients) was prepared
in our laboratory and hybridized on every slide, thus ensur-
ing the control of the homogeneity of the results between the
arrays. Slides were scanned at 532 nm (GenePix 4200AL, Axon
instruments).

All the numeric data obtained following scan of the arrays were
normalized according to the manufacturer’s recommendations
[using the normalization file provided with the kit (AAH-CYT-
G1000-8, RayBio®)].

Quantitative Analysis Through ELISA and
Electrochemiluminescence Assays
Quantitative multiplex or simplex methods were performed
in both the CSF and serum of 55 patients (31 AD patients
and 24 control subjects), using either electrochemiluminescence
(MesoScaleDiscovery technology, MSD, Sector Imager 2400A) or
ELISA method. Quantification of FABP3, TIMP-1, MIP-1beta,
and RANTES was performed using simplex detection MSD kit,
while GRO-alpha, IL-8, MCP-1, MIP-3beta, and sTNFR-I were
simultaneously measured using MSD custom V-Plex detection
(MSDMULTI-SPOT® 7 Spot Special Order Human 5Plex). Quan-
tification of IGFBP-6, sIL-6R, IL-3, and MIP-1alpha was per-
formed through simplex ELISA, purchased from Clinisciences.
CSF samples were measured directly, without previous dilution.
Depending on the cytokinemeasured, serum sampleswere diluted
(1:2–1:50).

Statistical Analysis
For protein-arrays analysis, prediction analysis for microarrays
(PAM) was performed with normalized array measurements of
the 120 signaling proteins quantified in the training set (software
R 3.1). To minimize the risk of overfitting, the PAM approach
used as a training set 90% of the population, and as a validation
the remaining 10%. This cross-validation was repeated 10 times.
For exploitation of quantitative ELISA results, Student’s t-test and
area under ROC curves (AUC) analysis were performed using
medCalc® software ver 15.2.2. The logistic regressionwas achieved
with the same software with backward stepwise selection using a
significance level of 0.10. Classification trees were obtained using
a Microsoft Visual Studio routine (available upon request), which
computed the sensitivity and specificity of all possible pair com-
bination of biomarkers at the different cut-offs (corresponding to
the values of the biomarkers in the population).

Results

Semi-Quantitative Analysis of 120 Proteins
Through Protein-Arrays Approach
Forty-nine patients of clinically characterized diagnosis were
included for the protein-array analysis: the cohort was composed
of individuals with pre-symptomatic (MCI,mild cognitive impair-
ment, n= 20) or late-stage AD (n= 14) patients and from control
subjects (n= 15), Figure 1A. MMSE differed between the groups
and was, as expected, significantly correlated with Aβ42, Tau or
p-Tau (p< 0.001, “Spearman” rank correlation).

The serum of these 49 patients and the CSF of 20 of them
(10 controls and 10 AD) were hybridized simultaneously on G6
and G7 slides, in order to evaluate the relative abundance of
the 120 proteins detectable on the arrays (Figures 1A,B, left
panel). Before proceeding to the analysis of the slides and to
ensure for their homogeneity, an internal quality control (CQI)
was hybridized on every array, in the very same conditions than
biological samples included in that study. This CQI corresponds
to a pool of sera (originated from control subjects) prepared in
our laboratory and was used to compare and homogenize the
slides, so that the fluorescence detected could be attributed to
specific variation of expression of the proteins in a sample, rather
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diagnosis

Control (A)
Alzheimer disease. 

AD (B)

MCI

non AD profile (C) AD profile (D)

N 15 14 10 10

men 7 10 7 6

women 8 4 3 4

Biological sample analysed serum + CSF serum + CSF serum serum

Time between collection of  sample and analysis (months) 18.4 ± 7.1 20.8 ± 3.7 20.3 ± 4.5 18.2 ± 7.3

Mini-Mental State Examination (MMSE) /30 22.9 ± 5.8 21.8 ± 5.8 28.4 ± 1.1 24.7 ± 4.5 

PROTEIN-ARRAY ANALYSIS

SERUM

A-Control (n=15) 

B-AD (n=14)

C-MCI. non AD profile (n=10)

D-MCI. AD profile (n=10)

CSF

A-Control (n=10) 

B-AD (n=10)

PAM analysis

=> 13 predictors iden!fied (in the CSF)

SERUM data pool for analysis

Groups A-C. n=25 

Groups B-D.  n=24

CSF

A-Control (n=10) 

B-AD (n=10)

CQI

Pool of 5 serum

Control for array

homogeneity (CQI)

=> Extrac!on of non 

homogeneous slides  for analysis

Student t-test analysis

=> no predictor iden!fied

1

2

A

B

FIGURE 1 | Cohort patients and study outline. (A) A total of 49 patients
were included in the preliminary study for protein-arrays analysis: 15 control
subjects (A), 14 AD late-stage patients (B) and 20 MCI (mild cognitive
impairment): 10 MCI with non-AD profile (C) and 10 MCI presenting AD profile
(D). Serum was analyzed for every patient included; CSF was analyzed for 20 of
them (10 patients from groups A and B). Time between collection of samples
(serum and CSF) and their analysis is indicated (in months): results are
mean±SD. Mini-mental state examination (MMSE) is indicated (MMSE/30) as
mean±SD. (B) Sera, CSF, and our internal quality control (CQI, corresponding

to a pool of five control sera) were hybridized on the protein arrays.
Homogeneity of the slides was controlled thanks to the CQI: non-homogeneous
slide identified was extracted before proceeding to the analysis of the arrays.
Normalized array data of 120 serum signaling proteins were analyzed in the
training set with statistical Student’s t-test to discover differences in protein
abundance between samples (strategy 1). As no predictor could be identified,
serum data were pooled for groups A–C and B–D (strategy 2). To discover
predictors for classification, the training set was analyzed through prediction
analysis for microarrays (PAM) approach.

than a slide effect (Figure 1B, left and central panels and Data
S1 in Supplementary Material). Our data show that CQI inter-
slide are homogenous between G7 slides, which validated the
subsequent analysis of numeric data obtained for the proteins
studied on these arrays (Data S1 in Supplementary Material, left
graph). On the other hand, analysis of CQI on G6 slides showed
that one of these arrays gave non-homogenous results (Data S1,
right graph, gray-highlighted results); the corresponding slide was
thereafter extracted before proceeding to the subsequent analysis
(Figure 1B, central panel).

Following this preliminary control of the slides, normalized
data generated from the 49 sera and 20 CSF hybridized were
analyzed through semi-quantitative protein-arrays approach: the
relative abundance of 120 proteins of known function (cytokines,
chemokines, and other signaling proteins) was simultaneously
evaluated (Figure 1B, right panel).

The numeric and normalized data obtained from the protein
arrays were first of all analyzed through Student’s t-test, in order
to identify a set of putative biomarkers in the serum that could
participate to the discrimination of control, MCI, and late-stage
AD patients (Figure 1B, right and up panel); however, this statis-
tical analysis did not provide exploitable results, as no biomarker
appeared to be significantly and specifically associated to one
group more than another one (results not shown). Furthermore,
we decided to pool together the data obtainedwith the serumof all
the AD patients (MCI with AD profile and late-stage) and control
patients (control and MCI no AD profile) and to focus on the
discrimination between control and AD patients (Figure 1B, right
panel strategy 2). Prediction analysis for microarrays (PAM) was
thereafter performedwith the normalized arraymeasurements. In
the serum, we were still unable to identify proteins significantly
modified between the two groups. On the other hand, the same
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analysis in the CSF led to the discovery of a repeatedly optimal
set of 13 predictors giving the lowest possible classification error
between control and AD groups (Figures 2A,B). Results showed
that all of them were decreased in AD group (negative d-score,
Figure 2B).

Quantitative Analysis of Putative Biomarkers in
the CSF and the Serum
Among the 13 putative proteins of interest identified in the
CSF, 10 of them (plus 4 additional selected following literature)
were subsequently analyzed through quantitative method in the
CSF and the serum of AD and control patients. This quan-
tification was performed on an enlarged cohort, composed of
55 individuals (31 AD patients and 24 control subjects), char-
acterized clinically and biologically for CSF biomarkers: Aβ42,
tau, and p-tau (Table 1; Figure 3). According to their clinical
diagnosis, AD patients showed a decrease of CSF Aβ1–42, together

protein iden�fica�on      control-score             AD-score

TIMP-1 0.1401 -0.1401

IL-11 0.137 -0.137 

sTNF-RI 0.1187 -0.1187

MIP-3beta 0.1036 -0.1036

Thrombopoie�n 0.0589 -0.0589

sIL-6R 0.0529 -0.0529

TGF-beta1 0.052 -0.052 

MCP-1 0.0303 -0.0303

GRO 0.0303 -0.0303

IL.3 0.0165 -0.0165

IL.8 0.0125 -0.0125

IGFBP6 0.0113 -0.0113

GRO-alpha 0.0029 -0.0029

optimal number of predictorsA

B

FIGURE 2 | Predictors discovery. (A) Predictor discovery by prediction
analysis for microarrays (PAM) was performed with normalized array
measurements of 120 signaling proteins in the training set. Internal
cross-validation (redline) decreasing the centroid threshold (lower x-axis)
resulted in an increase in the number of markers (inserted upper x-axis) that
were used for classification and calculation of the classification error (y-axis).
This led to the discovery of an optimal set of 13 predictors with lowest
possible classification error. (B) The 13 predictors identified through PAM
analysis are presented. Proteins are arranged in columns, with d-score
corresponding in each group. Control group corresponded to control subjects
and MCI non-AD patients (groups A–C defined for protein-arrays analysis); AD
group corresponded to AD late-stage patients and MCI presenting AD profile
(groups B–D defined for protein-arrays analysis). Positive d-score is indicative
of increased expression and negative d-score reflects decrease in the
expression of the proteins analyzed.

with an increase of CSF tau and p-tau (p< 0.0001). The ratio
IATI [Aβ1–42/(240+ 1.18× tau)] was calculated for these patients
and allowed for diagnostic discrimination of the two groups
(p< 0.001, Figure 3D). Groups were homogeneous in terms of
age, sex repartition, CRP, and CSF protein, and MMSE was
decreased in AD group (Table 1).

We tested for normal distribution of the data concerning the
14 proteins measured and thereafter proceeded for t-student sta-
tistical test to evaluate significant difference between AD and
control groups (Table 2). Results showed that in the CSF, among
the 14 tested proteins, 3 biomarkers were significantly different
between the two groups (Table 2, bolded and gray-highlighted
results): sIL-6R, TIMP-1, and sTNFR-I. These three proteins were
increased in the CSF of AD patients, compared to control sub-
jects (Figures 4A–C). Furthermore, three of the 14 biomarkers
quantifiedwere undetectable in theCSF of patients (FABP3,GRO-
gamma, and TGF-beta1). On the other side, all of the 14 biomark-
ers tested were detectable in the serum but none of them were
detected at a level significantly different between AD and control
patients (Table 2; Figures 4D–F).

ROC Curves, Regression Analysis and Decision
Trees of the Biomarkers in the Serum and the
CSF
We compared the area under the ROC curves (AUC) of all
the analytes measured in the serum and the CSF of the 55
patients (Table 3). CSF tau and p-tau appeared to be the
most efficient analytes to discriminate AD patients and control
subjects (AUC values= 0.942 and 0.946, respectively). Among
the analytes tested, seven presented an AUC≥ 0.655 (Table 3,
bolded and highlighted results). To combine these CSF biomark-
ers, we tested a logistic regression model which retained three
biomarkers with the following equation: sIL6R× 0.0034615+
TIMP1× 0.000024458+TNFRI× 0.001016− 9.2101 (pg/mL).
As illustrated in Figure 5A, this resulted in an important improve-
ment of the AUC reaching 0.858 (corresponding at its best to a
sensitivity of 74.2% and a specificity of 91.7%). The relevance of
these biomarkers for AD was also supported by the fact that a
significant “Spearman” rank correlation was observed between
MMSE and CSF TIMP-1 (p= 0.03950) and between tau or p-tau
and CSF sIL6R (p< 0.001). The low differences in expression of
the biomarkers in the blood prevented their integration in the
logistic regression model.

We also tested a simple classification tree model based on
only two analytes (nodes) to minimize the risk of overfitting
(Figures 5B,C). For the CSF biomarkers, this resulted in a classi-
fication involving IGFBP6 and MIP-3 beta, reaching on their own
a sensitivity of 81% and a specificity of 92% (Figure 5B). Interest-
ingly, the logistic regression and the classification tree resulted in
a different biomarker selection and the patients selected with the
twomodelswere also different. Additional studies on larger cohort
will be needed to reconcile and eventually combine these results.
Applying the same approach for serum biomarkers, it resulted in
a classification involving IL-8 and TNFR-1, reaching a sensitivity
of 77% and a specificity of 75% (Figure 5C).

Of note, the control misclassified patients of the classification
trees (Figures 5B,C) corresponded to various diagnoses (Lewy
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FIGURE 3 | Clinical biochemical characterization of patients. The 55
patients (AD, n= 31 and control subjects, n= 24) of the enlarged cohort used
for the second part of the study were characterized clinically and quantified for
CSF biomarkers: Aβ42, tau, and p-tau, using Fujirebio ELISA quantification kits

(A–C). IATI ratio [Aβ42/(240+ 1,18tau)] (D) was calculated for every subject of
the cohort. Outliers are indicated with black circle. Outliers are defined as a
value that is smaller than the lower quartile minus three times the interquartile
range, or larger than the upper quartile plus three times the interquartile range.

body dementia, vascular dementia, and subjective cognitive
impairment). Based on the available clinical and biological data,
it was not apparent why these patients were misclassified.

Discussion

The 2011 revision of criteria for AD clinical diagnosis includes
CSF biomarkers analysis: quantification of Aβ42 peptides, tau,
and p-tau proteins; however and despite its utility, its use in
routine clinical practice and for the follow-up of patient is limited
because in particular of the invasive character of lumbar puncture.

The link between neuro-inflammation and AD has opened
attractive perspectives for the early diagnosis and handling of
patients. Indeed, the possibility to identify a blood-based panel
of biomarkers to detect AD patients could allow for a system-
atic and early diagnosis of them, at the time of the first signs

indicative of cognitive impairment, therefore optimizing their care
and treatment. In addition, the perspective of feasibility of an early
biochemical diagnosis of patients through minimally invasive
technique (such as venous puncture) is quite seducing.

Various studies described such a signature in the blood: among
them, Ray et al. identified 18 blood biomarkers, some of which
were subsequently confirmed by ADNI (8, 19). The present work
aimed at investigating the molecular mechanisms involved in
inflammatory processes occurring in AD, intending to identify or
confirm a profile of biomarkers characteristic of AD. To this end,
the modification of various signaling proteins (chemokines and
cytokines) in theCSF and the serumofADpatientswere evaluated
using multiplex strategies.

The protein-arrays approach used in the first place is very
attractive because it offers the opportunity to evaluate, in a sin-
gle test and through a reduced volume of biological sample,
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TABLE 2 | CSF and serum quantification of predictors identified.

Diagnosis p (t-test)

Control AD

N Mean SD N Mean SD

CSF FABP-3 (pg/mL) 24 ND ND 31 ND ND –
GRO-alpha (pg/mL) 24 22.79 12.28 31 29.97 18.63 0.101
GRO-gamma (pg/mL) 24 ND ND 27 ND ND –
IGFBP6 (pg/mL) 24 76,4473.50 680,240.30 31 65,6967.45 317,572.10 0.440
IL-3 (pg/mL) 24 71.08 55.42 31 81.94 141.47 0.721
IL-8 (pg/mL) 24 2476.46 2164.15 31 3398.90 3307.04 0.242
MCP-1 (pg/mL) 24 484.54 110.74 31 524.87 221.39 0.420
MIP-1beta (pg/mL) 24 11.38 7.89 31 11.58 3.09 0.957
MIP-3beta (pg/mL) 24 193.33 137.71 31 249.97 110.29 0.096
RANTES (pg/mL) 24 4.25 8.36 31 9.81 20.49 0.210
sIL6-R (pg/mL) 24 1125.71 304.31 31 1455.42 384.44 0.001
TGF-beta1 (pg/mL) 24 ND ND 31 ND ND –
TIMP-1 (pg/mL) 24 94,953.75 23,724.34 31 117,507.10 31,685.66 0.005
sTNFR-I (pg/mL) 24 2058.88 700.90 31 2601.94 693.10 0.006

Serum FABP-3 (pg/mL) 24 7.13 2.47 31 6.36 2.44 0.247
GRO-alpha (pg/mL) 23 106.50 64.10 31 111.10 56.08 0.777
GRO-gamma (pg/mL) 24 98.91 231.92 27 128.44 258.91 0.676
IGFBP6 (pg/mL) 24 887,849.71 565,626.11 31 717,297.23 325,456.73 0.306
IL-3 (pg/mL) 24 2353.25 7191.47 31 1242.19 1409.37 0.372
IL-8 (pg/mL) 24 21.42 17.54 31 17.36 16.77 0.392
MCP-1 (pg/mL) 24 319.21 100.39 31 319.13 99.70 0.993
MIP-1beta (pg/mL) 24 28.67 13.78 31 28.45 16.95 0.957
MIP-3beta (pg/mL) 24 230.71 452.88 31 154.94 188.86 0.403
RANTES (pg/mL) 24 189.58 93.68 31 216.16 117.38 0.368
sIL6-R (pg/mL) 24 88,788.79 30,096.89 31 79,709.42 26,040.66 0.236
TGF-beta1 (pg/mL) 24 1.13 0.34 31 1.26 0.44 0.677
TIMP-1 (pg/mL) 24 65,6950 248,683.10 31 660,009.68 342,382.44 0.971
sTNFR-I (pg/mL) 24 5139.29 1880.56 31 4424.97 1242.77 0.096

Ten predictors previously identified following PAM analysis and four supplemental ones (FABP3, GRO gamma, RANTES, and MIP-1beta) were quantified in the CSF and the serum of
AD (n=31) and control (n=24) patients using quantitative ELISA and MSD approaches. Results are presented as mean and SD. The three bolded and gray-highlighted biomarkers
present significant difference in the CSF between control and AD groups (Student’s t-test). None of the proteins tested in the serum show significant difference between the two groups.
ND corresponds to proteins undetectable in the CSF.

the simultaneous level of expression of numerous proteins. In
the present study, the large screening of 120 signaling pro-
teins in serum and CSF of AD patients seemed very promising
but appeared unfortunately quite disappointing in the serum.
Indeed, no putative biomarker could be identified through this
approach. One cannot exclude the possibility that the protein-
arrays approach might lack sensitivity and reproducibility to
detect small and discrete differences in the level of expression of
the proteins tested between the groups of our cohort. Anyway such
observation remains quite intriguing because other studies, using
similar approaches, described a blood-based panel of biomarkers
discriminating control subjects and AD patients (8). However,
a strict comparison of these works remains challenging because
of the heterogeneity and the different size of the cohorts used,
and also because of the nature of the samples used (serum versus
plasma). On the other hand, the technique provided interesting
results in the CSF, as 13 putative biomarkers potentially dis-
criminating control subjects and AD patients could be identified.
Although such method is very useful as a first-step and large
screening of candidates, it remains semi-quantitative and poorly
sensitive. Thus, the putative biomarkers identified in the CSF had
to be subsequently tested for confirmation through quantitative
and sensitive methods.

Among the 13 predictors identified, 10 were analyzed through
such quantitative approaches, according to the availability of
the existent kits: GRO-alpha, IGFBP6, IL-3, IL-8, MCP-1, MIP-
3beta, sIL-6R, TGF-beta1, TIMP-1, and sTNF-RI. Because of
their potential implication in inflammatory processes and AD,
we also evaluated the abundance of four supplemental proteins
present in our panels: GRO-gamma, RANTES, MIP-1beta, and
FABP3, which were also described in the literature as putative
AD biomarkers. These 14 proteins were quantified in both the
CSF and the serum of an enlarged cohort of 55 subjects (AD
patients and control individuals). Among these biomarkers, three
presented significant increase in the CSF: sIL-6R, TIMP-1, and
sTNFR-I, and could be combined in a logistic regression model.
Interestingly, sIL-6R and sTNF-RI presented opposite way of
variation in the serum, although not being significant in this fluid.

Microglia and astrocytes are the major sources of cytokines
production in AD. Thus, Aβ42 accumulation has been suggested
to be a strong inducer of the neuro-inflammatory response in AD,
exposure of microglia to Aβ42 deposits increasing production of
IL-6 and M-CSF (20). M-CSF was also described to be increased
in the plasma and the CNS of patients at the dementia stage of
AD compared to control or MCI age-matched patients (20, 21).
Controversial results were obtained by Ray et al., describing a
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FIGURE 4 | Predictors quantification in the CSF and the serum. sIL-6R,
TIMP-1, and sTNFR-I were quantified in the CSF (A–C) and in the serum (D–F)
of 55 patients (AD, n=31 and control subjects, n= 24). Outliers are indicated

with black circle. Outliers are defined as a value that is smaller than the lower
quartile minus three times the interquartile range, or larger than the upper
quartile plus three times the interquartile range.

decrease of M-CSF in the plasma of AD patients (8). In our study,
this cytokine presented a very low basal level and did not show
any significant modification of level neither in the CSF or serum
of our patients (protein-array results). In addition, IL-6 was barely
detectable in the CSF and serum of our patients but as noticed
above, its receptor (sIL-6R) was significantly increased in the CSF
and showed a tendency to decrease in the serum of AD patients
although not being significant. A CSF cytokine profile charac-
terized by an increase of TNF-alpha associated with a decrease
of TGF-beta could be a marker of the conversion of MCI to AD
(22). In addition, TNF-alpha was reported to be decreased in the
plasma of AD patients versus control (8). In our study anyway,
we did not observe significant change in the CSF or the serum of
TNF-alpha and TGF-beta level among the patients. Interestingly,
the receptor of TNF-alpha (sTNFR-I) was significantly increased
in the CSF of AD patients compared to control subjects and
showed a tendency to decrease in the serum of AD patients. Of
note, He et al. recently demonstrated that deletion of TNF-RI
can inhibit Aβ generation and prevents cognitive deficits in AD
mice (23), through the reduction of expression and activity of
BACE1 mediated by NF-κB signaling. Thus, chronic overexpres-
sion of neuronal TNF-alpha has been described to enhance local
inflammatory responses in transgenic ADmice (24). However, the
pro-inflammatory cytokine TNF-alpha is also reported to present
neuroprotective effects in the brain (25). In addition and very

interestingly, analysis of AUC of ROC curves in our study shows
that association of sTNF-RI was among the best biomarkers and
that its combination with TIMP-1 and sILR-6 provides the most
powerful combination for AD diagnosis. Such observation will
have to be confirmed in another study through an enlarged cohort.

On the other side, IL-3 is described in the literature to be
reduced in the plasma of AD patients, which was also observed
in our cohort (although not being significant). In addition, IL-
1beta is known to be secreted by activated microglia cells follow-
ing Aβ42 stimulation in vitro (26). Thus this pro-inflammatory
cytokine can be detected in microglial cells surrounding Aβ
deposits and in the CSF of AD patients (26). Anyway, only very
low level of this cytokine was detectable in the CSF and serum of
our patients and no difference in its concentration could be noted
among the patients. IGFBP6 is also described to be increased in
the plasma of AD patients (8) but we did not detect significant
changes of its level in our study. Interestingly, this molecule was
retained in the classification treemodel, whichwould need further
validation in a larger cohort.

Chemio-attractive chemokines are known to participate in the
inflammatory process of AD, through regulation of microglial
cells migration at the site of inflammation (27). In particular,
CCL4 (MIP-1beta) has been described in reactive astrocytes sur-
rounding Aβ deposits (28) and CXCL8 (IL-8), CCL2 (MCP-1),
and CCL3 (MIP-1alpha) are increased following Aβ42 exposition
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TABLE 3 | Values of area under the ROC curves.

Variable AUC SE 95% CI

CSF IATI 0.788 0.0739 0.636–0.898
Abeta 1–42 0.69 0.0789 0.550–0.807
GRO-alpha 0.604 0.0794 0.463–0.733
IGFBP6 0.511 0.0867 0.372–0.648
IL-3 0.566 0.0748 0.425–0.699
IL-8 0.614 0.0792 0.473–0.742
MCP-1 0.503 0.0791 0.365–0.641
MIP-1beta 0.655 0.0776 0.514–0.778
MIP-3beta 0.727 0.0787 0.590–0.839
p-Tau 0.946 0.0315 0.849–0.989
RANTES 0.618 0.0748 0.477–0.745
sIL6-R 0.755 0.0659 0.620–0.861
Tau 0.942 0.034 0.843–0.987
TIMP-1 0.692 0.0756 0.544–0.816
sTNFR-I 0.699 0.0771 0.551–0.821
CSF protein 0.514 0.0854 0.367–0.660

Serum CRP 0.512 0.0924 0.355–0.667
Fabp-3 0.646 0.0817 0.497–0.778
GRO-alpha 0.57 0.0873 0.421–0.710
GRO-gamma 0.579 0.076 0.430–0.719
IGFBP6 0.586 0.0801 0.445–0.717
IL-3 0.549 0.0797 0.409–0.684
IL-8 0.599 0.081 0.459–0.729
MCP-1 0.501 0.0806 0.363–0.639
MIP-1beta 0.548 0.0821 0.408–0.683
MIP-3beta 0.622 0.0761 0.481–0.750
RANTES 0.556 0.079 0.416–0.690
sIL6-R 0.595 0.0789 0.455–0.726
TGF-beta1 0.567 0.0528 0.426–0.700
TIMP-1 0.52 0.0795 0.381–0.657
sTNFR-I 0.625 0.0838 0.484–0.752

Area under the ROC curve (AUC) for all the biochemical analytes quantified in the 55
patients (AD, n=31 and control subjects, n=24) of the study was evaluated. The seven
biomarkers bolded and gray-highlighted analytes present AUC≥ 0.650.

of astrocytes (29, 30). IL-8 has also previously been described to
be increased in the plasma of AD patient (8). In our study, we
detected increase of IL-8 and MCP-1 in the CSF of AD patients
and no significant modification of MIP-1alpha or beta, neither in
the CSF nor the serum.

On the other side, CCL5 (RANTES) was described to be down-
regulated in the plasma of AD patients (8) and we noted no
significant variation of this chemokine between the two groups
of our study. GRO-alpha has also been reported to be a CSF
biomarker of interest for AD diagnosis (31) but its level remained
unchanged between our two groups. GRO-gamma (CXCL3) was
undetectable in the CSF of our patients and remained unchanged
in the serum among the patients.

In addition, matrix metalloproteinases (MMP) are believed to
be involved in the pathologic processes of AD. TIMP-1 is the tissue
inhibitor of MMP-9 and has been described to be increased in the
CSF of AD and MCI patients (32). In our study, TIMP-1 was also
significantly increased in theCSFofADpatients. Its level appeared
stable in the serum of all populations of our cohort.

Finally, obesity, defined as a disorder in which excess fat accu-
mulates in the body, also induces chronic inflammatory processes.
Indeed, obesity has been associated with higher risk to develop
AD (33). FABP3 is a member of the fatty acid binding proteins
and has recently been described to be down-regulated in the brain
of AD patients (34). However, FABP3 was not detectable in the
CSF and presented no significant variation in the serum of our
patients.

Identification of a molecular signature for AD diagnosis is very
promising in terms of handling of patients and early diagnosis
of AD, but remains quite challenging. Indeed, numerous studies
have described panels of biomarkers of potential interest but at
the time of their confirmation, results appeared to be largely
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FIGURE 5 | Area under ROC curve (AUC) of Tau, p-Tau, and
sTNFR-I. ROC curves (A) of the three most efficient biomarkers for AD
diagnosis sIL-6R, TIMP-1, and sTNFR-I were plotted along with their
combination (logistic regression, see text). The classification tree for CSF

biomarkers (B) defined as AD samples those with IGFBP6
>300,000pg/mL and MIP-3beta >160pg/mL. Using serum biomarkers
(C), the criteria selected for AD diagnosis was: IL8 <23pg/mL and
TNFR-I <5260pg/mL.
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controversial [for review, see Ref. (3)]. Our study led us to identify
three differential biomarkers in the CSF of AD patients (sIL-
6R, TIMP-1, and sTNFR-I), which could be efficiently combined.
They were, however, not differential in the serum. On the other
hand, using classification trees, we could obtain notable results in
both CSF and serum, involving, respectively, IGFBP6 and MIP-3
beta or IL-8, and TNFR-I. Upon confirmation, these results could
represent interesting new means for the diagnostic of AD. These
biomarkers, associated with the biochemical diagnostic tools cur-
rently used forADdiagnosis (such asCSF biomarkersAβ, tau, and
p-tau), could be of particular interest for early diagnosis of AD or
for patients presenting ambiguous profiles.

In conclusion, this study confirms the potential diagnosis inter-
est of previously published blood biomarkers, and proposes new
ones (such as IL-8 and TNFR-I). Further studies will be needed to

validate these biomarkers which could be used alone, combined,
or in association with the classical CSF biomarkers.

Supplementary Material

The SupplementaryMaterial for this article can be found online at
http://journal.frontiersin.org/article/10.3389/fneur.2015.00181

Table S1 | Antibody array map of G6 and G7 slides. Each array allowed for the
detection and semi-quantitation of 60 human cytokines. POS and NEG correspond
to positive and negative control, respectively, and are used for normalization of
fluorescence detected from the slides.

Data S1 | CQI homogeneity between arrays. CQI was hybridized on each
array (G6 and G7) in the very same conditions than the biological samples studied.
Non-homogenous slide (G6, gray-highlighted) was extracted before analysis of the
normalized data generated.
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Plasma 24-metabolite Panel Predicts 
Preclinical Transition to clinical 
stages of alzheimer’s Disease
Massimo S. Fiandaca1,2 , Xiaogang Zhong3 , Amrita K. Cheema4 , Michael H. Orquiza5 , 
Swathi Chidambaram6 , Ming T. Tan3 , Carole Roan Gresenz7 , Kevin T. FitzGerald8 ,  
Mike A. Nalls9 , Andrew B. Singleton9 , Mark Mapstone1 and Howard J. Federoff1*
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Medical Center, Washington, DC, USA, 4 Departments of Oncology and Biochemistry, Georgetown University Medical 
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University Medical Center, Washington, DC, USA, 9 Laboratory of Neurogenetics, National Institute on Aging, National 
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We recently documented plasma lipid dysregulation in preclinical late-onset Alzheimer’s 
disease (LOAD). A 10 plasma lipid panel, predicted phenoconversion and provided 90% 
sensitivity and 85% specificity in differentiating an at-risk group from those that would 
remain cognitively intact. Despite these encouraging results, low positive predictive 
values limit the clinical usefulness of this panel as a screening tool in subjects aged 
70–80 years or younger. In this report, we re-examine our metabolomic data, analyzing 
baseline plasma specimens from our group of phenoconverters (n = 28) and a matched 
set of cognitively normal subjects (n = 73), and discover and internally validate a panel 
of 24 plasma metabolites. The new panel provides a classifier with receiver operating 
characteristic area under the curve for the discovery and internal validation cohort of 
1.0 and 0.995 (95% confidence intervals of 1.0–1.0, and 0.981–1.0), respectively. 
Twenty-two of the 24 metabolites were significantly dysregulated lipids. While positive 
and negative predictive values were improved compared to our 10-lipid panel, low 
positive predictive values provide a reality check on the utility of such biomarkers in 
this age group (or younger). Through inclusion of additional significantly dysregulated 
analyte species, our new biomarker panel provides greater accuracy in our cohort but 
remains limited by predictive power. Unfortunately, the novel metabolite panel alone may 
not provide improvement in counseling and management of at-risk individuals but may 
further improve selection of subjects for LOAD secondary prevention trials. We expect 
that external validation will remain challenging due to our stringent study design, espe-
cially compared with more diverse subject cohorts. We do anticipate, however, external 
validation of reduced plasma lipid species as a predictor of phenoconversion to either 
prodromal or manifest LOAD.
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inTrODUcTiOn

A major push in neurology and neurological research related to 
late-onset Alzheimer’s disease (LOAD) in the last 5 years has been 
to better define the preclinical pathological stages that herald the 
development of clinically overt disease (1). As it relates to this paper, 
when we use the term AD, we mean LOAD, the most common 
clinical form of the disease and featuring a combination of genetic 
and epigenetic etiologies. In this context, we define preclinical 
LOAD as the separate stages of pathobiologic development that 
immediately precede prodromal amnestic mild cognitive impair-
ment (aMCI) and manifest LOAD. We define, therefore, aMCI 
and LOAD to comprise the clinical stages of AD. Since treatments 
initiated during the preclinical stages may be more effective due 
to a more receptive brain substrate, the discovery and validation 
of biomarkers that define such a preclinical period has gained 
significant momentum (1). Our current investigative efforts focus 
on defining a more accurate and predictive set of plasma-based 
metabolomic biomarkers compared to those from our previous 
study (2). While the majority of LOAD biomarker studies to date 
have been carried out via case–control comparisons, our inves-
tigations arise from data developed from a 5-year longitudinal 
observation study. Longitudinal studies allow direct assessment 
of pathobiology during times of transition, while case–control 
studies primarily infer these transition events by comparing 
health to disease. Cerebrospinal fluid (CSF), neuroimaging, and a 
variety of other blood-based biomarkers have also been proposed 
via case–control analyses (3) but have not gained favor due to 
their associated risk, cost, and/or lack of requisite sensitivity and 
specificity values. There are few longitudinal investigations in 
the literature that define which neurocognitively intact subjects 
will progress to either prodromal or manifest LOAD. Our recent 
plasma lipid biomarker study (2) provided receiver operating 
characteristic area under the curve (ROC AUC) values of 0.96 
and 0.92 with 95% confidence interval of 0.93–0.99 and 0.87–0.98, 
respectively, in the discovery and internal validation cohorts 
analyzed. The calculated positive predictive value (PPV), but not 
the negative predictive value (NPV), estimates remained low due 
to the low prevalence in this age group, arguing against the use of 
such a panel as a screening tool in a similarly aged, asymptomatic 
population. While sensitivity and specificity reflect on accuracy 
provided by a test, predictive values address the meaning of test 
results given a particular context (i.e., age-dependent prevalence) 
(4). The discovery and internal validation metabolomic analyses 
that were originally advanced, however, provided support to the 
lipid irregularities previously associated with LOAD (5), and our 
5-year longitudinal study design allowed identification of bio-
markers that predict the pending phenoconversion to the clinical 
stages of LOAD. Herein, we describe the discovery and internal 
validation of an expanded panel of plasma metabolites, from the 
same baseline asymptomatic subjects previously reported (2). 
The expanded metabolite panel provides increased sensitivity 
and specificity and improved predictive values within our cohort. 
In addition, the specific analytes in the panel further strengthen 
the links between dysregulated brain and plasma lipid species 
during the preclinical stages of LOAD. Our expanded biomarker 
panel, therefore, provides significant potential benefits, as well as 

burdens that must be considered by individuals and society at 
large. Such a biomarker panel for preclinical LOAD must initially 
play a role in selecting subjects for secondary prevention trials 
and, possibly, monitoring their therapeutic success or failure. 
Eventually, however, it will be critical that biomarker panels of 
disease stimulate the development of new or repurposed thera-
peutics. A diagnostic test without an associated viable treatment 
option is always limited. Eventually, a highly accurate panel such 
as proposed might be applicable in a general clinical practice, 
identifying older adults with a high risk of phenoconversion to 
the clinical stages of LOAD, and allowing initiation of treatment 
that could modify the course of disease.

MaTerials anD MeThODs

Participants
The study design for this investigation is structured in a manner 
similar to that used in our original study (2) but features discov-
ery and internal validation sets that include only subjects who 
maintain a cognitively normal status [normal control (NC)] and 
those who phenoconvert from cognitive normality at baseline 
(Converterpre) to either aMCI or AD by either year 3 or year 5 
of the Rochester/Orange County Aging Study (Figure  1). As 
part of a 5-year observational study, we enrolled a total of 525 
community-dwelling participants from two distinct geographic 
regions, aged 70 and older, and who were otherwise healthy. 
Health records and medications were fully documented, and 
subjects were excluded only if major neurologic or oncologic 
illness was present. All study participants provided informed 
consent for study inclusion and use of their neurocognitive 
results and peripheral blood specimens for analyses. Institutional 
review boards (IRBs) at each institution approved the protocols 
and informed consent documents. As opposed to including the 
incident aMCI/AD group, as described in our original investiga-
tion (2), the primary inclusion and comparison for this analysis 
was limited to those subjects who remained cognitively normal 
throughout the study and those who phenoconverted to aMCI or 
AD during the 5-year study. Subjects were continuously enrolled 
in the study over 5  years. In a planned midpoint analysis, we 
selected those who remained cognitively normal or phenocon-
verted from baseline to year 3 for the discovery cohort and those 
who were subsequently enrolled or who subsequently phenocon-
verted during year 3 to 5 for the internal validation cohort. As 
shown in Table 1, the 71 discovery subjects include 53 NC and 
18 Converterpre individuals. The discovery cohort Converterpre 
subjects consisted of 2 individuals who phenoconverted to AD 
and 16 who transitioned to aMCI. Of this group, three of those 
converting to aMCI carried an APOE ϵ4 allele. The 30 internal 
validation subjects featured 20 NC and 10 Converterpre indi-
viduals. Internal validation cohort phenoconverters consisted 
of five individuals who developed AD and five meeting criteria 
for aMCI. In the internal validation cohort, two of the AD con-
verters carried an APOE ϵ4 allele. The discovery and internal 
validation cohorts did not share any common subjects. Figure 1 
further depicts how the Converterpre subjects were selected 
(number that phenoconverted by year 3 and the remaining that 
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Table 1 | Discovery and internal validation cohort demographic details.

clinical groups n (M/F) Mean age 
years [sD]

Mean education 
years [sD]

% APOE 
ϵ4

Normal control (NC)

 Discovery 53 (18/35) 81.6 [3.6] 15.7 [2.3] 24.6

 Internal validation 20 (9/11) 81.4 [3.3] 15.1 [2.5] 20

Converterpre

 Discovery 18 (8/10) 80.7 [2.3] 15.3 [3.1] 16.7

 Internal validation 10 (4/6) 79.3 [5.5] 14.5 [1.8] 20

Total discovery 71 (26/45) 81.8 [3.0] 15.5 [2.7] 20.7

Total internal 
validation

30 (13/17) 80.9 [4.4] 14.8 [2.2] 20.0

n, number of subjects; F, female subjects; M, male subjects; SD, standard deviation; % 
APOE ϵ4, percent having at least a single APOE ϵ4 allele.
Gender, age, education, and APOE ϵ4 status were not significantly different (Chi-square 
p > 0.05) between discovery and internal validation groups.
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phenoconverted by year 5) and matched to NC subjects, for this 
manuscript as well as our previous lipidomic study. The number 
of subjects in our discovery (n  =  71) and internal validation 
(n = 30) groups (or cohorts), therefore, approaches the accepted 
biostatistical standards (6) for discovery and validation group-
ings of 2/3 and 1/3, respectively. This study focused solely on 
biomarker comparisons between subject groups categorized as 
fulfilling the cognitively normal state (Converterpre vs. NC) at 
baseline. Excluded from this and our previous analysis (2) were 

•
•

•
•

•

•

FigUre 1 | schematic representation of overall study design and specific analyses reported in this paper. Clinical subjects for the 5-year observational 
study were selected for participation at the University of Rochester and the University of California Irvine. An interim analysis was performed at year 3 of the study, 
comparing 53 subjects who maintained normal cognition since baseline study entry, to a group of 18 subjects who were cognitively normal at baseline but had 
phenoconverted to either aMCI or AD by year 3. This group made up our discovery cohort from which initial biomarker discovery was performed. With complete 
neuropsychological assessments available by study termination, an additional group of 10 subjects were noted to have phenoconverted during year 4 and year 5. 
This latter group was combined with a group of 20 matched subjects who maintained normal cognition throughout the study, and together were designated as the 
internal validation group (or cohort). All subjects included in this analysis (Discovery and Internal Validation cohorts) had only their baseline blood specimens 
assessed for metabolomic biomarker comparisons (dashed red circles).

a significant number of the total longitudinal study participants 
who could not be categorized based on the strict neurocognitive 
grouping parameters. We believe that rigorous clinical classifica-
tion is necessary to increase signal in the biological samples for 
new metabolomic discovery. In any study with clinical charac-
terization such as ours, we can clearly identify the cases (aMCI 
or LOAD), but not all remaining subjects should be considered 
NCs. Thus, in our work, we specifically define criteria for NCs 
and those who do not meet either definition (case or control) 
are not included in the specific study analysis. Subject data 
from the excluded individuals are undergoing separate analyses, 
not specifically related to the diagnosis of LOAD. The goal of 
this analysis, therefore, was to develop a biomarker model that 
would more accurately predict whether phenoconversion would 
or would not occur in cognitively normal subjects of our aging 
cohort within 5  years from study entry. Herein, we compare 
those cognitively normal (Converterpre or preclinical LOAD, 
n = 28) individuals, who developed memory impairment, with 
or without functional impairment, within 5 years of study entry, 
to those subjects who remained cognitively normal (NC, n = 73) 
over the same 5-year study period (Table 1) (total study group 
analyzed, n = 101). Of the 28 subjects who phenoconverted, 21 
developed aMCI, and 7 developed AD within the 5-year study. 
We reiterate that the 101 subjects in this analysis are a subset of 
those reported in our previous publication (that also included 
those with incident aMCI/AD) (2).
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Our discovery and internal validation groups of cognitively 
normal individuals at baseline assessment (including both NC 
and Converterpre) were matched for age, gender, and education and 
featured similar APOE allele status (Table 1). Our internal valida-
tion group consisted of approximately one-third of all subjects 
included in our analysis and was composed of phenoconverters 
from years 3 to 5 and their matched set of control subjects. All 
study participants underwent phlebotomy between 8:00 a.m. and 
10:00 a.m., on a yearly basis, while fasting and withholding their 
morning medications, and as close as possible to the same day 
each year of study participation. Blood specimens were initially 
placed on ice, and the blood components were separated within 
24 h, yielding multiple plasma aliquots that were frozen immedi-
ately thereafter at −80°C until undergoing metabolomic analyses. 
Smaller plasma aliquots allowed a single freeze-thaw cycle prior 
to metabolomic processing for all specimens. All metabolomic 
data used for this analysis had been previously made available 
online (2), and untargeted discovery and targeted internal vali-
dation data had been obtained from baseline plasma specimens 
for all reported study participants. Glycerophospholipids were 
the most significantly dysregulated class of metabolites in our 
original untargeted discovery data. Discovery group data for this 
investigation resulted from 71 baseline subject specimens who 
underwent a targeted multiple reaction monitoring-stable iso-
tope dilution-mass spectrometry (MRM-SID-MS) analysis using 
the Biocrates Absolute-IDQ P180 Kit (Biocrates Life Sciences, 
Innsbruck, Austria), which evaluates five classes of metabolites, 
including acylcarnitines (ACs), amino acids, hexoses, phospho- 
and sphingo-lipids, and biogenic amines, in an effort to reduce 
bias toward a particular class of metabolites. A subsequent inter-
nal validation study was completed on an additional 30 baseline 
subject specimens that underwent similar metabolomic analyses 
(Figure 1). These data were preprocessed, as previously described 
(2), prior to statistical consideration.

statistical analysis
Statistical treatment of the data in this study was according to the 
same overall methods as described in our previous publication 
(2). The abundance measurements for metabolites (with a specific 
mass/charge ratio, m/z) in both positive and negative modes were 
expressed as intensity units that were initially normalized using 
log transformation and quantile normalization (Figure  2). For 
the 71 subjects in the discovery cohort, we calculated the level of 
differential expression for each metabolite using a t-test, compar-
ing NC and Converterpre, constrained by p-value <0.05. Among 
these differentially expressed metabolites, we performed the 
feature selection using a regularized learning technique, which 
uses the least absolute shrinkage and selection operator (LASSO) 
penalty (7, 8). We first obtained the regularization path over a grid 
of values for the tuning parameter lambda (λ) through 10-fold 
cross-validation. The optimal value for λ obtained by the cross-
validation procedure was used to fit the model. All the features 
with nonzero coefficients were deemed as biomarker candidates. 
This technique is known to reduce overfitting and variance in 
classification.

The classification performance of the selected metabolites 
was assessed using the ROC curve AUC. To maintain rigor 

of independent validation, the simple logistic model from the 
discovery set was fixed. The statistical team was blinded to the 
sample group identities of the internal validation cohort, which 
consisted of different NCs and Converterpre subjects than those 
used in the discovery cohort. Any separation in values between NC 
and Converterpre subjects for the final panel was evaluated using 
a robust method, the hidden logistic regression model with the 
maximum estimated likelihood (MEL) estimator (9). A combined 
classifier, based on the final biomarker panel for 101 subjects, 
within the discovery and internal validation groups, was developed 
to determine differences between NC and Converterpre groups. The 
resulting combined classifier allowed the development of a plasma 
metabolite index (PMI), which provides a single predictive value of 
risk of phenoconversion in cognitively normal subjects observed 
over the 5-year interval. The PMI is obtained by mapping the log 
odds in a regularized logistic regression model on a 0–100 scale.

Positive and negative predictive value calculations used in this 
paper feature the direct measures of sensitivity and specificity 
defined from the ROC curves (10, 11) as well as the clinical 
prevalence from the literature (12), based on the disease in 
the specific population tested (13). Accuracy measures, which 
combine sensitivity and specificity for our biomarkers, were 
calculated for the 10-lipid and new metabolite panels. Accuracy 
values are calculated for potential cutoff probabilities of being 
diagnosed Converterpre based on the ROC curve.

resUlTs

The clinical groups (see Table 1) were not significantly different 
(p  ≥  0.05) from each other based on gender, age, education, 
and APOE ϵ4 allele carrier percentages. APOE allele status was 
not a significant covariate, as previously reported (2). The ROC 
AUC with and without inclusion of APOE ϵ4 allele status in the 
classifier was not significantly different (p ≥ 0.05). Cognitive and 
phenoconversion details for the cohorts associated with this study 
are provided in Table 2. The memory Z-scores clearly decline from 
baseline to the post conversion (Converterpost) state. Mean time to 
phenoconversion for all converters was 2.1 years. The discovery 
group had a mean time to phenoconversion of 1.5 years, while the 
internal validation group’s mean time to phenoconversion was 
3.1 years. The mean time to phenoconversion was significantly 
longer for the internal validation group compared to the discovery 
group (Mann–Whitney U Z-score = −3.21, p = 0.0013).

A total of 174 significant (p <  0.05) differentially expressed 
metabolites were defined in the discovery cohort. Of this group, 
24 metabolites [13 glycerophosphatidylcholines (PCs), 9 ACs, 1 
amino acid, and 1 biogenic amine] (Table 3) fulfilled the specific 
selection criteria established for the new biomarker panel. Three 
of the 24 metabolites, all belonging to the AC group (see bottom 
3 entities in Table  3; Figure  3), had significantly increased 
levels, while quantities of the remaining metabolites were all 
significantly reduced in Converterpre subjects compared to NC, 
for both discovery and internal validation groups (Table  3; 
Figure  3). Seven of the 24 metabolites were featured in our 
previously reported panel of 10 plasma lipids (2) (see top 7 in 
Table 3; Figure 3), and include a single AC (C3, proprionyl-l-
carnitine), a single lysophosphatidylcholine (lysoPC a C18:2), 
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Table 2 | cognitive Z-scores and conversion diagnosis.

cognitive Z-scores conversion Dx (aMci/
aD)

Years to 
phenoconversion 

[seM]Zatt [seM] Zexe [seM] Zlan [seM] Zmem [seM] Zvis [seM]

Normal control (NC)

 Discovery −0.17 [0.1] −0.06 [0.1] 0.03 [0.1] 0.08 [0.1] 0.06 [0.1] n.a. n.a.

 Internal validation 0.03 [0.1] 0.06 [0.2] 0.06 [0.1] −0.05 [0.1] 0.27 [0.2] n.a. n.a.

Converterpre

 Discovery −0.35 [0.2] −0.54 [0.2] −0.58 [0.3] −0.81 [0.1] −0.48 [0.3] n.a. n.a.

 Internal validation −0.42 [0.2] −0.42 [0.4] −0.03 [0.4] −0.02 [0.1] 0.35 [0.3] n.a. n.a.

Converterpost

 Discovery −0.33 [0.2] −0.60 [0.2] −0.88 [0.3] −1.7 [0.1] −0.39 [0.3] (16/2) 1.5 [0.5]

 Internal validation −0.31 [0.2] −1.0 [0.4] −0.75 [0.4] −1.7 [0.1] 0.06 [0.3] (5/5) 3.1* [1.2]

Zatt, attention composite Z score; Zexe, executive composite Z score; Zlan, language composite Z score; Zmem, memory composite Z score; Zvis, visuoperceptual composite Z score.
Conversion Dx represents the number of individuals who phenoconverted to the specific diagnosis: n.a., not applicable; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s 
disease. Note the prominent decline in Zmem for the Converter subjects from Converterpre to Converterpost consistent with phenoconversion to memory impairment. Also, note decline 
in other cognitive domains consistent with the diagnosis of AD in some subjects, which requires impairment in memory plus one other cognitive domain. 
*Mean time to phenoconversion was significantly longer for the internal validation converter group compared to the discovery converter group (Mann–Whitney U Z-score = −3.21, 
p < 0.01); SEM, standard error of the mean.

•
•

•

FigUre 2 | Flow chart showing steps in biomarker model development. Discovery cohort information was obtained from baseline specimen metabolomic 
data from subjects who remained cognitively normal (NC) throughout the study and baseline specimens from those that phenoconverted (Converterpre) during the 
study’s first 3 years. Discovery metabolomic data from positive and negative modes underwent normalization, followed by selection of significantly altered 
metabolites (p < 0.05), which were then annotated. The significant, annotated biomarker panel was then defined via a regularized learning method that features the 
LASSO restriction. The discovery biomarker panel selected is then tested using the receiver operating characteristic area under the curve (ROC AUC) method. With 
the statistical team blinded to group identities, the Internal Validation cohort data were similarly normalized and annotated. Internal Validation data were subjected to 
the results of the discovery logistic regression classifier and tested using the ROC AUC method. Combined data from the discovery and internal validation sets were 
used to develop a 24-metabolite index.
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and 5 PCs, with either ester (a) or ether (e) linkages (PC aa 
36:6; PC aa 38:0; PC aa 38:6; PC aa 40:1; and PC ae 40:6). Nine 
novel ACs in the current panel include valeryl-l-carnitine 
(C5), hydroxyvaleryl-l-carnitine/methylmalonyl-l-carnitine 

(C5-OH/C3-DC-M), non-ayl-l-carnitine (C9), decenoyl-l-
carnitine (C10:1), decadienyl-l-carnitine (C10:2)dodecenoyl-
l-carnitine (C12:1), hexadecadienyl-l-carnitine (C16:2), and 
hydroxyoctadecenoyl-l-carnitine (C18:1-OH). This new panel 
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Table 3 | components of the 24 metabolite biosignature for determining risk of phenoconversion from normal cognition to aMci or aD.

Metabolite name Discovery cohort internal validation cohort

p-value log ratio (mean) log ratio (median) log ratio (mean) log ratio (median)

PC ae C40:6 0.0380 −0.3039 −0.0809 −0.2980 −0.2445

PC aa C40:1 0.0414 −0.2040 −0.0779 −1.1414 −0.1909

PC aa C38:6 0.0365 −0.3372 −0.2081 −0.9792 −0.1445

PC aa C38:0 0.0391 −0.2510 −0.0533 −0.5129 −0.1469

PC aa C36:6 0.0446 −0.3695 −0.1270 −0.2383 −0.1472

lysoPC a C18:2 0.0299 −0.3326 −0.0409 −0.3801 −0.1235

C3 0.0031 −0.4574 −0.2728 −1.2751 −0.3337

PC ae C36:4 0.0428 −0.3994 −0.0769 −0.6625 −0.2740

C10:2 0.0403 −0.4042 −0.1914 −0.1913 −0.2948

C9 0.0070 −0.4044 −0.2231 −0.8499 −0.2433

PC ae C42:1 0.0073 −0.4980 −0.3428 −1.3565 −0.3138

PC aa C38:3 0.0432 −0.4141 −0.1500 −0.8084 −0.2387

C5 0.0013 −0.2769 −0.1959 −0.6762 −0.2451

ADMA 0.0163 −0.2962 −0.1144 −1.0761 −1.5794

Asn 0.0441 −0.1788 −0.0891 −0.8982 −0.1933

PC aa C34:4 0.0346 −0.4353 −0.1906 −0.1430 −0.0835

C18:1-OH 0.0182 −0.2676 −0.3349 −1.2507 −0.2383

PC ae C34:0 0.0148 −0.4064 −0.2323 −1.2721 −0.4404

C5-OH (C3-DC-M) 0.0003 −0.4214 −0.3204 −2.1235 −2.0212

PC aa C40:5 0.0298 −0.4349 −0.1534 −0.5866 −0.4183

PC aa C32:0 0.0150 −0.4014 −0.1843 −1.4605 −0.6273

C16:2 0.0108 0.2767 0.0789 0.5001 0.0419

C12:1 0.0001 0.5075 0.3435 0.8748 0.2055

C10:1 0.0026 0.3642 0.2172 0.6121 0.0184

In the metabolites listed, C_ species (e.g., C3) denote acylcarnitines (ACs). Phosphocholine (PC) metabolites display combined numbers of carbon atoms for their two acyl groups 
(sn1 and sn2 positions) (e.g., C38), whereas the combined number of double bonds (unsaturation) is displayed after the colon (e.g., C38:6). Acyl group linkages to choline backbone 
for PCs feature ester (a) or ether (e) linkage (e.g., PC ae C36:4). Asn, asparagine. ADMA, asymmetric dimethylarginine. LysoPC, lysophosphatidylcholine species, with only one acyl 
group, typically in the sn1 position. The discovery cohort provided significant differentially expressed metabolites between Converterpre and NC. The column of p values indicates 
the significant differences for mean analyte values between the clinical groups for the discovery cohort. Log ratios represent the difference of the log-transformed values (mean or 
median) for Converterpre and NC subjects. Negative log values indicate that levels (mean or median) of the analyte in Converterpre < NC, while positive log values indicate that levels 
(mean or median) in Converterpre > NC. NC, normal control subjects.
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also features asparagine (Asn), an amino acid, and asymmetric 
dimethylarginine (ADMA), a biogenic amine. All 7 novel PCs 
in this panel contain pairs of long chain fatty acids (FAs) (13–21 
carbons), as did those in our previous report (2). The new PCs 
include PC aa C32:0, PC aa C34:0, PC aa C34:4, PC ae C36:4, PC 
aa C38:3, PC aa C40:5, and PC ae C42:1.

Receiver operating characteristic analyses (Figures 4A,B) of 
the plasma 24-metabolite panel yielded AUC measures of 1.00 
and 0.995, for the discovery and internal validation groups, 
respectively. As a test on the accuracy of the 24-metabolite panel, 
a support vector machine (SVM) classifier was also developed 
on the discovery set and provided a similar ROC AUC (0.98) 
measure. Such precision allows the development of a plasma 24 
metabolite index (P24MI) (Figure  4C) based on a regularized 
logistic regression model using the combined discovered and 
validated 24 metabolite values. The P24MI provides 100% 
confidence that subjects in our study with scores of ≥49 will 
phenoconvert to either aMCI or AD over the next 5 years.

Comparisons of our 10-lipid panel and expanded 24-metabolite 
panel are presented in Table 4, which define the comprehensive 
improvement provided by the expanded panel. Importantly, 
the presented PPV and NPV in Table  4 are derived using a 
conservative calculation method (10), and they feature similar 

published prevalence estimates of LOAD for female and male 
subjects aged 71–79 years: 2.33% for females, and 2.30% for males 
(12). Gender differences in LOAD prevalence grow significantly 
in subsequent decades, much higher in women, and is most likely 
due to their longer life expectancy (14).

DiscUssiOn

We present an expanded plasma metabolite panel that attempts 
to maximize sensitivity, specificity, PPV, NPV, and accuracy in 
predicting risk of phenoconversion in a clinically asymptomatic 
cohort of seniors participating in a 5-year observational study. 
We included predictive assessments in the presentation of this 
24-metabolite panel and in the retrospective analysis of our 
published 10-lipid panel (2) (see Table  4). It is important to 
note that our original lipidomic panel, while demonstrating the 
feasibility of risk identification using blood-based biomarkers for 
the preclinical stages of LOAD, was specifically defined to achieve 
approximately 90% sensitivity and specificity of classification uti-
lizing the smallest number of analytes. These particular selection 
criteria were meant to provide interpretive simplicity and ease 
of implementation on a path toward a putative diagnostic assay. 
Since then, other investigators (15–17) have reported similar 
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FigUre 3 | horizontal box and whisker plots of plasma 24 metabolite panel results for clinical groups in discovery and internal validation cohorts. 
Comparative ranges of plasma metabolite levels for the targeted discovery and internal validation studies are displayed, allowing appraisal of metabolite results in the 
cognitively intact normal (orange) versus Converterpre (light blue) groups. The box defines the interquartile range (IQR) with the vertical black line within the box 
representing the median value. The whiskers define the upper and lower 25% limits of the data, while the dots represent outliers (≥1.5 IQR lengths from the ends of 
the box). The normal group featured 53 subjects in the discovery and 20 in the internal validation cohorts, while the Converterpre group included 18 and 10 subjects, 
for discovery and internal validation cohorts, respectively. Individual analytes are listed on the left vertical axis, while normalized metabolite levels are shown on the 
horizontal axis. All the Converterpre analyte results are reduced in comparison to NC levels, except for three acylcarnitine species (bottom of figure), C16:2, C12:1, 
and C10:1, which are elevated. Note the higher variability of the internal validation set compared to the discovery set, due to less than half of the number of subjects 
in the former compared to the latter.
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groups of phospholipids depleted in the blood of Alzheimer’s 
disease (AD) patients, while a recent nutritional intervention 
study provided an alternative validation of our initial lipidomic 
findings (18). Since the ultimate utility of a clinical diagnostic test 
will depend, at least in part, on a combination of safety, predictive 
accuracy, and cost, especially if used as a screening tool in asymp-
tomatic subjects, we now provide a new metabolomic panel that 
maximizes predictive accuracy in the examined age group while 
maintaining safety and relatively low cost.

Despite the significant differences in time to phenoconversion 
between our discovery and internal validation groups (Table 2), 
we are encouraged that our metabolomic profile developed under 
a time to phenoconversion of 1.5 years also appears accurate up 
to 3 years prior to phenoconversion. We believe that analysis of 
serial specimens from our participants would provide extremely 
valuable information regarding analyte changes over time. Such 
analyses are yet to be finalized due to the associated expenses. 
However, we believe that insights on whether expansion of our 
metabolomic biomarker panel could be useful in raising predic-
tive accuracy of phenoconversion risk would be independent of 
these serial analyses. While test sensitivity and specificity was 
improved, PPV and NPV, especially PPV remained limited by 

the low prevalence used for our age range (12). Importantly, 
our 24-metabolite panel provides an improved risk assessment 
regarding which subjects will develop aMCI or AD, and more 
importantly, which subjects will not.

The revised selection criteria for our 24-metabolite panel 
accounts for the inclusion of seven significantly dysregulated 
plasma lipid species from our original report (2), and 15 addi-
tional abnormal plasma lipids, a single amino acid, and a single 
biogenic amine. The 3 lipids included in our original 10-lipid 
panel but excluded from the current 24-metabolite panel were 
likely not considered due to more significant metabolites and 
the LASSO exclusion to avoid co-linearity. We assert that 
this novel plasma metabolite panel provides concordant, sig-
nificantly altered analytes based on the specific selection criteria 
and statistical stringency used. These plasma biosignatures of 
phenoconversion risk primarily feature dysregulated lipid spe-
cies, with the majority being reduced in plasma compared to 
normal. The significant reduction in both PC and AC species 
in peripheral blood supports the hypothesis put forth by our 
group (2) and others (5, 15, 18–20) that abnormalities in lipid 
networks may not only represent biomarkers for, but may be 
integral to the development of specific neurodegenerative 
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FigUre 4 | analytic representations to discriminate converterpre from normal control (nc) subjects. (a,b) provide receiver operating characteristic (ROC) 
curves, whereas (c) depicts the calculated plasma 24 metabolite index (P24MI). (a) ROC area under the curve (AUC) for the Discovery cohort was equal to 1.00 with 
95% confidence interval (in parentheses) ranging from 1.00 to 1.00. (b) ROC AUC for the internal validation cohort was 0.995, with 95% confidence interval (shaded area 
on plot) ranging from 0.981 to 1.00. (c) The P24MI results are depicted in vertical boxplots based on the logistic regression model that distinguishes between Converterpre 
and NC groups. Solid black horizontal lines represent the mean value, while the dashed red horizontal lines represent the median value. Orange and light blue dots 
represent outliers (≥1.5 IQR lengths from the ends of the box). The higher index values (left vertical axis) are associated with an increased risk of phenoconversion to aMCI 
or AD, as seen in our Converterpre subjects, with confidence (right vertical axis) of predicting phenoconversion transitioning from 90 to 100% at an relative index value of 
48. Based on the calculated P24MI in our current dataset, a relative index value ≥49 represents a Converterpre individual and a risk of phenoconversion of 100% within the 
5-year study range. Note the relatively low variability of the P24MI for both the NC group and the Converterpre group, with no overlap.
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pathologies, including LOAD. Similarities in the dysregulated 
lipid networks within brains from human LOAD and transgenic 
mouse models of early-onset AD (EOAD) suggest disruptions in 
the levels of certain bioactive lipids, including glycerophospho-
lipids, ceramides, and sphingomyelins, highlighting the utility 

of lipidomics for investigating these conditions (21). Future 
assessments may elucidate shared as well as distinct etiologic 
mechanisms in both EOAD and LOAD and dictate particular 
therapeutic options to target the differences in their pathobio-
logic networks.
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Table 4 | biomarker panel comparisons.

biomarker panel sensitivity specificity rOc aUc PPV/nPV (%) accuracy (%) 

gender cohort

10 lipid (2) 0.9 0.85 85
Male 12.4/99.7
Female 12.5/99.7

Discovery 0.96
Internal validation 0.92

24 metabolite 1.00 0.95 95
Male 32.0/100
Female 32.3/100

Discovery 1.00
Internal validation 0.995

ROC AUC, receiver operating characteristic area under the curve; PPV, positive predictive value; NPV, negative predictive value.
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In our previous (2) as well as our current plasma biomarker 
panel, all the PCs are notably reduced during the preclinical stages 
of LOAD. Similar PC reductions have been documented in AD 
brains (22) and attributed to pathologic activation of phospho-
lipase A2 (PLA2) (22, 23). Using current analytic methods, dys-
regulated lipid metabolism has been confirmed, with reductions 
in specific PCs noted in brain (24), plasma (5), and serum (25) 
of AD subjects compared to controls. With PLA2 activity known 
to form lyso PCs, lack of significant central elevations in this 
phospholipid byproduct may relate to their rapid re-acylation to 
form PCs for repair (or attempted repair) of membranes (26) or 
to generation of downstream metabolites. The mechanistic link 
between reduction of brain lipid in association with LOAD, and 
in peripheral blood, has yet to be fully elucidated. Interestingly, 
the PCs in our 24-metabolite panel all feature polyunsaturated 
fatty acids (PUFAs) (Table  3), as has been reported by others 
(25, 27). While the brain has the capacity to generate all the lipid 
species it requires for normal function, along with most saturated 
and monounsaturated FAs (28, 29), specific substrates required 
to maintain brain lipid homeostasis, especially sources of energy 
and certain PUFAs, are delivered to the brain via the bloodstream. 
In normal brain metabolic processing, phospholipid components 
are efficiently recycled and have relatively long central half-lives 
(28). Essential PUFAs such as docosahaxaenoic acid (DHA; 22:6 
n-3) and arachidonic acid (AA; 20:4 n-6) provide structural 
functionality as phospholipid components in bilayer membranes. 
Once released, either directly or through byproducts, they are 
known to participate in signal transduction processes that have 
positive and negative consequences within cells (30). Under 
conditions where brain membrane lipids undergo catabolism 
(e.g., oxidative stress, or neuroinflammation), the downstream 
intermediates often are not recycled to the membrane and thereby 
increase the demand for lipid precursors from the bloodstream 
(Figure  5). Such precursors exist in plasma as unesterified FAs 
(≤22 carbons) bound to albumin, or as esterified FA species (>22 
carbons) within phospholipids preferentially transported within 
circulating lipoproteins (30). Esterified FAs can be converted to 
unesterified forms via lipases within the lipoproteins or circulat-
ing within the blood (31–33). Flux of unesterified FAs into the 
brain, across the blood–brain barrier (BBB), is rapid and occurs 
via simple diffusion and possibly via facilitated transport (30). All 
unesterified FAs entering the brain are immediately esterified by 

acetyl-CoA-synthase (34–37), preventing their diffusion back to 
blood and preparing them for incorporation into lipid biosyn-
thetic pathways. Activation of phospholipases (e.g., PLA2) with 
increased oxidative stress is implicated in diminishing PUFAs 
from membrane lipids (16). We have observed elevated levels of 
oxidative lipid metabolites in our at-risk preclinical subjects, that 
do not reach statistical significance, but reach significant elevation 
in plasma from symptomatic LOAD subjects compared to controls 
[unpublished data]1. Hartmann and colleagues (18) provided an 
indirect test to this hypothesis of depleted substrates (Figure 5A), 
in their investigation of a medically regulated nutritional supple-
ment (Souvenaid®) in a randomized, placebo-controlled, double-
blind clinical trial in subjects having mild dementia, attempting to 
stimulate de novo PC synthesis via the Kennedy pathway (38). They 
report significant elevations in five specific blood-derived PCs 
with the supplemental agents, including members of our original 
plasma 10-lipid panel. Restoration of blood lipids with dietary 
supplements has been proposed as beneficial in both preclinical 
and mild AD by stabilizing synaptic membrane function (39), and 
network connectivity (40). In another recent publication (41), the 
authors propose that redox reactive autoantibodies are produced 
in CSF and blood as a result of exposure to oxidizing agents (in 
prodromal or manifest AD). Moreover, they proposed utilizing 
the autoantibody levels as disease biomarkers to differentiate 
control subjects from those with MCI or AD. From our perspec-
tive, such phospholipid autoantibodies are poised to preferentially 
bind to specific plasma phospholipids, with resultant clearance of 
the conjugates from blood plasma, making brain lipid substrates 
less available for entry into the brain. Recent data indicate a role 
for ACs beyond β-oxidation (42), including neuroprotection by 
increasing antioxidant activity, modulating membrane composi-
tion, assisting with lipid biosynthesis, participating in gene regula-
tion, enhancing cholinergic neurotransmission, and improving 
mitochondrial function. Altered AC levels in those destined to 
phenoconvert to AD, therefore, may parallel central alterations in 
neuroprotection and/or bioenergetic capacity.

Finally, the reduced abundance of asparagine (asp) and asym-
metric dimethylarginine (ADMA), in Converterpre compared to 
NC, provide insights into orthogonal dysregulated networks in the 

1 Cheema AK, Personal communication (2015)
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FigUre 5 | schematic representations of potential alterations within 
brain and peripheral blood responsible for reduced plasma 
phospholipid levels. (a) Qualitative dot plot of differential changes occurring in 
cognitively normal control (NC), cognitively normal Converterpre (Cpre) subjects, 
and those with amnestic mild cognitive impairment or Alzheimer’s disease 
(aMCI/AD). Note that all four processes (represented within boxed legend) are 
at the zero relative level in the NC subjects. The Cpre subjects could show 
significant polyunsaturated fatty acid (PUFA) transport into brain to replenish lost 
substrate as a result of neuroinflammation or other brain injury. The increase in 
PUFA flux into the brain is an attempt to compensate for ongoing injury and 
results in a marked reduction in the plasma levels of molecules carrying those 
lipid species. Dark horizontal line within boxes represents proposed mean. (b) 
Qualitative plasma phospholipid biomarker results, previously quantified (2), 
which may be better interpreted via the theory proposed in (a). Dark horizontal 
line within boxes represents proposed mean. The full explanation for this 
metabolic phenomenon in the Cpre subjects remains to be elucidated.
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preclinical stages of LOAD. CSF and plasma asparagine levels are 
known to be reduced in AD subjects compared to controls (43). 
Depletion of asparagine from the CNS has been associated with 
reversible altered mental status in children and adults, including 
short-term memory impairment in the elderly (44). Asparagine’s 
primary role is within proteins (45), affording a common site for 
N-glycosylation and providing unique structural characteristics 
at the ends of α-helices and within β-sheets (46). The brain, com-
pared to peripheral organs, is particularly dependent on intrinsic 

production of asparagine due to limited transport across the BBB 
(47). ADMA is produced from a post-translational modification 
of polypeptides by specific methyltransferases, with subsequent 
release into plasma following cellular protein turnover (48). 
Elevated ADMA levels in blood have been consistently associated 
with cardiovascular disease (CVD) risk factors, such as hyperten-
sion or hypercholesterolemia (48, 49). Within blood and other 
tissues, ADMA is considered the primary inhibitor of nitric oxide 
synthase (NOS), and thereby, a regulator of nitric oxide (NO) 
production. Brain-specific NOS (nNOS or NOS1) (50), and 
consequently NO production, is regulated by the relative con-
centrations of substrate, arginine, versus ADMA (48). Although 
increased NO concentrations have been associated with neuronal 
cell death, NO has been implicated in important synaptic actions, 
including learning and memory (51). While ADMA levels in CSF 
and blood of AD patients have not provided consistent findings 
(52), we have not found previous reports of ADMA plasma levels 
in preclinical AD subjects. The reduced ADMA levels in our 
preclinical AD (Converterpre) subjects, and thereby the implied 
elevation of NO vasodilator activity compared to matched con-
trols, may indicate a compensatory process, possibly triggered by 
the presence of oxidative stress that increases NO production in 
the early stages of AD (53). Additional investigations are required 
to further elucidate these associations.

The potential for a highly accurate early screening test for 
AD raises important questions about the value of such testing, 
especially given that AD is a condition for which no cure exists 
and treatment options are extremely limited. In other contexts, 
the potential disutility associated with receiving bad health news 
(54, 55) and with discrimination based on test results, particularly 
in an employment or insurance context, has been recognized 
(56). On the other hand, information from early screening may 
produce utility by reducing uncertainty about the future and 
allowing individuals to optimize key economic decisions related 
to consumption, retirement, and future planning (57, 58). In addi-
tion, because significant limitations and rapid declines in financial 
capacity are a hallmark of patients with early stage AD (59–62), 
earlier diagnosis may also yield value in the form of averted 
financial losses. Individuals with AD that is too early to diagnose 
may be susceptible to financial exploitation and may have trouble 
managing day-to-day household financial responsibilities such as 
paying bills on time. Accurate LOAD testing may help families 
better recognize and respond to those financial decision-making 
deficits – such as by changing the financial head of household or 
instituting other checks and balances (58) – before major finan-
cial problems occur. The scale and scope of negative financial 
outcomes associated with AD in the prediagnosis period may 
be substantial but as yet remain unquantified. Finally, the advent 
of a predictive LOAD diagnostic is likely to advance researchers’ 
ability to develop and test novel AD therapeutics. Responding to 
the projected future financial burden imposed by LOAD, and the 
potential sources of value from predictive testing, many states have 
prioritized early detection in their future preparations for AD (63).

As highlighted in the most recent report of the Presidential 
Commission for the Study of Bioethical Issues (64), ethical reflection 
and review need to be integrated into the research process from the 
planning phase to produce treatments and therapies that best meet 
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the patient’s values and goals. Procedures should be implemented 
to ensure patient and public participation in the design of ethical 
research protocols, development of diagnostics and treatments, 
and a delivery process for predictive AD diagnostics. To achieve 
these goals, accurate and transparent public communication is 
needed, along with an emphasis on pre- and post-test counseling, 
as underscored in recent guidelines for AD testing (65).

We acknowledge the residual limitations provided by the 
relatively small, homogenous cohort of subjects used in this inves-
tigation, which is a subset of our previously reported study par-
ticipants (2). We believe that there are advantages to a longitudinal 
study design that cannot be replicated in larger cross-sectional or 
case–control studies, however, especially for defining and directly 
investigating the preclinical state. Despite the added cost and 
time required, longitudinal observational studies allow the direct 
determination of the included preclinical period and to time the 
transition to clinical disease quite accurately. It is through analyses 
of preclinical biospecimens directly determined through such 
observations that specific, temporally related disease mechanisms 
can be accurately determined. As a result of longitudinal clinical 
and limited correlative biomarker determinations, we have helped 
define potential preclinical dysregulated plasma lipids and other 
metabolites within our study group. Similar preclinical mechanisms 
can only be inferred using methods that compare health to disease. 
We remain committed to a full analysis of all of our longitudinal 
specimens obtained from our Rochester/Orange County Aging 
Study subjects. In the meantime, however, an external validation 
study is underway in which we are evaluating plasma specimens 
from a larger, more ethnically diverse, and slightly younger subject 
cohort to discern the applicability of our current metabolomic 
biomarker panels beyond our strictly defined cohort (2). External 
validation of our findings remains a critical component that cur-
rently limits the impact and utility of our results.

We also acknowledge the possibility of overfitting of the classi-
fier model to our limited set of subjects in this investigation, despite 
our attempt to minimize such effects with the statistical methods 
used. We present the current findings as a starting point, therefore, 
for the external validation studies that are currently underway. 
Optimal external validation of our biomarker panels will require 
plasma samples that are obtained in similar subjects, under 
comparable rigorous collection and processing procedures. In our 
case, specific details to be followed would include morning blood 
collections in a limited time window, following an overnight fast 
and withholding morning medications, and minimizing plasma 
freeze-thaw cycles prior to metabolomic analysis. It seems unlikely 
that currently available specimens from external cohorts will meet 
such strict criteria, but application of our biomarker panels to such 
disparate specimens will instruct us regarding what similarities, if 
any, may exist related to preclinical disease biosignatures despite 
different demographics and sample collection/processing methods.

The alteration in specific analyte species during the preclinical 
stages of LOAD from our studies is consistent with results from 
other groups (25, 27, 38) and provides evidence for unique metab-
olomic dysregulation, especially related to plasma lipids, during 
the preclinical and clinical LOAD stages. While the theoretical 
basis for the significant preclinical lipid reductions within plasma 
during preclinical LOAD remains unconfirmed, there are several 

mechanistic reasons for their occurrence that can be readily tested. 
We encourage other investigators to advance our understanding 
of such postulates through independent validation studies. The 
dysregulated analyte species found in our study subjects appear 
to suggest at least several altered metabolic networks, distinct 
from amyloid and tau, during the preclinical LOAD stages, 
which if supported by additional investigations, may encourage 
development of new potentially disease-modifying interventions. 
The current shift toward diagnostics that help define preclinical 
LOAD (i.e., biomarkers from blood, CSF, and neuroimaging) is 
expected to stimulate a new class of secondary prevention clinical 
trials that feature novel or repurposed therapeutics. Enrichment 
of asymptomatic at-risk individuals for participation in such tri-
als would depend on using accurate, safe, and inexpensive subject 
selection methods. The optimal biomarker method(s) could also 
allow serial monitoring of specific pathobiologic networks that 
could herald therapeutic failure (or success). Such biomarker 
approaches may not only allow improved patient safety but 
also mitigate overall study costs. Novel capabilities provided by 
preclinical biomarkers, we believe, will help stimulate resurgence 
in therapeutic development for LOAD by the biopharmaceuti-
cal industry. We remain encouraged that through a heightened 
awareness of all stakeholders in our society regarding the possible 
utility of preclinical biomarkers, through education and dialog, 
we may be better positioned to cope with and eventually over-
come the devastating effects of LOAD on the world’s population.

aUThOrs cOnTribUTiOn

MF, AC, MM, and HF conceived this investigation. MM was 
primarily responsible for coordinating the recruitment of patient 
samples and clinical data collection. AC was primarily respon-
sible for the metabolomic analyses. XZ, MT, and MN provided 
statistical analyses of the metabolomic data and classifier devel-
opment. MF, XZ, AC, MT, MN, AS, MM, and HF participated 
in data interpretation. MF, XZ, and MM produced all tables and 
figures. MF, SZ, AC, MO, SC, and MM performed the literature 
search. CG provided neuro-economics perspectives. KF provided 
the neuro-ethics perspectives. All the authors participated in 
writing the manuscript and editing for content. Final manuscript 
preparation and edits were performed by MF and HF.

acKnOWleDgMenTs

We thank R. Padilla, I. Conteh, J. McCann, and D. Phelps for pro-
cessing and storage of the biorepository specimens in preparation 
for metabolomic analyses, and R. Singh and P. Kaur for technical 
assistance in developing the metabolomics data. We thank Eileen 
Johnson, RN, for collecting blood samples associated with this study.

FUnDing

The National Institutes of Health (NIA R01 AG030753) and the 
Department of Defense of the United States (W81XWH-09-1-0107) 
provided grant funding to HF for this study. Additional support 
for this work was provided by a gift to Georgetown University 
through the Patricia J. Harvey Current Use Research Fund.

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


November 2015 | Volume 6 | Article 237201

Fiandaca et al. Metabolites Predict Phenoconversion to aMCI/AD

Frontiers in Neurology | www.frontiersin.org

reFerences

1. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et  al. 
Toward defining the preclinical stages of Alzheimer’s disease: recommenda-
tions from the National Institute on Aging-Alzheimer’s Association work-
groups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement 
(2011) 7:280–92. doi:10.1016/j.jalz.2011.03.003 

2. Mapstone M, Cheema AK, Fiandaca MS, Zhong X, Mhyre TR, Macarthur LH, 
et al. Plasma phospholipids identify antecedent memory impairment in older 
adults. Nat Med (2014) 20:415–8. doi:10.1038/nm.3466 

3. Fiandaca MS, Mapstone M, Cheema AK, Federoff HJ. The critical need for 
defining preclinical biomarkers in Alzheimer’s disease. Alzheimers Dement 
(2014) 10:S195–211. doi:10.1016/j.jalz.2014.04.015 

4. Zweig MH, Campbell G. Receiver-operating characteristic (ROC) plots: a fun-
damental evaluation tool in clinical medicine. Clin Chem (1993) 39:561–77. 

5. Whiley L, Sen A, Heaton J, Proitsi P, Garcia-Gomez D, Leung R, et al. Evidence 
of altered phosphatidylcholine metabolism in Alzheimer’s disease. Neurobiol 
Aging (2014) 35:271–8. doi:10.1016/j.neurobiolaging.2013.08.001 

6. Guyon I. A Scaling Law for the Validation Set Training Set Ratio. Homdel, NJ: 
AT&T Bell Laboratories (1996).

7. Tibshirani R. Regression shrinkage and selection via the lasso. J R Stat Soc B 
(1996) 58:267–88. 

8. Hastie T, Tibshirani R, Friedman J. The Elements of Statistical Learning; Data 
Mining, Inference, and Prediction. New York, NY: Springer-Verlag (2008).

9. Rousseeuw PJ, Christmann A. Robustness against separation and outliers in 
logistic regression. Comput Stat Data Anal (2003) 43:315–32. doi:10.1016/
S0167-9473(02)00304-3 

10. Youden WJ. Index for rating diagnostic tests. Cancer (1950) 3:32–5. 
doi:10.1002/1097-0142(1950)3:1<32::AID-CNCR2820030106>3.0.CO;2-3 

11. Vermont J, Bosson JL, Francois P, Robert C, Rueff A, Demongeot J. Strategies 
for graphical threshold determination. Comput Methods Programs Biomed 
(1991) 35:141–50. doi:10.1016/0169-2607(91)90072-2 

12. Plassman BL, Langa KM, Fisher GG, Heeringa SG, Weir DR, Ofstedal 
MB, et  al. Prevalence of dementia in the United States: the aging, demo-
graphics, and memory study. Neuroepidemiology (2007) 29:125–32. 
doi:10.1159/000109998 

13. Steinberg DM, Fine J, Chappell R. Sample size for positive and negative pre-
dictive value in diagnostic research using case-control designs. Biostatistics 
(2009) 10:94–105. doi:10.1093/biostatistics/kxn018 

14. Alzheimer’s A. 2014 Alzheimer’s disease facts and figures. Alzheimers Dement 
(2014) 10:e47–92. doi:10.1016/j.jalz.2014.02.001 

15. Chatterjee P, Lim WLF, Gupta VB, Sorhabi HR, Taddei K, Brown B, et  al. 
Altered plasma phospholipid composition in autosomal dominant Alzheimer’s 
disease: a DIAN study. Alzheimers Dement (2014) 10:260. doi:10.1016/j.
jalz.2014.04.412 

16. Gonzalez-Dominguez R, Garcia-Barrera T, Gomez-Ariza JL. Using direct 
infusion mass spectrometry for serum metabolomics in Alzheimer’s disease. 
Anal Bioanal Chem (2014) 406:7137–48. doi:10.1007/s00216-014-8102-3 

17. Proitsi P, Kim M, Whiley L, Pritchard M, Leung R, Soininen H, et al. Plasma 
lipidomics analysis finds long chain cholesteryl esters to be associated with 
Alzheimer’s disease. Transl Psychiatry (2015) 5:e494. doi:10.1038/tp.2014.127 

18. Hartmann T, Van Wijk N, Wurtman RJ, Olde Rikkert MG, Sijben JW, Soininen 
H, et al. A nutritional approach to ameliorate altered phospholipid metabo-
lism in Alzheimer’s disease. J Alzheimers Dis (2014) 41:715–7. doi:10.3233/
JAD-141137 

19. Martin V, Fabelo N, Santpere G, Puig B, Marin R, Ferrer I, et al. Lipid alter-
ations in lipid rafts from Alzheimer’s disease human brain cortex. J Alzheimers 
Dis (2010) 19:489–502. doi:10.3233/JAD-2010-1242 

20. Hadaczek P, Wu G, Sharma N, Ciesielska A, Bankiewicz K, Davidow AL, et al. 
GDNF signaling implemented by GM1 ganglioside; failure in Parkinson’s 
disease and GM1-deficient murine model. Exp Neurol (2015) 263:177–89. 
doi:10.1016/j.expneurol.2014.10.010 

21. Chan RB, Oliveira TG, Cortes EP, Honig LS, Duff KE, Small SA, et  al. 
Comparative lipidomic analysis of mouse and human brain with Alzheimer 
disease. J Biol Chem (2012) 287:2678–88. doi:10.1074/jbc.M111.274142 

22. Nitsch RM, Blusztajn JK, Pittas AG, Slack BE, Growdon JH, Wurtman RJ. 
Evidence for a membrane defect in Alzheimer disease brain. Proc Natl Acad 
Sci U S A (1992) 89:1671–5. doi:10.1073/pnas.89.5.1671 

23. Klein J. Membrane breakdown in acute and chronic neurodegeneration: focus 
on choline-containing phospholipids. J Neural Transm (2000) 107:1027–63. 
doi:10.1007/s007020070051 

24. Grimm MO, Grosgen S, Riemenschneider M, Tanila H, Grimm HS, Hartmann 
T. From brain to food: analysis of phosphatidylcholins, lyso-phosphati-
dylcholins and phosphatidylcholin-plasmalogens derivates in Alzheimer’s 
disease human post mortem brains and mice model via mass spectrometry. J 
Chromatogr A (2011) 1218:7713–22. doi:10.1016/j.chroma.2011.07.073 

25. Gonzalez-Dominguez R, Garcia-Barrera T, Gomez-Ariza JL. Metabolomic 
study of lipids in serum for biomarker discovery in Alzheimer’s disease using 
direct infusion mass spectrometry. J Pharm Biomed Anal (2014) 98:321–6. 
doi:10.1016/j.jpba.2014.05.023 

26. Farooqui AA, Horrocks LA, Farooqui T. Glycerophospholipids in brain: their 
metabolism, incorporation into membranes, functions, and involvement 
in neurological disorders. Chem Phys Lipids (2000) 106:1–29. doi:10.1016/
S0009-3084(00)00128-6 

27. Conquer JA, Tierney MC, Zecevic J, Bettger WJ, Fisher RH. Fatty acid 
analysis of blood plasma of patients with Alzheimer’s disease, other types of 
dementia, and cognitive impairment. Lipids (2000) 35:1305–12. doi:10.1007/
s11745-000-0646-3 

28. Edmond J. Essential polyunsaturated fatty acids and the barrier to the brain: 
the components of a model for transport. J Mol Neurosci (2001) 16:181–93; 
discussion 215–121.

29. Bazinet RP, Laye S. Polyunsaturated fatty acids and their metabolites in brain 
function and disease. Nat Rev Neurosci (2014) 15:771–85. doi:10.1038/nrn3820 

30. Rapoport SI. In vivo fatty acid incorporation into brain phosholipids in rela-
tion to plasma availability, signal transduction and membrane remodeling. 
J Mol Neurosci (2001) 16:243–61; discussion 279–284. 

31. Brecher P, Kuan HT. Lipoprotein lipase and acid lipase activity in rabbit brain 
microvessels. J Lipid Res (1979) 20:464–71. 

32. Purdon D, Arai T, Rapoport S. No evidence for direct incorporation of esteri-
fied palmitic acid from plasma into brain lipids of awake adult rat. J Lipid Res 
(1997) 38:526–30. 

33. Spector AA. Plasma free fatty acid and lipoproteins as sources of polyunsat-
urated fatty acid for the brain. J Mol Neurosci (2001) 16:159–65; discussion 
215–121. 

34. Sugiura T, Kudo N, Ojima T, Mabuchi-Itoh K, Yamashita A, Waku K. Coenzyme 
A-dependent cleavage of membrane phospholipids in several rat tissues: ATP-
independent acyl-CoA synthesis and the generation of lysophospholipids. 
Biochim Biophys Acta (1995) 1255:167–76. doi:10.1016/0005-2760(94)00237-S 

35. Deutsch J, Rapoport SI, Purdon AD. Relation between free fatty acid and 
acyl-CoA concentrations in rat brain following decapitation. Neurochem Res 
(1997) 22:759–65. doi:10.1023/A:1022030306359 

36. Rabin O, Deutsch J, Grange E, Pettigrew KD, Chang MC, Rapoport 
SI, et  al. Changes in cerebral acyl-CoA concentrations following isch-
emia-reperfusion in awake gerbils. J Neurochem (1997) 68:2111–8. 
doi:10.1046/j.1471-4159.1997.68052111.x 

37. Rapoport SI, Chang MCJ, Spector AA. Delivery and turnover of plasma-de-
rived essential PUFAs in mammalian brain. J Lipid Res (2001) 42:678–85. 

38. Kennedy EP, Weiss SB. The function of cytidine coenzymes in the biosynthesis 
of phospholipides. J Biol Chem (1956) 222:193–214. 

39. van Wijk N, Broersen LM, De Wilde MC, Hageman RJ, Groenendijk M, Sijben 
JW, et  al. Targeting synaptic dysfunction in Alzheimer’s disease by admin-
istering a specific nutrient combination. J Alzheimers Dis (2014) 38:459–79. 
doi:10.3233/JAD-130998 

40. de Waal H, Stam CJ, Lansbergen MM, Wieggers RL, Kamphuis PJ, Scheltens 
P, et al. The effect of souvenaid on functional brain network organisation in 
patients with mild Alzheimer’s disease: a randomised controlled study. PLoS 
One (2014) 9:e86558. doi:10.1371/journal.pone.0086558 

41. McIntyre JA, Ramsey CJ, Gitter BD, Saykin AJ, Wagenknecht DR, Hyslop PA, 
et al. Antiphospholipid autoantibodies as blood biomarkers for detection of 
early stage Alzheimer’s disease. Autoimmunity (2015) 48(5):344–51. doi:10.3
109/08916934.2015.1008464 

42. Jones LL, Mcdonald DA, Borum PR. Acylcarnitines: role in brain. Prog Lipid 
Res (2010) 49:61–75. doi:10.1016/j.plipres.2009.08.004 

43. Jimenez-Jimenez FJ, Molina JA, Gomez P, Vargas C, De Bustos F, Benito-
Leon J, et al. Neurotransmitter amino acids in cerebrospinal fluid of patients 

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.jalz.2011.03.003
http://dx.doi.org/10.1038/nm.3466
http://dx.doi.org/10.1016/j.jalz.2014.04.015
http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.001
http://dx.doi.org/10.1016/S0167-9473(02)00304-3
http://dx.doi.org/10.1016/S0167-9473(02)00304-3
http://dx.doi.org/10.1002/1097-0142(1950)3:1 < 32::AID-CNCR2820030106 > 3.0.CO;2-3
http://dx.doi.org/10.1016/0169-2607(91)90072-2
http://dx.doi.org/10.1159/000109998
http://dx.doi.org/10.1093/biostatistics/kxn018
http://dx.doi.org/10.1016/j.jalz.2014.02.001
http://dx.doi.org/10.1016/j.jalz.2014.04.412
http://dx.doi.org/10.1016/j.jalz.2014.04.412
http://dx.doi.org/10.1007/s00216-014-8102-3
http://dx.doi.org/10.1038/tp.2014.127
http://dx.doi.org/10.3233/JAD-141137
http://dx.doi.org/10.3233/JAD-141137
http://dx.doi.org/10.3233/JAD-2010-1242
http://dx.doi.org/10.1016/j.expneurol.2014.10.010
http://dx.doi.org/10.1074/jbc.M111.274142
http://dx.doi.org/10.1073/pnas.89.5.1671
http://dx.doi.org/10.1007/s007020070051
http://dx.doi.org/10.1016/j.chroma.2011.07.073
http://dx.doi.org/10.1016/j.jpba.2014.05.023
http://dx.doi.org/10.1016/S0009-3084(00)00128-6
http://dx.doi.org/10.1016/S0009-3084(00)00128-6
http://dx.doi.org/10.1007/s11745-000-0646-3
http://dx.doi.org/10.1007/s11745-000-0646-3
http://dx.doi.org/10.1038/nrn3820
http://dx.doi.org/10.1016/0005-2760(94)00237-S
http://dx.doi.org/10.1023/A:1022030306359
http://dx.doi.org/10.1046/j.1471-4159.1997.68052111.x
http://dx.doi.org/10.3233/JAD-130998
http://dx.doi.org/10.1371/journal.pone.0086558
http://dx.doi.org/10.3109/08916934.2015.1008464
http://dx.doi.org/10.3109/08916934.2015.1008464
http://dx.doi.org/10.1016/j.plipres.2009.08.004


November 2015 | Volume 6 | Article 237202

Fiandaca et al. Metabolites Predict Phenoconversion to aMCI/AD

Frontiers in Neurology | www.frontiersin.org

with Alzheimer’s disease. J Neural Transm (1998) 105:269–77. doi:10.1007/
s007020050073 

44. Holland J, Fasanello S, Onuma T. Psychiatric symptoms associated 
with L-asparaginase administration. J Psychiatr Res (1974) 10:105–13. 
doi:10.1016/0022-3956(74)90030-2 

45. Ubuka T, Meister A. Studies on the utilization of asparagine by mouse leuke-
mia cells. J Natl Cancer Inst (1971) 46:291–8. 

46. Hubbard SC, Ivatt RJ. Synthesis and processing of asparagine-linked oligo-
saccharides. Annu Rev Biochem (1981) 50:555–83. doi:10.1146/annurev.
bi.50.070181.003011 

47. Ruzzo EK, Capo-Chichi JM, Ben-Zeev B, Chitayat D, Mao H, Pappas AL, et al. 
Deficiency of asparagine synthetase causes congenital microcephaly and a 
progressive form of encephalopathy. Neuron (2013) 80:429–41. doi:10.1016/j.
neuron.2013.08.013 

48. Leiper J, Nandi M. The therapeutic potential of targeting endogenous 
inhibitors of nitric oxide synthesis. Nat Rev Drug Discov (2011) 10:277–91. 
doi:10.1038/nrd3358 

49. Boger RH, Sullivan LM, Schwedhelm E, Wang TJ, Maas R, Benjamin EJ, et al. 
Plasma asymmetric dimethylarginine and incidence of cardiovascular disease 
and death in the community. Circulation (2009) 119:1592–600. doi:10.1161/
CIRCULATIONAHA.108.838268 

50. Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases: structure, function 
and inhibition. Biochem J (2001) 357:593–615. doi:10.1042/0264-6021:3570593 

51. Feil R, Kleppisch T. NO/cGMP-dependent modulation of synaptic transmission. 
Handb Exp Pharmacol (2008) 184:529–60. doi:10.1007/978-3-540-74805-2_16 

52. Arlt S, Schulze F, Eichenlaub M, Maas R, Lehmbeck JT, Schwedhelm E, et al. 
Asymmetrical dimethylarginine is increased in plasma and decreased in 
cerebrospinal fluid of patients with Alzheimer’s disease. Dement Geriatr Cogn 
Disord (2008) 26:58–64. doi:10.1159/000144026 

53. Hamel E. The cerebral circulation: function and dysfunction in Alzheimer’s 
disease. J Cardiovasc Pharmacol (2014) 65:317–24. doi:10.1097/
FJC.0000000000000177 

54. Hall J, Viney R, Haas M. Taking a count: the evaluation of genetic testing. Aust 
N Z J Public Health (1998) 22:754–8. doi:10.1111/j.1467-842X.1998.tb01488.x 

55. Lliffe S, Manthorpe J. The hazards of early recognition of dementia: a risk 
assessment. Aging Ment Health (2004) 8:99–105. doi:10.1080/136078604100
01649653 

56. Billings PR, Kohn MA, De Cuevas M, Beckwith J, Alper JS, Natowicz MR. 
Discrimination as a consequence of genetic testing. Am J Hum Genet (1992) 
50:476–82. 

57. Grosse SD, Wordsworth S, Payne K. Economic methods for valuing the out-
comes of genetic testing: beyond cost-effectiveness analysis. Genet Med (2008) 
10:648–54. doi:10.1097/GIM.0b013e3181837217 

58. Hsu JW, Willis R. Dementia risk and financial decision making by older house-
holds: the impact of information. J Hum Cap (2013) 2013:45. doi:10.2139/
ssrn.2339225 

59. Marson DC, Sawrie SM, Snyder S, Mcinturff B, Stalvey T, Boothe A, et  al. 
Assessing financial capacity in patients with Alzheimer disease: a conceptual 
model and prototype instrument. Arch Neurol (2000) 57:877–84. doi:10.1001/
archneur.57.6.877 

60. Martin R, Griffith HR, Belue K, Harrell L, Zamrini E, Anderson B, et  al. 
Declining financial capacity in patients with mild Alzheimer disease: a 

one-year longitudinal study. Am J Geriatr Psychiatry (2008) 16:209–19. 
doi:10.1097/JGP.0b013e318157cb00 

61. Triebel KL, Martin R, Griffith HR, Marceaux J, Okonkwo OC, Harrell 
L, et  al. Declining financial capacity in mild cognitive impairment: a 
1-year longitudinal study. Neurology (2009) 73:928–34. doi:10.1212/
WNL.0b013e3181b87971 

62. Karlawish J. How are we going to live with Alzheimer’s disease? Health Aff 
(Millwood) (2014) 33:541–6. doi:10.1377/hlthaff.2014.0089 

63. Hoffman D. Alzheimer’s disease legislation and policy – now and in the future. 
Health Aff (Millwood) (2014) 33:561–5. doi:10.1377/hlthaff.2013.1223 

64. Guttman A, Wagner JW, Allen AL, Arras JD, Atkinson BF, Farahany NA, 
et al. Presidential Commission for the Study of Bioethical Issues Report, GRAY 
MATTERS  –  Integrative Approaches for Neuroscience, Ethics, and Society. 
Washington, DC: US Dept Health and Human Services (2014). http://www.
bioethics.gov/sites/default/files/Gray%20Matters%20Vol%201.pdf

65. Goldman JS, Hahn SE, Catania JW, Larusse-Eckert S, Butson MB, Rumbaugh 
M, et al. Genetic counseling and testing for Alzheimer disease: joint practice 
guidelines of the American College of Medical Genetics and the National 
Society of Genetic Counselors. Genet Med (2011) 13:597–605. doi:10.1097/
GIM.0b013e31821d69b8 

Conflict of Interest Statement: The authors declare a potential conflict of 
interest and state as follows. Drs. Massimo S. Fiandaca, Xiaogang Zhong, Amrita 
K. Cheema, Mark Mapstone, and Howard J. Federoff have patents filed on their 
behalf through Georgetown University. Dr. Massimo S. Fiandaca is named as a 
co-inventor on a provisional patent application filed by Georgetown University 
and the University of Rochester related to the specific biomarker technology 
described in this manuscript. Dr. Xiaogang Zhong is named as a co-inventor on a 
provisional patent application filed by Georgetown University and the University 
of Rochester related to the specific biomarker technology described in this 
manuscript. Dr. Amrita K. Cheema is named as a co-inventor on a provisional 
patent application filed by Georgetown University and the University of Rochester 
related to the specific biomarker technology described in this manuscript. Dr. 
Michael H. Orquiza has no disclosures. Ms. Swathi Chidambaram has no dis-
closures. Dr. Ming T. Tan has no disclosures. Dr. Carole Roan Gresenz has no 
disclosures. Dr. Kevin T. FitzGerald has no disclosures. Dr. Mike A. Nalls has no 
disclosures. Dr. Andrew B. Singleton has no disclosures. Dr. Mark Mapstone is 
named as a co-inventor on a provisional patent application filed by Georgetown 
University and the University of Rochester related to the specific biomarker 
technology described in this manuscript. Dr. Howard J. Federoff is named as a 
co-inventor on a provisional patent application filed by Georgetown University 
and the University of Rochester related to the specific biomarker technology 
described in this manuscript.

Copyright © 2015 Fiandaca, Zhong, Cheema, Orquiza, Chidambaram, Tan, 
Gresenz, FitzGerald, Nalls, Singleton, Mapstone and Federoff. This is an open-ac-
cess article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://dx.doi.org/10.1007/s007020050073
http://dx.doi.org/10.1007/s007020050073
http://dx.doi.org/10.1016/0022-3956(74)90030-2
http://dx.doi.org/10.1146/annurev.bi.50.070181.003011
http://dx.doi.org/10.1146/annurev.bi.50.070181.003011
http://dx.doi.org/10.1016/j.neuron.2013.08.013
http://dx.doi.org/10.1016/j.neuron.2013.08.013
http://dx.doi.org/10.1038/nrd3358
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838268
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838268
http://dx.doi.org/10.1042/0264-6021:3570593
http://dx.doi.org/10.1007/978-3-540-74805-2_16
http://dx.doi.org/10.1159/000144026
http://dx.doi.org/10.1097/FJC.0000000000000177
http://dx.doi.org/10.1097/FJC.0000000000000177
http://dx.doi.org/10.1111/j.1467-842X.1998.tb01488.x
http://dx.doi.org/10.1080/13607860410001649653
http://dx.doi.org/10.1080/13607860410001649653
http://dx.doi.org/10.1097/GIM.0b013e3181837217
http://dx.doi.org/10.2139/ssrn.2339225
http://dx.doi.org/10.2139/ssrn.2339225
http://dx.doi.org/10.1001/archneur.57.6.877
http://dx.doi.org/10.1001/archneur.57.6.877
http://dx.doi.org/10.1097/JGP.0b013e318157cb00
http://dx.doi.org/10.1212/WNL.0b013e3181b87971
http://dx.doi.org/10.1212/WNL.0b013e3181b87971
http://dx.doi.org/10.1377/hlthaff.2014.0089
http://dx.doi.org/10.1377/hlthaff.2013.1223
http://www.bioethics.gov/sites/default/files/Gray%20Matters%20Vol%201.pdf
http://www.bioethics.gov/sites/default/files/Gray%20Matters%20Vol%201.pdf
http://dx.doi.org/10.1097/GIM.0b013e31821d69b8
http://dx.doi.org/10.1097/GIM.0b013e31821d69b8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


November 2015 | Volume 6 | Article 236203

Review
published: 16 November 2015

doi: 10.3389/fneur.2015.00236

Frontiers in Neurology | www.frontiersin.org

Edited by: 
Charlotte Elisabeth Teunissen,  
VU University Medical Center 

Amsterdam, Netherlands

Reviewed by: 
Jesus Avila,  

Centro de Biología Molecular Severo 
Ochoa, Spain  

H. Bea Kuiperij,  
Radboud University Medical Center, 

Netherlands

*Correspondence:
Alison L. Baird  

alison.baird@psych.ox.ac.uk

Specialty section: 
This article was submitted to 

Neurodegeneration,  
a section of the journal  
Frontiers in Neurology

Received: 17 September 2015
Accepted: 26 October 2015

Published: 16 November 2015

Citation: 
Baird AL, Westwood S and 

Lovestone S (2015) Blood-Based 
Proteomic Biomarkers of Alzheimer’s 

Disease Pathology.  
Front. Neurol. 6:236.  

doi: 10.3389/fneur.2015.00236

Blood-Based Proteomic Biomarkers 
of Alzheimer’s Disease Pathology
Alison L. Baird* , Sarah Westwood and Simon Lovestone
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The complexity of Alzheimer’s disease (AD) and its long prodromal phase poses chal-
lenges for early diagnosis and yet allows for the possibility of the development of disease 
modifying treatments for secondary prevention. It is, therefore, of importance to develop 
biomarkers, in particular, in the preclinical or early phases that reflect the pathological 
characteristics of the disease and, moreover, could be of utility in triaging subjects 
for preventative therapeutic clinical trials. Much research has sought biomarkers for 
diagnostic purposes by comparing affected people to unaffected controls. However, 
given that AD pathology precedes disease onset, a pathology endophenotype design 
for biomarker discovery creates the opportunity for detection of much earlier markers of 
disease. Blood-based biomarkers potentially provide a minimally invasive option for this 
purpose and research in the field has adopted various “omics” approaches in order to 
achieve this. This review will, therefore, examine the current literature regarding blood-
based proteomic biomarkers of AD and its associated pathology.

Keywords: Alzheimer’s disease, biomarkers, blood, proteomics, dementia

iNTRODUCTiON

Dementia is now a huge public health priority, with 115.4 million people worldwide estimated to be 
living with dementia by 2050 (1). These numbers are not only alarming on an individual level, but 
they are also unsustainable for our economy. Dementia costs the global economy US$604 billion, 
and like prevalence rates this figure is also set to increase with an 85% rise in costs estimated by the 
year 2030 (2).

The most common form of dementia is Alzheimer’s disease (AD), comprising approximately 
50–70% of the elderly dementia population. AD is characterized by multiple cognitive deficits, 
which cause significant impairment to social or occupational functioning. The disease typically has 
a gradual onset followed by continuing cognitive decline, with a mean duration of approximately 
8.5 years from the onset of clinical symptoms to the death of the patient (3).

Most clinical trials of potential therapeutic disease-modifying agents have involved individuals 
with clinically manifest dementia and have been relatively unsuccessful to date. Earlier stages of the 
disease are now being targeted, posing a challenge as it is difficult to detect individuals at this stage 
of AD; brain pathology is developing silently and cognitive symptoms if detectable are subtle. The 
underlying neuropathology characteristic of AD precedes symptom onset by many years, with the 
accumulation of amyloid-beta (Aβ) plaques believed to occur 15–20 years in advance of clinical 
manifestation of the disease (4), followed by the aggregation of abnormally phosphorylated tau in 
neurofibrillary tangles. A biological marker (biomarker) of these pathologic processes could serve as 
an indicator of disease presence, pathology, and progression. Moreover, they could have great utility 
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in drug development and clinical trials, in particular for use in 
patient stratification and cohort enrichment.

In this review, we will discuss various studies that have utilized 
proteomic-based approaches to discover blood-based biomark-
ers for early and ideally preclinical detection of AD pathological 
processes and their use in clinical trials. We performed literature 
searches on PubMed1 using the search terms detailed in Table 1. 
The literature included for review was supplemented with other 
known applicable papers that were not identified in the searches.

BiOMARKeRS FOR AD

Today, the biomarkers used most extensively in clinical trials 
for dementia and to some extent in clinical practice are struc-
tural magnetic resonance imaging (MRI), molecular imaging 
of amyloid deposition using positron emission tomography 
(PET), imaging of metabolism using fluoro-deoxy-d-glucose 
(FDG)-PET, and cerebrospinal fluid (CSF) measures of Aβ and 
tau. However, structural changes measured using MRI are most 
likely relatively late events in the disease course and PET imag-
ing is relatively expensive and limited in availability. Moreover, 
structural MRI and FDG-PET are not direct measures of the core 
pathological hallmarks of AD (Aβ and tau) and may, therefore, 
be relatively non-specific for AD in some cases (5) (Figure 1).

The most well-characterized and validated tissue fluid molec-
ular-based biomarker for AD is the decrease in Aβ and increase 
in tau and phospho-tau (pTau) observed in the CSF of people 
with AD, with a number of studies documenting discrimination 
of AD patients from healthy controls with good sensitivity and 
specificity, as reviewed by others (6). However, the clinical utility 

1 http://www.ncbi.nlm.nih.gov/pubmed

TABle 1 | Search terms used for PubMed-based literature searches. Publications were filtered to include only studies in human species.

Search Search terms

Plasma Aβ and Tau as 
biomarkers of AD

[alzheimer*(Title/Abstract) OR dementia(Title/Abstract) AND AD(Title/Abstract)] AND [blood(Title/Abstract) OR plasma(Title/Abstract) 
OR serum(Title/Abstract)] AND [proteomic*(Title/Abstract) OR proteome(Title/Abstract) OR protein(Title/Abstract) OR proteins(Title/
Abstract)] AND [biomarker*(Title/Abstract) OR marker*(Title/Abstract)] AND [beta-amyloid(Title/Abstract) OR amyloid beta(Title/
Abstract) OR abeta(Title/Abstract) OR tau(Title/Abstract)]

Plasma biomarkers of AD 
(case–control studies)

[alzheimer*(Title/Abstract) OR dementia(Title/Abstract) AND AD(Title/Abstract)] AND [blood(Title/Abstract) OR plasma(Title/Abstract) 
OR serum(Title/Abstract)] AND [proteomic*(Title/Abstract) OR proteome(Title/Abstract) OR protein(Title/Abstract) OR proteins(Title/
Abstract)] AND [biomarker*(Title/Abstract) OR marker*(Title/Abstract)] AND [diagnos*(Title/Abstract) OR prognos*(Title/Abstract) OR 
progression(Title/Abstract)]

Plasma biomarkers of brain 
atrophy

[alzheimer*(Title/Abstract) OR dementia(Title/Abstract) AND AD(Title/Abstract)] AND [blood(Title/Abstract) OR plasma(Title/Abstract) 
OR serum(Title/Abstract)] AND [proteomic*(Title/Abstract) OR proteome(Title/Abstract) OR protein(Title/Abstract) OR proteins(Title/
Abstract)] AND [biomarker*(Title/Abstract) OR marker*(Title/Abstract)] AND [atrophy(Title/Abstract) OR brain volume(Title/Abstract) 
OR sMRI(Title/Abstract) OR structural magnetic resonance imaging(Title/Abstract) OR structural MRI(Title/Abstract)]

Plasma biomarkers of 
cognitive decline

[alzheimer*(Title/Abstract) OR dementia(Title/Abstract) AND AD(Title/Abstract)] AND [blood(Title/Abstract) OR plasma(Title/Abstract) 
OR serum(Title/Abstract)] AND [proteomic*(Title/Abstract) OR proteome(Title/Abstract) OR protein(Title/Abstract) OR proteins(Title/
Abstract)] AND [biomarker*(Title/Abstract) OR marker*(Title/Abstract)] AND [cognitive decline(Title/Abstract) OR cognition(Title/
Abstract) OR MMSE(Title/Abstract) OR ADAS(Title/Abstract) OR CDR(Title/Abstract)]

Plasma biomarkers of PET 
amyloid

[alzheimer*(Title/Abstract) OR dementia(Title/Abstract) AND AD(Title/Abstract)] AND [blood(Title/Abstract) OR plasma(Title/Abstract) 
OR serum(Title/Abstract)] AND [proteomic*(Title/Abstract) OR proteome(Title/Abstract) OR protein(Title/Abstract) OR proteins(Title/
Abstract)] AND [biomarker*(Title/Abstract) OR marker*(Title/Abstract)] AND [pib(Title/Abstract) OR Pittsburgh compound b(Title/
Abstract) OR florbetapir(Title/Abstract) OR flutemetamol(Title/Abstract) OR florbetaben(Title/Abstract) OR amyloid PET(Title/Abstract) 
OR brain amyloid(Title/Abstract)]

of this biomarker is limited by the relatively invasive nature of 
obtaining CSF (lumbar puncture), particularly from elderly 
individuals. This may limit its use in longitudinal studies or 
for clinical progression monitoring, for which repeated CSF 
measures would be required. Also, attention needs to be paid to 
standardization of measurement of these biomarkers, given that 
large inter-laboratory variation in the concentrations measured 
of these biomarkers are observed (7).

In a revised model of the temporal relationship between key 
biomarkers of AD pathology, Jack et al. (8) suggested that changes 
in CSF Aβ1–42 are the earliest detectable biomarker of AD pathol-
ogy, followed by the PET detection of changes in brain amyloid, 
changes in CSF tau levels, and finally MRI-based detection of 
hippocampal atrophy and FDG-PET measures of brain glucose 
metabolism, all of which occur prior to the emergence of clinical 
symptoms of the disease (8). This hypothesis is corroborated by 
the recent findings of a non-linear association between CSF Aβ1–42 
and florbetapir F-18 PET imaging of brain amyloid load at the 
extreme ends of the clinical scale, while strongest association 
is seen at the mid-range of clinically measured disease severity 
(9). These findings would suggest that the two measures could 
reflect different aspects of AD Aβ pathology, with PET ligands 
having poor affinity for diffuse plaques, which develop early. At 
this stage, the plaques retain Aβ and, hence, CSF measures of Aβ 
may be more sensitive than PET earlier on in the disease (9). It 
is, therefore, of importance to consider the sensitivity of these 
biomarkers in relation to the staging of disease when designing 
biomarker studies.

BlOOD-BASeD BiOMARKeRS

The minimally invasive and potentially inexpensive nature of tests 
using blood-based proteomic biomarkers make these approaches 
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practical to implement, allowing for repeated sampling in large 
cohorts, and, therefore, might have significant advantages over 
other biomarker modalities. However, the use of blood as a matrix 
for measurement of biomarkers has the inherent disadvantage of 
its complex composition and subsequently poses technical dif-
ficulties for biomarker detection.

The most challenging of many obstacles to developing blood-
based biomarkers is the massive dynamic range of proteins in 
blood, spanning up to 12 orders of magnitude (10). Furthermore, 
changes within the blood are often very small and reflect a wide 
range of both peripheral and central processes and, therefore, 
pinpointing AD-specific changes can be challenging. Separated 
by the blood–brain barrier the relationship between analytes 
found in the blood and changes in the brain is still uncertain. 
However, with aging and in AD, the blood–brain barrier is dis-
rupted resulting in increased permeability, and this is thought 
to be a relatively early event in the aging brain, worsening with 
increased cognitive impairment (11). Blood–brain barrier disrup-
tion should only strengthen the relationship between blood and 
brain, and as an early event this would support the possibility of 
detecting protein-based markers related to AD at the early stages 
of disease. Nevertheless, concentrations of most known potential 
biomarkers are considerably lower in the blood than reported in 
CSF. For example, Aβ peptide concentration is 100-fold lower in 
blood than in CSF (12). Additionally, highly abundant plasma 
proteins such as albumin and IgG may mask the presence of less 
abundant proteins that may serve as potential biomarkers.

TeCHNiQUeS FOR BlOOD-BASeD 
BiOMARKeR DiSCOveRY

The complexity of blood as a source of biomarkers is reflected 
in the limitations of various proteomic techniques that have 
been employed to investigate blood-based biomarkers for AD. 

FDG-PET imaging of 
brain metabolism

Relatively expensive 
and limited in 
availability

Cannot directly 
detect the core 
pathological features 
of AD (Aβ & tau)

Indicator of synaptic 
activity, neuronal 
function & neuronal 
metabolic activity

PET measures of 
brain amyloid

Relatively expensive 
and limited in 
availability

Specific surrogate 
measure of amyloid 
pathology in the 
brain

CSF measures of 
Aβ and Tau

CSF Aβ1-42 is the 
earliest detectable 
marker of AD 
pathology

Relatively invasive

Structural MRI of 
brain atrophy

Relatively late event 
(in comparison to 
CSF Aβ/tau and PET 
amyloid measures) 

Cannot directly 
detect the core 
pathological features 
of AD (Aβ & tau)

A measure of 
cerebral atrophy, a 
core feature of 
neurodegeneration

FigURe 1 | Advantages (green boxes) and disadvantages (red boxes) of the biomarkers that are currently most widely used in clinical trials.

In the following section, we will provide a brief overview of 
some of the tools available for proteomic biomarker discovery in 
blood, including mass spectrometry (MS), immunocapture, and 
aptamer-based techniques. Each of these approaches has their 
advantages and disadvantages and to date studies have combined 
a number of these approaches in the discovery pipeline for iden-
tifying protein biomarkers related to AD.

Mass Spectrometry-Based Assays
For discovery-level proteomics, a key attribute required of the 
technique used is the ability to measure multiple targets simul-
taneously in a multiplexing manner. MS-based approaches have 
been widely used in this way and possess the inherent advantage 
of there being no requirement for prior knowledge of the proteins 
being identified, hence, allowing for unbiased hypothesis-free 
biomarker discovery. Moreover, to facilitate multiplexing capabili-
ties of MS-based protein quantification, approaches for labeling 
peptides or intact proteins have been developed, for example, the 
use of isobaric tags (13). This allows for the pooling of labeled sam-
ples for subsequent MS analysis, hence, increasing throughput. 
However, disadvantages of labeling may include increased com-
plexity in sample preparation compared to label-free approaches. 
Furthermore, quantitative information can only be provided for 
peptides that contain the labeled amino acid, limiting the quanti-
tative coverage of the sample to the labeled peptides alone.

However, the huge abundance of a select few proteins in 
plasma and serum limits the detection of lower molecular 
weight proteins by MS. In plasma and serum, albumin and the 
immunoglubulins (IgG, IgA, IgM, and IgD) represent 75% of the 
total protein weight, and 99% of these samples are constituted 
by only 22 different protein species (14). Fractionation of the 
sample is one of the approaches that can be taken to reduce this 
sample complexity (15). Immunoaffinity-based depletion of the 
most abundant proteins is another approach that can be used to 
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improve the detection of lower molecular weight proteins and the 
use of several different immunoaffinity depletion reagents have 
been documented (16–18). However, a disadvantage of depletion 
is the potential removal of lower molecular weight proteins, in 
addition to the high molecular weight targets for depletion. This 
is mainly an issue due to the binding nature of the protein targets 
for depletion, such as albumin, and, therefore, by removal of 
albumin, inadvertently albumin-bound lower molecular weight 
proteins may also be removed.

immunocapture-Based Assays
The gold standard for soluble protein quantification is ELISA. 
However, with the increasing need to measure multiple protein 
targets, with limited sample availability, multiplexing approaches 
for targeted and hypothesis-driven biomarker discovery are 
now increasingly being used. Two of the most widely used 
immunocapture-based multiplexing systems for this purpose are 
mesoscale discovery (MSD) and the Luminex xMAP technology.

Both MSD and Luminex xMAP technologies are similar to the 
“sandwich” ELISA in priniciple. However, in an MSD assay, the 
capture antibodies are coated on specific spot regions at the base 
of the wells of a microtiter plate. Capture antibodies for different 
targets can be coated on each of the different spots, thus, allowing 
for multiple protein targets to be captured simultaneously in a 
single sample. Electrochemiluminescence (SULFO-TAG) labels 
are then bound to the detection antibodies and upon electrical 
stimulation the SULFO-TAG labels emit light, which is used to 
quantify the amount of target protein present. Luminex xMAP 
assays, in contrast, use microsphere-based technology, which 
involves coating of the capture antibody to microspheres “beads” 
in suspension, and fluorescently labeled detection antibodies for 
detection and quantification. In this way, multiple beads may be 
coated with multiple capture antibodies for multiplexing protein 
measurements in a single sample. Whichever approach to multi-
plexed affinity capture is used, the method is dependent on the 
quality, binding characteristics, and batch stability of the primary 
(and indeed secondary) antibodies used.

Given the targeted nature of immunocapture-based 
assays, these approaches are not necessarily suitable for unbi-
ased hypothesis-free approaches for biomarker discovery. 
Furthermore, protein quantification by immunocapture methods 
will be epitope specific, and the quantitative values obtained will 
relate to the region of the protein recognized by the antibodies 
used within the assay. This is an important property to note when 
using immunocapture-based methods for replication of findings 
that may have been discovered on a different methodological 
platform, such as MS. Where failure to technically replicate data 
between platforms is observed, it could be due to differences 
in the region of the protein being recognized by the different 
assays. Platform and assay differences in protein quantification 
are, therefore, important points to consider when designing the 
pipeline for biomarker discovery and development.

Aptamer-Based Assays
Aptamer-based approaches also provide another approach for rela-
tive quantification of multiple proteins in a multiplexing manner. 
Aptamers are single-stranded oligonucleotides, which recognize 

and bind target proteins with high affinity and specificity. Using 
this technology, the protein signal is effectively transformed to a 
nucleotide signal for subsequent microarray-based quantification 
of the relative fluorescence levels. An example of this approach 
is the panel that Somalogic has developed, which measures over 
1300 analytes in a single sample2. Advantages of this technology 
are clearly the large and unrivaled number of protein targets that 
can be quantified simultaneously in a single sample, making this 
platform ideal for extensive proteomic analysis in samples of 
limited availability. However, proteins quantified in this way are 
limited to those for which aptamers have been designed just as 
immunoaffinity approaches are limited by antibody availability.

Each of the proteomic techniques described here have inher-
ent advantages and disadvantages for both hypothesis-generating 
and hypothesis-driven biomarker discovery. Furthermore, as 
described earlier, platform and assay differences may impact 
upon the ability to technically replicate findings at the discovery 
level, and should, therefore, be considered carefully when design-
ing biomarker studies.

BlOOD-BASeD MeASUReS OF Aβ AND 
TAU

In the CSF, Aβ42 (along with tau and pTau) shows good sensitivity 
and specificity for classifying AD patients from healthy controls 
(19). Given the success in developing CSF markers of Aβ and 
tau as biomarkers it is unsurprising, therefore, that parallel 
approaches have been attempted in blood.

Amyloid Beta
Amyloid-beta fragments are produced by β and γ-secretase 
metabolism of the protein APP. β-secretase cleavage of APP pro-
duces sAPPβ and a 99 amino acid membrane bound fragment, 
which upon subsequent γ-secretase cleavage produces various 
Aβ species (20). Of these Aβ species, Aβ40 is the most abundant, 
while the highly hydrophobic and insoluble Aβ42 is the principal 
component of amyloid plaques in the AD brain (21), although 
deposition of insoluble Aβ40 in plaques of the AD brain has also 
been observed (22).

To date, Aβ42 and Aβ40 are the predominant species that have 
been investigated in blood, however, as reviewed extensively by 
others (23, 24), the results of these studies have been somewhat 
contradictory. To illustrate this, a reduction in plasma levels 
of Aβ42 in mild cognitive impairment (MCI) and AD subjects 
compared to healthy controls has been shown (25), while no 
difference between AD and cognitively healthy controls in serum 
Aβ42 has also been reported by others (26).

In terms of disease progression, the results are equally con-
tradictory. An association of decreased plasma Aβ42 with more 
rapid cognitive decline in AD (27), progression from healthy to 
MCI (28), and conversion from MCI to AD (29) has been shown. 
Yet an opposite trend has also been reported, including increased 
Aβ42 with conversion from cognitively healthy to MCI (30) and 
elevated baseline plasma Aβ42 in participants who converted to 

2 www.somalogic.com

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
www.somalogic.com


November 2015 | Volume 6 | Article 236207

Baird et al. Alzheimer’s Disease Pathology: Blood-Based Biomarkers

Frontiers in Neurology | www.frontiersin.org

AD versus participants who remained cognitively healthy over 
a 5-year period (31). Moreover, Mayeux et  al. showed that the 
increase in plasma Aβ42 was followed by a decrease in individuals 
with the onset of AD (31), a pattern that has been mirrored in 
healthy elderly participants, who demonstrated higher baseline 
plasma Aβ42 followed by greater reductions in plasma Aβ42 with 
cognitive decline (32).

The results of blood Aβ40 as an AD biomarker have also been 
conflicting and are perhaps not as promising as that of Aβ42. 
For example, both increased serum Aβ40 (26, 33) and decreased 
plasma Aβ40 (34) have been shown in AD versus healthy con-
trols. Reduced levels of plasma Aβ40 have also been associated 
with more rapid cognitive decline in AD (27), while no change 
in plasma Aβ40 between cognitively stable MCI and MCI to AD 
converters (29) or association with risk of developing dementia 
(35) have been observed.

Given the differing results of plasma Aβ42 and Aβ40 in relation 
to AD, it is not surprising that studies examining the potential of 
Aβ42/Aβ40 in blood as an AD marker have also been conflicting 
in their results. A number of studies have documented reduced 
plasma Aβ42/Aβ40 in association with AD-related parameters, 
including in MCI and AD subjects compared to healthy controls 
(25, 28), with progression from MCI to AD compared to cogni-
tively stable MCI (29) and with risk of developing MCI and AD 
(36). However, increased plasma Aβ42/Aβ40 has also been related 
to increased risk of developing AD (37).

Very recently, however, a much larger, prospective, commu-
nity-based study examined the levels of plasma Aβ42 and Aβ40 
in over 2000 dementia-free individuals, and followed these 
individuals for dementia/AD over an 8-year period (35). In this 
study, Chouraki et al., found that lower levels of plasma Aβ42 were 
associated with an increased risk of developing dementia, which 
given the size of the study may be one of the most promising 
plasma Aβ results to date.

The conflicting findings of different Aβ studies may perhaps 
suggest that the utility of plasma Aβ as a marker is quite disease-
stage specific, as postulated by Blasko et al. Their findings of a rela-
tionship of plasma Aβ with conversion from cognitively healthy 
to MCI, but not later in the disease course when participants 
convert from MCI to AD, would indicate that plasma Aβ may be 
more successful as a marker of pathology at the preclinical stages 
of disease. This theory would also be in line with why plasma Aβ42 
appears to perform as a marker of risk for developing dementia 
over an 8-year period, as documented by Chouraki et al.

Relationship Between Plasma and CSF Aβ
Given that CSF Aβ is normally cleared in blood (38), it could be 
hypothesized that a reduction in plasma Aβ42 would be observed 
following the decrease observed in CSF Aβ42 in late-onset AD (39). 
However, a number of studies have actually reported that CSF 
and plasma levels of Aβ42 and Aβ40 do not correlate well (40–42). 
There are several theories that could be proposed to explain this. 
First, the relationship between CSF and plasma levels of Aβ may 
only exist at specific stages of the disease, relating to the degree of 
aggregation of brain amyloid in plaques. Second, it is thought that 
plasma Aβ may have a causal role in the development of micro-
vascular dysfunction (43) and given the considerable incidence 

of cerebrovascular pathology in the AD brain (44), it has been 
proposed that this heterogeneity in pathology could also impact 
upon the levels of Aβ measured in blood.

Plasma Aβ and Neuropathology
The relationship between plasma Aβ and brain pathology is also 
not yet resolved. Levels of Aβ40 and Aβ42 1  year prior to post-
mortem brain tissue collection were not associated with frontal 
and temporal necortex Aβ40 and Aβ42 burden at post mortem 
(45). However, using PET measures of brain amyloid burden 
does suggest a relationship between plasma Aβ and brain amyloid 
load, with an association between reduced plasma Aβ42/Aβ40 and 
increased brain amyloid load being shown (28, 46, 47). Moreover, 
the ratio of the plasma proteins APP669-711 (cleavage product 
of the amyloid precursor protein) and Aβ42 was increased in 
individuals of high amyloid burden subjects and demonstrated 
good sensitivity and specificity (93 and 96% respectively) for 
discrimination of amyloid negative and positive subjects (48).

These findings indicate a potential relationship between plasma 
Aβ species and the neuropathology of AD, however, given the 
contradictory results of plasma Aβ as a marker of AD diagnosis 
and clinical progression, it is clear that further work is required in 
order to consolidate the findings. As mentioned earlier, potential 
theories for the variability in the blood Aβ study results have 
been suggested and include disease-heterogeneity effects upon 
Aβ levels, and a disease-stage-specific nature of Aβ as a marker, 
with perhaps Aβ acting as an effective marker of preclinical rather 
than established disease. While these are valid theories that likely 
are having an impact, they are not able to explain the full extent 
of variability between the different Aβ study findings.

Important additional issues that likely contribute to the 
variability observed between studies are the technical challenges 
encountered with measuring Aβ. First, Abdullah et al. reported 
high intra-subject differences in plasma Aβ measures, as assessed 
by ELISA in two to three separate blood samples retrieved within 
a 4-week period from each individual (26). This variation in part 
may be related to the performance of the Aβ assays, with perhaps 
variation in the measurements being introduced due to lack of 
sensitivity of these assays. However, it is worth noting that plasma 
Aβ exhibits a circadian rhythm in its levels (49) and, therefore, in 
order to use Aβ as a reliable marker, standardization in time of 
sampling will be required.

Second, it should be noted that many of the studies docu-
mented here have assessed plasma Aβ by immunocapture-based 
approaches, including commercially available and in-house 
optimized ELISAs (25–27, 29–31, 33, 36, 37, 42, 45, 46), luminex 
xMAP assays (25, 28, 35, 41, 42), and immunomagnetic reduc-
tion (IMR) assays (47). While ELISAs are the gold standard for 
protein quantification, it is possible that inter-study variation 
in the results could be introduced by the use of different assays, 
which use antibodies that recognize different epitopes of Aβ. In 
this situation, standardization in the assay used across studies so 
that blood Aβ measures were epitope specific would be advisable.

Another factor to be considered is the technical difficulties 
of measuring Aβ, which is present at low concentrations in 
blood and will readily bind other circulating proteins, such as 
albumin, lipoproteins, and complement factors (50). One way 
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to help overcome this issue might, therefore, be to develop an 
assay that can measure both free and cell/protein-bound Aβ. 
This is an approach that has been used to develop the AB test, 
which quantifies Aβ40 and Aβ42 peptides that are free in plasma 
and bound to other proteins in plasma and blood cells3. The AB 
test shows promise for measuring Aβ in an AD-based cohort 
(51). Chiu and colleagues also report quantification of plasma 
Aβ by another highly sensitive immunoassay, developed using 
a technology known as superconducting quantum interference 
device (SQUID) IMR assay. This technology is based on measur-
ing the magnetic signals produced from nanoparticles, bound to 
the target molecule of interest and is able to detect plasma Aβ 
levels as low as 1 pg/ml for Aβ40 and 10 pg/ml for Aβ42. This is 
lower than that of standard Aβ42 ELISAs, of which the lower limit 
of detection is generally around 50 pg/ml (52). Furthermore, the 
SQUID-IMR technology involves the use of iron-nanoparticles 
and it has been suggested that the iron-chelating effect may inhibit 
Aβ oligomerization, hence, reducing the issue of non-quantifiable 
Aβ oligomers (52). While the results of these new assays for Aβ 
are promising, validation of these assays in further larger and 
independent cohort studies is required.

Tau
To date the investigation of plasma tau-based measures and their 
utility as biomarkers for AD have also been limited, primarily due 
to tau being an axonal protein and, therefore, of low abundance in 
blood. Efforts have, therefore, been made to develop more sensi-
tive assays for detection and reliable quantification.

First, Henriksen et al. have reported measurement of specific 
tau fragments using an ELISA method. These assays quantified 
specific tau fragments in serum [ADAM10-generated fragment 
(Tau-A) and caspase-3-generated fragment (Tau-C)] (53, 54). 
Using this method, measures of serum Tau-A, Tau-C, and the 
Tau-A/Tau-C ratio were shown to be associated with cognitive 
change in AD, although no association of the serum tau fragments 
with CSF tau and pTau were observed (54). A second approach 
that has been reported for measuring tau utilizes a digital array-
based technology (55). This approach involves the isolation and 
detection of single enzyme molecules using femtolitre-sized 
reaction chambers, known as single-molecule arrays (SiMOA). 
This method facilitates the detection of the target at low concen-
trations by ensuring that the fluorophores are confined to small 
volumes and, hence, the concentration of fluorescently labeled 
target is high (56). Using this assay, elevated levels of plasma tau 
in AD in comparison to controls and MCI were shown, although 
a considerable overlap in the range of plasma tau across the 
diagnostic groups was also found (55). Moreover, no correlation 
between plasma and CSF tau levels were observed (55). Lastly, 
Chiu and colleagues reported quantification of plasma Tau by 
SQUID-IMR (as described earlier for detection of plasma Aβ) 
and showed an increase in plasma tau in MCI and AD, along with 
an association of plasma tau with clinical measures of cognition 
and regional brain volume (57). This is all early but promising 
work, and moving forward, as with blood Aβ measures, further 

3 www.araclon.com

replication of these findings in larger independent cohorts will be 
crucial for ascertaining the robustness of blood-based tau as an 
AD-related biomarker.

DiSCOveRY OF BlOOD-BASeD 
BiOMARKeRS OF AD USiNg A  
CASe–CONTROl STUDY DeSigN

Since the blood–brain barrier damage that occurs in AD would 
facilitate movement of proteins between brain and blood (58), 
research has also focused upon the detection of other blood-based 
proteins, in addition to Aβ and tau, which may serve as markers 
for AD. Using both untargeted and candidate-based proteomic 
approaches and a case–control study design, a substantial num-
ber of proteins related to a diagnosis of AD or MCI have been 
identified (33, 59–95).

However, a panel of proteins rather than single protein candi-
dates may have greater sensitivity and specificity as a biomarker 
and may collectively better describe and characterize the disease 
and its pathology. A number of studies, including from our 
group, have, therefore, taken an approach of analyzing multi-
variate signatures for prediction of AD and/or MCI status, and 
have identified and evaluated different proteins that collectively 
demonstrate sensitivity and specificity for classifying AD and/or 
MCI to varying degrees (96–118).

Alzheimer’s disease biomarker studies premised upon a case–
control study design have been extensively reviewed by others 
(119, 120) and as would be expected, many of the candidates 
identified in these studies can be related to aspects of the disease 
pathology, for example, having roles in inflammatory and amy-
loidogenic processes.

These studies comparing established disease to non-disease 
or prediction of rate of progression in established disease are 
promising but of more value would be marker sets that detected 
preclinical or prodromal disease. One design enabling such 
discovery is the prediction of conversion from MCI by using his-
torical samples from research cohort participants with MCI com-
paring those who subsequently converted to dementia in a given 
time-frame to those who did not. One of the first such studies 
identified an 18 plasma protein signature that not only classified 
AD from control subjects with 90% accuracy but was also able to 
predict MCI patients who would convert to AD within 5 years 
(97). However, replication of the 18 protein biomarker panel in 
subsequent studies has so far been unsuccessful (103, 121, 122). 
Yang et al. also demonstrated prediction of MCI conversion to 
AD with 79% accuracy using a 60 protein biomarker set (123), 
while we identified a panel of 10 proteins that were shown to 
strongly associate with both the degree of disease severity and to 
predict MCI progression to AD with 87% accuracy (124). More 
recently, Apostolova et al. reported prediction of MCI progres-
sion to AD with 73% accuracy by plasma IL-6R combined with 
clinical measures and APOE genotype (125).

Although a number of plasma protein signatures of AD diag-
nosis, disease severity, and progression have been identified in 
discovery-based studies, a key concern for the field has been the 
lack of reproducibility of these results. As yet there has been no 
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single blood-based proteomic signature that can successfully dis-
tinguish between AD and MCI and cognitively healthy elderly in 
a reproducible manner. The reason for such non-reproducibility 
is unknown. It might be the inherent heterogeneity of the disease 
and the differences, therefore, between cohort studies. It might 
also be technical variability, including assay variation and sample 
collection and curation variation, or it might be that the find-
ings are in fact artifactual and there is no consistent proteomic 
signature to be found in blood. However, another reason for the 
failure to replicate might be the intrinsic limitation of case–con-
trol studies in a condition with such a long prodrome.

First, it is important to consider the heterogeneity of dementia 
and the extensive comorbidity and differential environmental 
exposure in the elderly. As well as multiple dementia conditions 
being hard to distinguish from each other, the AD group itself 
can be clinically heterogeneous as can MCI. Moreover, comorbid 
conditions are common in AD, and might not only alter the blood 
proteome directly but the associated polypharmacy prevalent in 
the elderly could also have an impact.

Second, case–control-based studies have inherent limitations 
when the target of discovery is in prodromal, or, worse, preclini-
cal disease. In the context of AD research, the goal of biomarker 
discovery is primarily to detect individuals harboring early 
pathological change but without manifest dementia, as these indi-
viduals might be the most likely to respond to disease modifying 
agents. And yet in case–control studies such individuals will be 
included in studies not in the “case” group but in the “control” 
group. Clearly, this study design is at best non-optimal and at 
worse, destined for failure.

The recent failure of phase III clinical trials of antibody 
therapies targeting amyloid pathology, in part probably due to 
the absence of brain amyloid pathology in a considerable propor-
tion of the participants (126, 127), highlights the important role 
biomarkers predictive of core AD neuropathology could play 
in recruitment to clinical trials. However, the inevitable screen 
failures using such approaches would be costly and increase the 
time to recruitment. Therefore, the development of a minimally 
invasive blood-based biomarker of AD pathology could have 
real utility as a first pass or triage marker, to identify potential 
participants more likely to harbor pathology and to reduce screen 
failure and, hence, facilitate trials conduct.

DiSCOveRY OF BlOOD-BASeD 
BiOMARKeRS OF AD PATHOlOgY USiNg 
AN eNDOPHeNOTYPe APPROACH

Endophenotype-based approaches for blood-based biomarker 
discovery have begun to be implemented and have utilized various 
AD-related measures to identify blood-based biomarkers reflec-
tive of disease activity and pathology, including at the preclinical 
stages. These studies have included endophenotypes defined by 
measures such as brain atrophy (structural MRI), rate of cogni-
tive decline, and brain amyloid β burden (Pittsburgh B (PiB) PET 
brain imaging), with change in PiB PET amyloid burden being 
the earliest event of these in the disease course. These studies have 
identified a number of different potential proteomic biomarkers 
(Tables 2 and 3).

Blood-Based Biomarkers of Brain Atrophy 
and Rate of Cognitive Decline
We began by focusing on endophenotype approaches using 
mostly the AddNeuroMed, a European multicentre study 
(143) and the neuroimaging substudy of the Baltimore 
Longitudinal Study for Aging (BLSA) (144). Two key pathol-
ogy endophenotypes were employed; structural neuroimag-
ing of atrophy as a proxy measure of in vivo pathology and 
rate of clinical progression (Table  2), which was calculated 
based on retrospective and prospective measures of cognitive 
decline.

In 2010, we published a study that utilized a 2DGE-MS/
MS-based approach to discover plasma protein markers of both of 
these outcome variables in AD (128). This work identified seven 
proteins (complement C3, γ-fibrinogen, serum albumin, comple-
ment factor-I, clusterin, α-1-microglobulin, and serum amyloid-
P) that were able to explain 34% of the variance in hippocampal 
volume in MCI and AD, and five proteins (complement compo-
nent C4a, complement C8, clusterin, ApoA1, and transthyretin) 
that were able to discriminate fast from slow progressing AD 
groups. These proteins were then selected for replication studies, 
including in an independent AD/MCI/control-based cohort, 
using an orthogonal immunoassay-based approach. In this study, 
we replicated the association of complement C3, complement 
factor-I, γ-fibrinogen and α-1-microglobulin with brain atrophy, 
and along with complement C3a, these five proteins were able to 
explain 35% of whole brain volume in AD (129). In a separate 
study, we also replicated the association of transthyretin with an 
increased rate of cognitive decline in AD (136).

However, the most promising candidate marker identified in 
this discovery study was the protein clusterin, which associated 
with both hippocampal atrophy and clinical progression (128). 
We also showed in this same study but in an independent (AD/
MCI/control) cohort, an association of clusterin with cognitive 
measures and with brain atrophy, specifically in the entorhinal 
cortex and with PiB PET measures of fibrillary amyloid burden 
in the entorhinal cortex of a non-demented elderly cohort (128). 
While very recently increased plasma clusterin levels have been 
associated with increased risk of conversion to AD and rate of 
cognitive decline in an independent study (145). These findings 
indicate that changes in plasma clusterin may be an early event 
in the disease course, which occurs with amyloid deposition 
but prior (or without) onset of clinical symptoms. Moreover, 
in this same study, we demonstrated colocalization of clusterin 
with Aβ in plaques in the brains of a transgenic mouse model 
of AD (TASTPM) (128), thus, adding further support to the 
theory that clusterin may be implicated in amyloid formation 
and clearance (146).

Adding weight to our hypothesis that changes in plasma 
clusterin were an early event, increased levels of plasma clusterin 
in association with slower rates of brain atrophy in MCI were 
demonstrated (131). However, to the contrary, Song et al. demon-
strated an association of increased plasma clusterin with reduced 
white matter volume in MCI/cognitively healthy elderly over a 
2-year period (130). These findings are somewhat contradictory, 
and could be explained in part by the evidence for clusterin 
having both neuroprotective and pro-amyloidegenic properties, 

http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org


TABle 2 | Summary of the significant findings of studies examining plasma protein markers of brain atrophy and rate of cognitive decline.

Proteins Outcome variables (subjects) Analytical platform Study

endophenotype: structural MRi measures of brain atrophy

C3, FGG, albumin, CFI, clusterin, A1M and SAP Hippocampal atrophy (AD and MCI) 2DGE LC-MS/MS (128)

C3, C3a, CFI, FGG, and A1M Whole brain volume (AD) ELISA and western blots (129)

ApoB/ApoA1a, ApoC3b, ApoEb, and Clusterinb,c Hippocampal volumea, gray matter volumeb, and  
white matter volumec (MCI and  
non-demented elderly)

Luminex xMAP (Myriad RBM) (130)

Clusterin Rate of brain atrophy (multiple brain regions in MCI) ELISA (131)

IL-1rad IL-6d, IL-10d, IL-13e, and TNF-αf Ventricular volumed, entorhinal cortex volumee, and 
whole brain volumef (AD)

Luminex xMAP (132)

MIP1α, IGFBP2, CgA, and cortisol SPARE-AD measures of brain atrophy (AD, MCI, and 
non-demented elderly)

Luminex xMAP (Myriad RBM) (133)

RANTESg, NSEg,h, TTRg,h, clustering, A1ATh, ApoC3h, 
ApoA1h, ApoEh, BDNF h and Aβ40

h

Atrophy in multiple brain regions (MCIg and ADh) Luminex xMAP (124)

PPY, fetuin B, PSA-ACT, and ChkT Entorhinal cortex and hippocampal volume (AD, MCI, 
and non-demented elderly)

SOMAscan (134)

ApoE Hippocampal volume (MCI, non demented elderly) Luminex xMAP (Myriad RBM) (135)

endophenotype: rate of cognitive decline

C4a, C8, clusterin, ApoA1, and TTR Rate of cognitive decline (AD) 2DGE LC-MS/MS (128)

ApoA1, ApoA2, ApoH, and ApoB/ApoA1 ratio Risk of cognitive decline (non-demented elderly) Luminex xMAP (Myriad RBM (130)

TTR Rate of cognitive decline (AD) ELISA (136)

IL-4, IL-10, G-CSF, IL-2, IFN-γ, and PDGF Rate of cognitive decline (AD) Luminex xMAP (132)

NCAM, sRAGE, and ICAM Rate of cognitive decline (AD) Luminex xMAP (124)

Clusterin and NAP2 Rate of cognitive decline (AD) SOMAscan (134)

C3, complement C3; FGG, γ-fibrinogen; CF1, complement factor-I; A1M, α-1-microglobulin; SAP, serum amyloid-P; C3a, complement C3a; ApoB, apolipoprotein B; ApoA1, 
apolipoprotein A1; ApoC3, apolipoprotein C3; ApoE, apolipoprotein E; ApoC4, apolipoprotein C4; IL-1ra, interleukin 1 receptor antagonist; IL-6, interleukin-6; IL-10, interleukin-10; 
IL-13, interleukin-13; TNF-α, tumor necrosis factor alpha; MIP1α, macrophage inhibitory protein 1α; IGFBP2, insulin-like growth factor binding protein 2; CgA, chromogranin 
A; RANTES, regulated on activation normal T cell expressed and secreted; NSE, neuron-specific enolase; TTR, transthyretin; A1AT, alpha 1 antitrypsin; BDNF, brain derived 
neurotrophic factor; Aβ40, amyloid beta 1-40; PPY, pancreatic polypeptide; PSA-ACT, prostate-specific antigen complexed to α1-antichymotrypsin; Chk2, serine/threonine-protein 
kinase Chk2; C4a, complement component C4a; C8, complement C8; ApoA2, apolipoprotein A-2; ApoH, apolipoprotein-H; IL-4, interleukin-4; G-CSF, granulocyte-colony-
stimulating factor; IL-2, interleukin-2; IFN-γ, interferon-gamma; PDGF, platelet-derived growth factor; NCAM, neural cell adhesion molecule; sRAGE, soluble receptor for advanced 
glycation end products; ICAM, intercellular adhesion molecule; NAP2, nucleosome assembly protein 2.
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the evidence for an inflammatory component in AD pathol-
ogy (159, 160). We observed five proteins that were associated 
with brain atrophy measures (IL-1ra, IL-6, IL-10, TNF-α, 
and IL-13) and six proteins that were associated with rate of 
cognitive decline in AD (IL-4, IL-10, G-CSF, IL-2, IFN-γ, and 
PDGF) (132). Of note was the association of IL-10 with both 
brain atrophy and rate of cognitive decline, adding further 
confidence to the finding of its association with AD-related 
endophenotypes (132). Toledo et al. also published findings 
of inflammatory proteins (macrophage inflammatory protein 
1 alpha, chromogranin A) along with proteins implicated in 
the stress response (cortisol) and insulin response (insulin-
like growth factor binding protein 2) as markers of brain 
atrophy (133).

Following the identification of various plasma proteins related 
to AD and proxy measures of disease activity (neuroimaging 
measured of brain atrophy and clinical measures of cognitive 
decline), we next sought to validate the most promising and 
disease-relevant protein markers. To do this, we used multiplex 
bead assays to measure candidate proteins in a larger (N > 1000) 
cohort of AD/MCI/control participants (124). Interestingly, we 
found that different sets of proteins were associated with brain 
atrophy in MCI compared to AD, indicating that these markers 
are disease-phase specific, and the strongest associations with 
brain atrophy were observed for clusterin in the MCI group and 
ApoE in the AD group (124). Furthermore, we identified three 
proteins NCAM, sRAGE, and ICAM as being associated with rate 
of cognitive decline and we, therefore, hypothesized that these 
markers may be predictive of conversion from MCI to AD. When 
we tested this, we found that there were a panel of 10 proteins 
(transthyretin, clusterin, cystatin C, A1AcidG, ICAM1, comple-
ment component C4, PEDF, A1AT, RANTES, and ApoC3) along 
with APOE genotype, which were able to predict MCI conversion 
to AD with 87% accuracy, 85% sensitivity, and 88% specificity, as 
described earlier (124).

Blood-Based Biomarkers of Brain Amyloid 
Burden
Blood-based biomarkers of neocortical Aβ (extracellular 
β-amyloid) burden (NAB) as measured by PET brain imaging 
have also been sought (Table  3). These studies have used the 
Australian Imaging, Biomarker and Lifestyle Flagship Study of 
Ageing (AIBL) (161), the ADNI4, and the BLSA (144) for the 
purpose of finding plasma proteomic markers of brain amyloid 
burden.

The first study we carried out used the BLSA study to discover 
plasma proteins that were associated with NAB in non-demented 
elderly individuals (137). Using a 2DGE-MS/MS-based approach, 
this study identified six proteins (ApoE, Complement C3, 
Albumin, Plasminogen, Haptoglobin and IgG C chain region) 
that discriminated “high” from “low” PiB PET brain amyloid 
burden subjects in discovery-based studies, and a further associa-
tion of ApoE with amyloid burden in the medial temporal lobe in 
an independent validation study (137).
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TABle 3 | Summary of the significant findings of studies examining plasma protein markers of PeT amyloid.

Protein(s) Outcome variable (subjects) Analytical platform Study

Clusterin PiB PET amyloid (non-demented elderly) ELISA (128)

ApoE, C3, albumin, plasminogen, haptoglobin and IgG C chain region PiB PET amyloid (non-demented elderly) 2DGE LC-MS/MS (137)

C-peptide, fibrinogen, A1AT, PPY, C3, vitronectin, cortisol, AXL receptor 
kinase, IL-3, IL-13, MMP9, ApoE, and IgE (this panel of proteins combined 
with covariates predicts amyloid positive subjects with 92 and 55%  
sensitivity and specificity, respectively)

PiB PET amyloid (AD, MCI, and non-
demented elderly)

Luminex xMAP 
(Myriad RBM)

(138)

Aβ1–42, CXCL-13, IL-17, IgM-1, PPY, and VCAM-1 (this panel of proteins 
with age, APOE genotype, and CDR sum of boxes predicts NAB with 79  
and 76% sensitivity and specificity, respectively)

PiB PET amyloid (AD, MCI, and non-
demented elderly)

Luminex xMAP 
(Myriad RBM)

(139)

A2M, CFHR1, and FGG. (FGG in combination with age predicts NAB with  
59 and 78% sensitivity and specificity, respectively)

PiB PET amyloid (AD, MCI, and non-
demented elderly)

TMT LC-MS/MS (140)

IL-6R, ApoE, and clusterin (in combination with clinical measures: trails B, 
AVLT, MMSE, education, APOE genotype and mean hippocampal volume 
predicts NAB with 79 and 83% sensitivity and specificity)

CSF Aβ and PiB PET amyloid (MCI) Luminex xMAP 
(Myriad RBM)

(125)

BDNF PiB PET amyloid (AD, MCI and non-
demented elderly)

Luminex xMAP 
(Myriad RBM)

(141)

PPY and IgM* PiB PET amyloid (AD, MCI, and non-
demented elderly, *non-demented elderly 
only)

SOMAscan (142)

ApoE, apolipoprotein E; C3, complement C3; A1AT, alpha 1 antitrypsin; PPY, pancreatic polypeptide; IL-3, interleukin-3; IL-13, interleukin-13; MMP9, matrix metalloproteinase-9 
total; ApoE, apolipoprotein E; IgE, immunoglobulin E; CKCL-13, chemokine ligand 13; IL-17, interleukin-17; IgM-1, immunoglobulin M; VCAM-1, vascular cell adhesion protein; A2M, 
alpha 2 macroglobulin; CFHR1, CFH-related protein 1; FGG, fibrinogen gamma chain; NAB, neocortical amyloid burden.
*non demented elderly only.
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dependent on its concentration relative to Aβ. Clusterin is impli-
cated in Aβ aggregation and clearance (146–151) and at high 
concentrations, clusterin binds Aβ, thus, preventing its aggrega-
tion. Yet when Aβ levels are high, clusterin instead is incorpo-
rated with amyloid in insoluble aggregates (148). Furthermore, 
clusterin possesses neurotoxic properties, as demonstrated by its 
involvement in non-canonical wnt signaling (the wnt–PCP–JNK 
pathway), which mediates Aβ toxicity (152). It could, therefore, be 
postulated that clusterin is playing different roles in these studies 
that demonstrate opposing relationships of plasma clusterin with 
brain atrophy. Nonetheless, these studies add further evidence 
for the role of clusterin in AD pathology. It is also worth noting 
that evidence for clusterin being implicated in AD pathology has 
also been provided on the genetic level, with an association of the 
variant rs11136000 in the clusterin gene with AD risk (153, 154), 
increased rates of cognitive decline at the pre-symptomatic stages 
of the disease (155) and brain volume and structure (volumetric 
expansion and lateral ventricle surface morphology) in AD, MCI, 
and elderly control subjects (156).

To date, clusterin is likely to be the most promising potential 
biomarker of AD-related phenotypes that we have identified in 
our studies, as supported by an association on the proteomic level 
with both clinical and neuroimaging measures of AD pathology, 
on the genetic level with AD risk and on a mechanistic level with 
amyloid function and processing.

Following the identification of clusterin using a dual endophe-
notype-based approach founded upon both brain atrophy and 
cognitive decline measures, we sought to extend this approach 
further to find biomarkers of these endophenotypes using dif-
ferent proteomic methods, which may be more sensitive for 
detection of alternative groups of proteins. One such study was 
reported by Sattlecker et al. who utilized the SOMAscan technol-
ogy for plasma protein biomarker discovery in a cohort of AD, 
MCI, and controls. The strongest findings of this study included 
an association of clusterin with cognitive decline, replicating the 
findings of Thambisetty et  al. (128), along with an association 
of fetuin B and pancreatic polypeptide with brain atrophy, and 
an association of pancreatic polypeptide and PSA-ACT with a 
diagnosis of AD (134).

In addition to hypothesis generating discovery approaches, 
targeted hypothesis-driven approaches have also been successful 
in identifying potential biomarkers of brain atrophy and cognitive 
decline. For example, the apolipoprotein family is widely impli-
cated in neurodegeneration (157, 158) and in a targeted study, 
Song et al. showed a negative correlation of plasma clusterin and 
ApoE with gray matter volume and an association of ApoA1, 
ApoA2, ApoH, and the ApoB/ApoA1 ratio with risk of cognitive 
decline in cognitively normal individuals (130). As these proteins 
are associated with pathology-related outcomes at the preclinical 
stage of disease, this would suggest that the apolipoproteins may 
be markers in an early phase of the disease pathogenesis. More 
recently, Teng et al. also showed an association of plasma ApoE 
levels with hippocampal volume in a cohort of AD, MCI, and 
control included in the Alzheimer’s disease neuroimaging initia-
tive (ADNI) cohort (135).

We have also taken a targeted approach to examine the 
biomarker potential of inflammatory proteins (132), given 

the evidence for an inflammatory component in AD pathol-
ogy (159, 160). We observed five proteins that were associated 
with brain atrophy measures (IL-1ra, IL-6, IL-10, TNF-α, 
and IL-13) and six proteins that were associated with rate of 
cognitive decline in AD (IL-4, IL-10, G-CSF, IL-2, IFN-γ, and 
PDGF) (132). Of note was the association of IL-10 with both 
brain atrophy and rate of cognitive decline, adding further 
confidence to the finding of its association with AD-related 
endophenotypes (132). Toledo et al. also published findings 
of inflammatory proteins (macrophage inflammatory protein 
1 alpha, chromogranin A) along with proteins implicated in 
the stress response (cortisol) and insulin response (insulin-
like growth factor binding protein 2) as markers of brain 
atrophy (133).

Following the identification of various plasma proteins related 
to AD and proxy measures of disease activity (neuroimaging 
measured of brain atrophy and clinical measures of cognitive 
decline), we next sought to validate the most promising and 
disease-relevant protein markers. To do this, we used multiplex 
bead assays to measure candidate proteins in a larger (N > 1000) 
cohort of AD/MCI/control participants (124). Interestingly, we 
found that different sets of proteins were associated with brain 
atrophy in MCI compared to AD, indicating that these markers 
are disease-phase specific, and the strongest associations with 
brain atrophy were observed for clusterin in the MCI group and 
ApoE in the AD group (124). Furthermore, we identified three 
proteins NCAM, sRAGE, and ICAM as being associated with rate 
of cognitive decline and we, therefore, hypothesized that these 
markers may be predictive of conversion from MCI to AD. When 
we tested this, we found that there were a panel of 10 proteins 
(transthyretin, clusterin, cystatin C, A1AcidG, ICAM1, comple-
ment component C4, PEDF, A1AT, RANTES, and ApoC3) along 
with APOE genotype, which were able to predict MCI conversion 
to AD with 87% accuracy, 85% sensitivity, and 88% specificity, as 
described earlier (124).

Blood-Based Biomarkers of Brain Amyloid 
Burden
Blood-based biomarkers of neocortical Aβ (extracellular 
β-amyloid) burden (NAB) as measured by PET brain imaging 
have also been sought (Table  3). These studies have used the 
Australian Imaging, Biomarker and Lifestyle Flagship Study of 
Ageing (AIBL) (161), the ADNI4, and the BLSA (144) for the 
purpose of finding plasma proteomic markers of brain amyloid 
burden.

The first study we carried out used the BLSA study to discover 
plasma proteins that were associated with NAB in non-demented 
elderly individuals (137). Using a 2DGE-MS/MS-based approach, 
this study identified six proteins (ApoE, Complement C3, 
Albumin, Plasminogen, Haptoglobin and IgG C chain region) 
that discriminated “high” from “low” PiB PET brain amyloid 
burden subjects in discovery-based studies, and a further associa-
tion of ApoE with amyloid burden in the medial temporal lobe in 
an independent validation study (137).
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TABle 3 | Summary of the significant findings of studies examining plasma protein markers of PeT amyloid.

Protein(s) Outcome variable (subjects) Analytical platform Study

Clusterin PiB PET amyloid (non-demented elderly) ELISA (128)

ApoE, C3, albumin, plasminogen, haptoglobin and IgG C chain region PiB PET amyloid (non-demented elderly) 2DGE LC-MS/MS (137)

C-peptide, fibrinogen, A1AT, PPY, C3, vitronectin, cortisol, AXL receptor 
kinase, IL-3, IL-13, MMP9, ApoE, and IgE (this panel of proteins combined 
with covariates predicts amyloid positive subjects with 92 and 55%  
sensitivity and specificity, respectively)

PiB PET amyloid (AD, MCI, and non-
demented elderly)

Luminex xMAP 
(Myriad RBM)

(138)

Aβ1–42, CXCL-13, IL-17, IgM-1, PPY, and VCAM-1 (this panel of proteins 
with age, APOE genotype, and CDR sum of boxes predicts NAB with 79  
and 76% sensitivity and specificity, respectively)

PiB PET amyloid (AD, MCI, and non-
demented elderly)

Luminex xMAP 
(Myriad RBM)

(139)

A2M, CFHR1, and FGG. (FGG in combination with age predicts NAB with  
59 and 78% sensitivity and specificity, respectively)

PiB PET amyloid (AD, MCI, and non-
demented elderly)

TMT LC-MS/MS (140)

IL-6R, ApoE, and clusterin (in combination with clinical measures: trails B, 
AVLT, MMSE, education, APOE genotype and mean hippocampal volume 
predicts NAB with 79 and 83% sensitivity and specificity)

CSF Aβ and PiB PET amyloid (MCI) Luminex xMAP 
(Myriad RBM)

(125)

BDNF PiB PET amyloid (AD, MCI and non-
demented elderly)

Luminex xMAP 
(Myriad RBM)

(141)

PPY and IgM* PiB PET amyloid (AD, MCI, and non-
demented elderly, *non-demented elderly 
only)

SOMAscan (142)

ApoE, apolipoprotein E; C3, complement C3; A1AT, alpha 1 antitrypsin; PPY, pancreatic polypeptide; IL-3, interleukin-3; IL-13, interleukin-13; MMP9, matrix metalloproteinase-9 
total; ApoE, apolipoprotein E; IgE, immunoglobulin E; CKCL-13, chemokine ligand 13; IL-17, interleukin-17; IgM-1, immunoglobulin M; VCAM-1, vascular cell adhesion protein; A2M, 
alpha 2 macroglobulin; CFHR1, CFH-related protein 1; FGG, fibrinogen gamma chain; NAB, neocortical amyloid burden.
*non demented elderly only.
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Following this, we carried out a separate study to examine the 
association of plasma proteins with NAB in AD, MCI, and con-
trol subjects included in the ADNI5 (138). Plasma proteins were 
measured by the Myriad Rules-Based Medicine (RBM) panel 
using commercially available multiplexed luminex assays. This 
work identified 13 plasma proteins (c-peptide, fibrinogen, A1AT, 
pancreatic polypeptide, complement C3, vitronectin, cortisol, 
AXL receptor kinase, IL-3, IL-13, matrix metalloproteinase-9 
total, ApoE, and IgE), which in combination with covariates were 
able to discriminate PiB-positive from PiB-negative individuals 
with 92 and 55% sensitivity and specificity, respectively (138).

Shortly after this, Burnham et al. published a study that again 
utilized the RBM panel for identifying plasma proteins predictive 
of NAB in an AD, MCI, and control-based population; however, 
this study utilized the AIBL study for discovery, followed by 
validation of potential biomarkers of NAB in the ADNI (139). 
In summary, Burnham et al. identified six plasma proteins (Aβ42, 
chemokine ligand 13, IL-17, IgM-1, pancreatic polypeptide and 
VCAM-1) that contributed to a biomarker signature that was able 
to predict NAB with 79 and 76% sensitivity and specificity in the 
ADNI-based validation cohort (139).

More recently, a study carried out in an ADNI-based MCI 
cohort revealed that plasma IL-6 receptor, clusterin, and ApoE 
levels coupled with a number of clinical and demographic 
measures, APOE genotype and mean hippocampal volume, 
achieved 79 and 83% sensitivity and specificity for prediction of 
NAB (125). Hwang et al. also reported an association of reduced 
plasma BDNF levels with increased regional measures of NAB in 
an ADNI cohort (141).

We also recently reported the results of an LC-MS/MS-based 
approach for the discovery of plasma protein biomarkers of NAB 
in AD, MCI, and healthy controls enrolled in the AIBL study 
(140). Using this approach, a number of plasma proteins were 
shown to be significantly associated with NAB, including A2M, 
CFH-related protein 1, and γ-fibrinogen. Moreover, the associa-
tion of γ-fibrinogen in combination with age was found to predict 
NAB with 59 and 78% sensitivity and specificity, respectively 
(140).

Although the exact protein biomarker panels identified by 
these studies for prediction of NAB differs between the studies, 
it is of note that there are some commonalities in the proteins 
included in these biomarker panels, including ApoE (125, 137, 
138), complement C3 (137, 138), and pancreatic polypeptide 
(138, 139). A recent study, therefore, sought to replicate these 
findings in an independent cohort of AD, MCI, and control 
subjects in the AIBL study (142). This work replicated an associa-
tion of two proteins with NAB; pancreatic polypeptide across the 
cohort of AD, MCI, and cognitively healthy elderly, and IgM in 
the cognitively healthy elderly group, while the association of the 
other protein candidates with NAB was not replicated (142). This 
lack of replication between studies is disappointing; however, it is 
quite possible that this could be in part due to technical platform 
differences, as the discovery studies used both MS (137, 140) and 
immunocapture-based approaches (125, 138, 139, 141), while 
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replication was sought using the SOMAscan platform (142). As 
mentioned earlier, platform and assay differences may provide 
differing quantitative proteomic results, given that there are 
key differences in the nature of the protein being measured by 
these techniques. MS approaches measure denatured protein in 
a peptide-specific manner, while immunocapture-based assays 
use antibodies for epitope-specific native protein measures. The 
SOMAscan platform also measures native protein, but by binding 
of an aptamer to a tertiary structure-specific epitope. Therefore, 
differences in the region and confirmation of the protein target 
being measured by these different techniques may result in vary-
ing quantitative results.

These various studies utilizing an AD pathology endophe-
notype-based approach for biomarker discovery show promise 
in identifying biomarkers reflective of core AD pathology and 
disease activity. However, it is important to note that there are 
some issues surrounding the approach of predicating blood-
based biomarker discovery on PET amyloid measures. First, 
PiB PET detects insoluble fibrillary but not insoluble oligomeric 
Aβ, which are known to possess neurotoxic and synaptotoxic 
properties (162). Therefore, blood-based biomarkers of PiB PET 
amyloid may not be the most relevant markers of brain amyloid 
pathology. Second, it is possible that the relationship of plasma 
proteins with PiB PET amyloid measures could be specific to 
the technical aspects of the PET imaging technique used. For 
example, variability in the amyloid measure could be introduced 
by the use of alternative radiotracers or alternative methods of 
PET data analysis.

Therefore, in order to assess the reproducibility and robustness 
of plasma proteins biomarkers of amyloid (as indicated by PiB 
PET), it will be essential to perform replication and validation 
studies examining their association with brain amyloid burden 
(1) in larger independent cohorts, (2) using orthogonal technical 
platforms for biomarker quantification, and (3) using alternative 
measures indicative of amyloid (for example, alternative PET 
amyloid radiotracers and CSF Aβ).

Other Potential endophenotype 
Approaches
While endophenotype-based designs founded upon rates of 
cognitive decline, brain atrophy, and brain amyloid burden show 
promise, there are further measures of AD and other aspects of 
core AD neuropathology that warrant investigation as potential 
endophenotypes for biomarker discovery. FDG-PET measures 
cerebral metabolic glucose utilization rate and serves as an 
indicator of synaptic activity, neuronal function, and neuronal 
metabolic activity (163). FDG-PET has been reported to have 
an average diagnostic accuracy of 93% (96% sensitivity and 90% 
specificity) for differentiating AD from cognitively healthy elderly 
subjects (164), and can discriminate between different dementia-
types with around 94% accuracy (165). Using FDG-PET as 
an endophenotype of pathology for blood-based biomarker 
discovery could, therefore, aid in the development of biomarkers 
relating to synaptic and neuronal function, and the prodromal 
stage of disease, given that hypometabolism is known to occur 
in amnestic MCI (165, 166). Moreover, glucose metabolism 
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is thought to be more closely associated with certain memory, 
language, and visuospatial clinical variants of AD than measures 
of Aβ deposition and so plasma protein biomarkers of FDG-PET 
cerebral glucose metabolism could be of utility in detecting these 
clinical aspects of the disease (167).

With the development of tau imaging comes the opportunity 
to investigate blood-based biomarkers related specifically to 
brain tau pathology, which could obviously be of potential utility 
beyond AD and for tauopathies such as fronto-temporal demen-
tia. The development of tau imaging has been challenging due to 
the deposition of tau protein being intracellular, which impacts 
upon radiotracer binding and image contrast (168). However, 
current research to develop various tau brain imaging tracers is 
underway, including the tracers 18F-THK523, [F-18]-T807, and 
[F-18]-T808 (169–171). PET imaging of tau could, therefore, pro-
vide another endophenotype parameter for the design of studies 
that seek to uncover peripheral proteomic biomarkers relating 
specifically to tau pathology in the brain.

Moreover, other types of biomarkers detectable in the blood 
show promise as potential markers of AD, including, for example, 
metabolomic (172–175) and transcriptomic-based markers (176, 
177). Further research to examine how these markers may be 
related to pathology endophenotypes and the potential of com-
bining these markers as a multimodal signature of AD pathology 
will be important.

CONClUSiON

Much research has sought blood-based proteomic biomarkers 
that may have diagnostic utility in discriminating AD cases 
from control, with limited success in identifying a reproducible 
signature of diagnostic or trials utility.

An alternative approach, which we have increasingly employed 
is using surrogates for disease activity – endophenotypes – such 
as cerebral atrophy imaging or molecular markers of amyloid 
pathology and rate of decline. Such an approach yields different 
but overlapping panels of markers. It is, therefore, possible that 

such markers predicated on pathological processes might be 
more reproducible and ultimately of more utility in diagnostic, 
prognostic, predictive, and other utilities especially in the context 
of clinical trials.

However, it seems intrinsically unlikely to us that a blood-
based biomarker would replace relatively specific and reliable 
markers such as molecular markers in CSF or PET imaging mark-
ers that are more proximal to the disease state. Rather, we predict 
that blood-based biomarkers might be less specific but possibly 
more sensitive and certainly more readily conducted repeatedly 
in the context of large-scale, community-based studies and where 
repeated measures to track change is required. This then raises 
the prospect of what might be termed the biomarker funnel, 
a series of tests and investigations starting with the minimally 
invasive, highly sensitive, poorly specific marker set leading 
toward a technologically demanding or invasive test that is highly 
specific. This would be a blood test triage or selection process 
for CSF or PET tests in effect. Such a funnel is commonplace in 
medicine – fasting glucose before a glucose tolerance test, mam-
mography before biopsy are examples, but there are many others. 
A biomarker funnel with blood-based markers as an early step 
toward a pathological diagnosis in life would be a very substantial 
step forward and maybe an essential step before clinical trials can 
be both effective and achievable.
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