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BACKGROUND: Over the past 2 decades, clinical studies
have provided evidence that cerebrospinal fluid (CSF)
amyloid �1– 42 (A�1– 42), total � (t-�), and � phosphor-
ylated at Thr181 (p-�181) are reliable biochemical
markers of Alzheimer disease (AD) neuropathology.

CONTENT: In this review, we summarize the clinical per-
formance and describe the major challenges for the an-
alytical performance of the most widely used immuno-
assay platforms [based on ELISA or microbead-based
multianalyte profiling (xMAP) technology] for the
measurement of CSF AD biomarkers (A�1– 42, t-�, and
p-�181). With foundational immunoassay data provid-
ing the diagnostic and prognostic values of CSF AD
biomarkers, the newly revised criteria for the diagnosis
of AD include CSF AD biomarkers for use in research
settings. In addition, it has been suggested that the se-
lection of AD patients at the predementia stage by use
of CSF AD biomarkers can improve the statistical
power of clinical trial design. Owing to the lack of a
replenishable and commutable human CSF-based
standardized reference material (SRM) and significant
differences across different immunoassay platforms,
the diagnostic–prognostic cutpoints of CSF AD bio-
marker concentrations are not universal at this time.
These challenges can be effectively met in the future,
however, through collaborative ongoing standardiza-
tion efforts to minimize the sources of analytical vari-
ability and to develop reference methods and SRMs.

SUMMARY: Measurements of CSF A�1– 42, t-�, and
p-�181 with analytically qualified immunoassays reli-
ably reflect the neuropathologic hallmarks of AD in
patients at the early predementia stage of the disease
and even in presymptomatic patients. Thus these CSF

biomarker tests are useful for early diagnosis of AD,
prediction of disease progression, and efficient design
of drug intervention clinical trials.
© 2013 American Association for Clinical Chemistry

Alzheimer disease (AD)4 is a complex progressive neu-
rodegenerative disease that leads to loss of memory and
cognitive function and is pathologically characterized
by amyloid plaques and neurofibrillary tangles (NFT)
that are formed largely by fibrillar forms of �-amyloid
(A�) and hyperphosphorylated � (p-�), respectively.
During the past 2 decades, cumulative molecular and
clinical studies have provided the basis for our under-
standing of the molecular characteristics and progres-
sive pathologic features of these hallmarks. Because ce-
rebrospinal fluid (CSF), owing to its direct contact with
the extracellular space of the brain, is the most useful
biological fluid reflecting molecular events in the brain
(1 ), intense research efforts have been made to develop
biochemical biomarkers in CSF. On the basis of the
prevailing scientific evidence, CSF biomarkers have
been incorporated into the revised diagnostic criteria
of AD for research purposes as supportive evidence for
AD pathophysiology (2 ), although not yet for routine
diagnostic use in clinical practice. The multimodal
biomarkers (e.g., genetic, CSF, and imaging bio-
markers) for the detection of AD and/or for the pre-
diction of disease progression are closely related to
each other but their clinical utility varies across the
different disease stages. An important current re-
search focus is determining the best combination of

genetic, biochemical, and imaging biomarkers as

well as measures of cognitive function that provide
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for improved diagnostic accuracy at different stages
of the disease.

In this review, we describe the characteristics and
analytical performance of the widely used immunoas-
say platforms for measurement of core proteins associ-
ated with AD pathogenesis (A�1– 42 and � proteins).
We discuss the probable sources of analytical variabil-
ity and current global efforts to overcome the chal-
lenges of advancing the use of these immunoassays in
clinical practice. In addition, we briefly review the as-
sociation of CSF biomarkers with imaging biomarkers
and genetic factors. Finally, we summarize the clinical
utility of immunoassay-based A� and � protein mea-
surements in CSF for early and differential diagnosis
and for predicting AD disease progression.

Core Proteins Associated with the Pathogenesis as
Biomarkers for AD

The amyloid cascade hypothesis proposes that accu-
mulation of A�, cleaved from amyloid precursor pro-
tein (APP) by amyloidogenic enzyme activity, and for-
mation of fibrillar plaques is a primary pathological
event leading to NFT formation, loss of synapses and
neurons, and dementia (3 ). Although this hypothesis
has been the basis for AD drug discovery over the past
decade, the failure of all clinical trials to date that target
A� has challenged this hypothesis and stimulated ef-
forts to search for other therapeutic targets such as
�-mediated neurodegeneration (4 ). This notwith-
standing, A� continues to be a major focus for AD drug
discovery, and among the various A� species derived
from APP, A�1– 42 is more amyloidogenic and toxic
than the more biologically abundant A�1– 40 form.
Once A�1– 42 is generated from APP by amyloidogenic
�-secretase (also known as �-site APP cleaving en-
zyme) and �-secretase, A�1– 42 is prone to aggregation
into various toxic oligomer species followed by insolu-
ble fibril formation, and eventually, amyloid plaques
by mechanisms not fully elucidated (Fig. 1A). When
self-aggregation of A�1– 42 occurs, the hydrophobic
C-terminus of the peptide (the epitope for the A�1– 42-
specific antibody) is likely to be buried within the ag-
gregation core (5 ). Furthermore, the monomeric and
polymeric molecular profiles of A�1– 42 in the CSF of
AD patients and healthy controls are unknown and
challenging to measure. In addition, aggregates of
A�1– 42 with other CSF proteins occur and are likely to
be another source of the heterogeneity of A�1– 42 in
CSF. The accumulation of A� plaques in the brain can
be assessed by the semiquantitative use of molecular
amyloid positron emission tomography (PET) ligands,
such as 11C-labeled Pittsburgh compound B (PiB) (6 )
and the recently developed ligand, florbetapir F18 (AV-
45) (7 ). PiB binding negatively correlates with CSF

A�1– 42 concentration (8, 9 ), a finding that is consistent
with the hypothesis that accumulation of A�1– 42-rich
plaque in the brain is a likely cause of decreased CSF
A�1– 42 concentrations. Amyloid plaque burden mea-
sured by either CSF A�1– 42 or PiB binding reaches a
maximum early in the course of the disease, and abnor-
mal A� accumulation is frequently found in a propor-
tion of nondemented elderly controls without
cognitive impairment (8, 10, 11 ). The lowered concen-
tration of CSF A�1– 42 and amyloid-PET findings are
indicators of amyloid plaque accumulation in the brain
in these individuals, and additional longitudinal stud-
ies are needed to clarify the pathogenic role of amyloid
burden in the brain of healthy individuals without cog-
nitive impairment.

AD is primarily a disease of the limbic cortex, in-
cluding the hippocampus as well as the neocortex, and
� protein is highly expressed in the cortical axons
therein, where its primary function seems to be the
regulation of microtubule stability. This function is
regulated by several different posttranslational modifi-
cation steps, primarily phosphorylation by serine/thre-
onine kinases. Following the aberrant hyperphos-
phorylation of � by kinases, the p-� dissociates from
microtubules, leading to the formation of paired heli-
cal filaments (PHFs) that aggregate into NFTs and neu-
ropil threads (4, 12 ). Although the exact relationship
between A� and � pathologies remains unclear, both
form amyloid deposits, and the amyloid cascade hy-
pothesis posits that the formation of � pathologies is
downstream in the sequence of pathogenic events.
However, this proposal is difficult to reconcile with the
results of the studies of Braak and colleagues, suggest-
ing that � pathologies appear long before A� deposits
are seen (13 ). p-� detached from microtubules results
in the loss of � function, microtubule structure, and
axonal integrity and further aggregates into NFTs (4 )
(Fig. 1B). In this context, the increase of CSF total �

(t-�) and p-� concentrations reflects cortical axonal de-
generation and NFT pathology, respectively. Although
increased t-� concentrations in CSF are observed in
disorders with cortical damage or degeneration, in par-
ticular Creuzfeldt-Jacob disease, dementia with Lewy
bodies (DLB), frontotemporal lobar degeneration
(FTLD), vascular dementia (VaD), stroke, and brain
trauma, the increase in concentration of CSF p-� (e.g.,
p-�231 or p-�181) has been reported to be a more specific
signature of AD than non-AD type dementia (14, 15 ).
Because the complementary features of increased CSF �

proteins reflecting cortical neurodegeneration, fluoro-
deoxyglucose (FDG)-PET abnormality, and structural
MRI findings are well correlated with synaptic damage
and cognitive impairments in AD (16, 17 ), CSF � pro-
tein concentrations and FDG-PET or structural MRI
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findings are indicators of neuronal dysfunction and
neurodegeneration in the brain.

Mixed Pathology of AD

In the brain of the AD patient, the pathogenic events of
A�1– 42 deposition, NFT formation, and neuronal
damage are likely to be mirrored by decreased A�1– 42

and increases of p-�181 and t-� concentrations in CSF,
respectively. Thus, the decrease of A�1– 42 and increase
of t-� and p-�181 in CSF are the characteristic features of
the CSF AD signature. However, because of a signifi-
cant proportion of dementia patients having mixed pa-
thology along with overlap in signs and symptoms
(18, 19 ), it is challenging to differentiate AD patients,
particularly at early stages of the disease, from other

Fig. 1. Pathogenic process of core proteins (A� and � proteins) associated with the pathogenesis of AD.

(A), Full-length APP, a transmembranous protein, can be cleaved by �-, �-, or �-secretases (sec.) (indicated by small arrows

in the left upper panel), which recognize specific sites of A� peptide, into nonamyloidogenic or amyloidogenic A� peptide

fragments, soluble APPs, and intracellular peptide fragments (�- and �-sec.–generated carboxy-terminal fragments or �- and

�-CTFs and the �-secretase–generated APP intracellular domain). �-sec. cleaves at position 1 in the A� sequence, whereas

�-sec. and �-sec. have multiple probable cleavage sites around amino acids at position 13–16 or 17–20 and 33–42 of A�,

respectively. �-sec. cleaves full-length APP (pathway 1) to generate soluble APP� and CTF�. APP is cleaved by �-sec. followed

by �-sec. to generate nonamyloidogenic small fragments of A� sized from 13 to 16 (A�1–13–A�1–16), the soluble form of APP�

(sAPP�), and CTF� (pathway 2). If full-length APP is cleaved by �-sec. and �-sec. [an enzyme complex consisting of presenilin,

nicastrin, PEN2 (presenilin enhancer 2), and APH1 (anterior pharynx defective 1)], amyloidogenic A�1–42 and other types of

carboxy-terminal truncated A� fragments (A�1–17, 1–18, 1–19, 1–20, A�1–33, 1–34, 1–37, 1–38, 1–39, 1–40), sAPP�, and APP

intracellular domain are generated (pathway 3). The sticky A�1–42 is prone to aggregate into various types of toxic oligomer

with a buried carboxy-terminus and is a pathologic substrate of amyloid plaque formation with other truncated A� peptides,

including A�1–40. (B), When � proteins, which normally bind to and stabilize microtubules, are hyperphosphorylated by several

serine/threonine kinases [e.g., Cdk5 (cyclin-dependent kinase 5), GSK3 (glycogen synthase kinase 3), and MARK (microtubule-

affinity-regulating kinase)], the hyperphosphorylated � proteins no longer bind microtubules and self-aggregate to form PHFs.

Depletion of � from microtubules results in their instability, thereby leading to impaired axonal transport and synaptic

dysfunction. The progressive accumulation of PHFs leads to their aggregation into intracellular NFTs and neuropil threads.

Analysis of Cerebrospinal Fluid Alzheimer Disease Biomarkers Review
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diverse forms of non-AD type dementia, including

FTLD, DLB, VaD, and dementia with Parkinson dis-

ease. Although the pathologic substrates of the non-AD

type dementia, including vascular pathology, TAR

DNA-binding protein 43, and Lewy body pathology,

are well defined, these pathologies are frequently coin-

cident in patients with AD and vice versa (18 –22 ). It is

not uncommon for disagreement between the patho-

logic and clinical diagnoses to occur in cases with het-

erogeneous pathology, which will lead to underestima-

tion of the accuracy of biochemical biomarkers to

differentiate patients with AD or mixed pathology from

healthy controls (22). In comparison with clinical diag-

nosis alone, AD CSF biomarkers clearly add certainty to

establish the diagnosis, particularly in clinically ambig-

uous cases, as has been supported by autopsy-

confirmed studies (22–24 ). Furthermore, the combi-

nation of AD CSF biomarkers with structural or

molecular imaging biomarkers may contribute to even

further improvement of diagnostic accuracy and/or

predictability of disease progression compared to clin-

ical measures (25–27 ). However, the usefulness of CSF

biomarkers, including A�1– 42 and � proteins as well as

imaging biomarkers, for differentiation of patients

with mixed pathology should be further evaluated in

patients with autopsy-confirmed diagnosis (22 ). In ad-

dition, the development of biomarker tests such as

�-synuclein, a marker for Lewy bodies, is another strat-

egy for further improving on the diagnostic accuracy in

mixed pathologies (21 ).

Immunoassays of AD CSF Biomarkers

With the development of monoclonal antibodies

(mAbs) specific for A�1– 42 (28 ) and antibodies used to

detect total � (all isoforms independent of phosphory-

lation) or specific for phosphorylated � (29, 30 ), the

earliest reports have described studies in which ELISA

was used to demonstrate lower concentrations of

A�1– 42 and higher concentrations of total � and phos-

phorylated � in the CSF of AD patients compared to

CSF of healthy elderly patients (29 –31 ). Multiplexed

quantification of biologic materials performed with a

prototype microsphere-based flow cytometric immu-

noassay was described by Gordon and McDade in 1997

(32). In 2005, the microsphere-based Luminex-xMAP�

technology (xMAP) with a flow cytometric method al-

lowing simultaneous measurement of A�1–42, t-�, and

p-�181 was developed (33). More recently, the concentra-

tions of A�1–38, A�1–40, A�1–42, and soluble APPs in CSF

measured by an electrochemiluminescence (ECL) detec-

tion method [Meso Scale Discovery� (MSD)] were re-

ported as biomarkers of AD (34–36).

ANALYTICAL PLATFORMS

The singleplex ELISA kit (Innotest kit for A�1– 42, t-�,
and p-�181 from Fujirebio-Innogenetics) and multiplex
kit for xMAP (INNO-BIA AlzBio3 kit from Fujirebio-
Innogenetics) are the most widely used immunoassay
platforms for measurement of CSF AD biomarkers.
The ECL method of MSD technology is currently
emerging as a singleplex or multiplex immunoassay
platform. The epitope regions of antigens (A�1– 42, t-�,
and p-�181) for binding of specific capture or detector
mAbs in the ELISA or xMAP system are illustrated in
Fig. 2. In the MSD platform, single- or multiple-
antibody coated carbon electrodes integrated in 96-
well plates provide the solid phase of the sandwich immu-
noassays. Following binding of the antigen with precoated
primary antibody, a ruthenium-conjugated secondary
antibody emitting light upon electrochemical stimulation
provides the means for quantification. The signal is then
amplified by microscopy and the images are captured and
analyzed by MSD-specific software. However, compared
to the ELISA and xMAP platforms, data obtained with the
MSD platform for AD CSF biomarkers are sparse at this
time. The characteristics of each analytical platform are
summarized in Table 1.

ANALYTICAL PERFORMANCE OF ELISA AND xMAP PLATFORMS

To establish the clinical utility of the biologic markers,
the precision and accuracy of analytical methods are
fundamental prerequisites. In addition, a selected ana-
lytical platform needs to be highly sensitive to measure
a broad range of analyte concentrations in clinical sam-
ples and highly specific to detect the analyte of interest
without a sample extraction step. The range of calibra-
tors for A�1– 42, t-�, and p-�181 of the Innotest-ELISA
system and the AlzBio3-Luminex platform include the
concentration ranges observed in the CSF of healthy
elderly individuals or AD patients, and the ranges of the
AlzBio3-Luminex platform are wider than those of the
Innotest-ELISA system (37 ). The lowest detectable
concentration of the MSD platform for A�1–42 and t-� is
lower than that of ELISA or xMAP, and the range of cali-
brator concentrations for the MSD is wider than for
ELISA or xMAP. It should be noted that these lower limits
of quantitation are determined using aqueous standard
calibrators, not CSF-based calibrators, because CSF pools
or substitute surrogate CSF matrix materials are not avail-
able for these immunoassays at present.

The 21F12/3D6 mAb combination in the Innotest-
ELISA system is highly specific for A�1– 42, with no de-
tectable cross-reactivity with other A� species (38 ). For
t-� measurement by the Innotest-ELISA, total � pro-
teins are reacted with the combination of 1 capturing
mAb (AT120) and 2 detecting mAbs (HT7 and BT2).
These mAbs do not cross-react with A� peptides.
p-�181 is captured by an AT270 mAb specific for the
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epitope that includes Thr181, and HT7 is used as the
detector mAb. There is no cross-reactivity with non-
phosphorylated � or A� protein (39 ). For simultane-
ous measurement of A�1– 42, t-�, and p-�181 using the
Luminex-xMAP platform, no cross-reactivity as mea-
sured on microspheres coupled with capture mAb,
4D7A3 (A�1– 42), AT120 (t-�), or AT270 (p-�181) with
nontarget peptides was observed in aqueous or CSF
samples (33 ), confirming the assay specificity of the
Luminex-AlzBio3 platform.

On the basis of a review of reported studies, the
repeatability (within-run or intraassay precision) and
intermediate (interassay) precision performance of the
ELISA and xMAP platforms for the measurement of
CSF AD biomarkers supports their intended clinical
uses (Table 2). Several studies measuring CSF AD bio-
markers in aqueous or CSF samples using each or both
platforms reported similar intraassay and interassay
variability (%CV), and the precision profiles of both
platforms are comparable (9, 33, 37, 40 – 43 ). The con-

Fig. 2. Amino acid sequences of epitopes for capture and detector mAbs used in A�1–42, t-�, or p-�181 measurement

by ELISA and xMAP immunoassay platforms.

Blue-colored antibody and small globe-tailed red-colored antibody indicate capture antibody and biotinylated detector antibody,

respectively. Upper panel: a primary capturing 21F12 mAb in the Innotest kit-ELISA system or a 4D7A3 mAb in the INNO-BIA

AlzBio3 kit-xMAP system binds specifically to the C-terminus of A�x-42 peptides. The biotinylated 3D6 mAb is used in both

immunoassay systems as a detector antibody binding to the N-terminus of A�1–42. The combination of 21F12–3D6 and

4D7A3–3D6 mAbs specifically quantifies the A�1–42 in both platforms without cross-reactivity with A�1–40 or truncated A�

peptides. Red-colored sequences are epitopes for capture and detector antibodies. Middle panel: for CSF t-� quantification, the

AT120 capture mAb binding to the proline-rich domain in the center of all isoforms of human � (3R/0N, 3R/1N, 4R/0N, 4R/1N,

3R/2N, and 4R/2N; the isoform illustrated in this Fig. is 4R/2N) independent of their phosphorylation is used both in the

Innotest-ELISA and the INNO-BIA AlzBio3 kit. Following the binding of biotinylated detection mAbs (HT7 and BT2 for ELISA, HT7

for xMAP), the antigen–antibody complex is detected by a peroxidase-labeled streptavidin (ELISA) or a streptavidin-

phycoerythrin fluorochrome (xMAP). The epitope sequence for each mAb is presented as a small black box. Lower panel: to

detect p-�181, the HT7, which binds to all � isoforms, is used as a capture (ELISA) or a detector mAb (xMAP), and the AT270,

which is specific to � phosphorylated at the Thr181 position (underlined), is used as a detector (ELISA) or a capture mAb (xMAP).

The epitope sequence for each mAb is presented as a numbered small black box.

Analysis of Cerebrospinal Fluid Alzheimer Disease Biomarkers Review
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centrations of A�1– 42, t-�, and p-�181 measured by the
xMAP platform in the same CSF samples are different
from those measured by ELISA, although the concen-
trations are highly correlated (9, 40 ).

However, the interlaboratory variability (repro-
ducibility) in concentrations of AD CSF biomarkers
can be substantial. Using the Innotest-ELISA method,
Lewczuk et al. reported higher interlaboratory variabil-
ity (%CV values of 29%, 26%, and 27% for A�1– 42, t-�,
and p-�181, respectively) than intralaboratory variabil-
ity (7.5%, 5.3%, and 3.3%CV, respectively) in CSF
samples (42 ). Another multicenter comparison study
measuring AD biomarkers in CSF pools reported large
interlaboratory variability in both Innotest-ELISA
(%CV values of 26%, 18.5%, and 14% for A�1– 42, t-�,
and p-�181, respectively) and the AlzBio3-Luminex
platform (%CV values of 20%, 14%, and 22%, for
A�1– 42, t-�, and p-�181, respectively) (44 ). Recently the
results of the first 2 rounds of the Alzheimer’s Associ-
ation external QC program for CSF biomarkers pro-
gram were published (45 ). Interlaboratory variability,
particularly for A�1– 42, is the first-ranking contributor
to the total variability of the Innotest-ELISA and
AlzBio3-Luminex platforms. A study of the qualifica-
tion of the analytical performance of the AlzBio3-
Luminex system in 7 centers revealed that interlabora-
tory variability was higher (SD %CV values of 17.9%,
13.1%, and 14.6% for A�1– 42, t-�, and p-�181, respec-
tively) than intralaboratory variability (5.3%, 6.7%,
and 10.8%, respectively) in CSF pools and test/retest
performance (5.7%, 5.6%, and 11.5%, respectively)
during a total of 38 analytical runs of CSF aliquots (43 ).

The variability in the concentrations of AD CSF
biomarkers across studies may be due to a combination

of preanalytical and analytical factors as well as differ-
ences in research participant selection (e.g., differences
in age of selected patients and control individuals) and
clinical factors (e.g., diagnostic algorithms). Recently,
the Alzheimer’s Biomarkers Standardization Initiative
(ABSI) members published an informative review pa-
per that described the consensus reached on the issues
of preanalytical sources of variability (46 ). In addition
to preanalytical sources of variability, several aspects
related to analytical procedures, interpretation of re-
sults, and reagent lot-to-lot variability can also contrib-
ute to the observed intra- and/or interlaboratory vari-
ability (45, 47 ). Essential to the process of addressing
the sources of analytical variability, a detailed checklist
and protocol for analytical procedures should be ap-
plied to independent experiments using the same
batches of CSFs and kits of the same lot number. Be-
cause any given experimental step that might be over-
looked by analysts can be a significant factor (e.g., re-
peated back and forth pipetting of reagents or
samples), interlaboratory comparison studies under a
detailed experimental protocol and with detailed doc-
umentation of procedural steps are essential to deter-
mine sources of variability. In addition, experience
with the procedure is essential to decrease variability.
We are currently collaborating in an interlaboratory
comparison study across 3 experienced laboratories,
including the use of a well-vetted and detailed experi-
mental protocol and 10 CSF pools, using the AlzBio3-
Luminex platform with the same kit lot number. This
study will hopefully provide further information on
analytical sources of variability for the AlzBio3-
Luminex platform.

Table 1. Characteristics of immunoassay platforms for measurement of CSF AD biomarkers.

ELISA xMAP MSD

Solid phase Immunoplate Microspheres Immunoplate with carbon
electrodes

Coating process of precoated
antibody

Passive adsorption Covalent chemical coupling Passive adsorption

Calibrators Freshly prepared from provided
lyophilized peptide

Ready-to-use calibrators in
aqueous solution

Freshly dilute provided stock
peptide solution

Detection SVa-peroxidase SV-PE ECL

Range of calibrators (pg/mL) Ab1–42: 125–2000 Ab1–42: 60–2000 Ab1–42: 0.19–3170

t-�: 75–1200 t-�: 25–1500 t-�: 4.39–9600

p-�181: 15.6–500 p-�181: 10–250

Total sample volume required
for 3 analytes

250 �L for duplicates 150 �L for duplicates 50 �L for duplicatesb

a SV, streptavidin; PE, phycoerythrin.
b For 1-analyte (A�1–42 or t-�) measurement.
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STANDARDIZED REFERENCE MATERIALS AND METHODS

As for other areas of laboratory testing such as blood
glucose, cholesterol, or hormone tests, consistent and
uniform cutpoint values for AD CSF biomarkers and

the associated diagnostic utilities are important to es-
tablish. The wide variability of AD CSF biomarker con-
centrations depending on the study is one of the main
limitations for the use of these biomarkers for research

Table 2. Precision performance of immunoassay for CSF AD biomarkers

References

Imprecision or interlaboratory variability
(mean %CV for A�1–42, t-�, and p-�181, respectively)

Innotest-ELISA AlzBio3-xMAP

Andreasen et al. (1999) (41 ) Intraassay for A�1–42 � 5%

Interassay for A�1–42 � 10%

Olsson et al. (2005) (33 ) Intraassay (aqueous) Intraassay (aqueous)

3.0, 4.6, 2.0 2.0, 3.2, 1.8

Intraassay (CSFs)

3.8, 3.6, 2.7

Lewczuk et al. (2006) (42 ) Intraassay (CSFs)

7.5, 5.3, 3.3

Interlaboratory (CSFs)

29, 26, 27

Reijn et al. (2007) (40 ) Interassay Interassay

6.4, 8.3, 3.8 5.3, 8.4, 5.4

Vanderstichele et al. (2008) (37 ) Intraassay (CSF) Intraassay (CSF)

3.5, 4.3, 2.3 2.6, 3.1, 2.1

Lewczuk et al. (2008) (78 ) — Intraassay (aqueous)

12.1, 8.1, 3.6

Interassay (aqueous)

12.9, 9.6, 9.6

Verwey et al. (2009) (44 ) Interassay (CSFs) Interlaboratory (CSFs)

25, 18, 7 20, 14, 22

Interlaboratory (CSFs)

26, 18.5, 14

Shaw et al. (2009) (57 ) Interassay (CSFs) �10%

Interassay (aqueous) �7%

Fagan et al. (2011) (9 ) Intraassay (CSFs, Mean) Intraassay (CSFs, Mean)

4.2, 4.5, 1.7 3.7, 3.6, 3.9

Intraassay (CSFs, Median) Intraassay (CSFs, Median)

3.7, 2.5, 1.2 3.0, 2.7, 3.6

Mattsson et al. (2011) (45 ) Within-center (CSFs) Within-center (CSFs)

10.9, 11.1, 8.9 10.0, 6.9, 13.5

Interassay (CSFs) Interassay (CSFs)

14, 10, 11 14, 9, 11

Shaw et al. (2011) (43 ) Within-center (aqueous)a

8.4, 5.0, 3.4

Within-center (CSFs)a

5.3, 6.7, 10.8

Interlaboratory (CSFs)

17.9, 13.1, 14.6

a Overall mean values of interassay (within center) precision from 7 centers.
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purposes at the present time, and there is an urgent and
critical need for collaborative efforts to address these
issues to hasten the future use of these diagnostic aids
in clinical practice. This challenge probably can be re-
solved by efforts to develop standardized reference ma-
terials (SRM) and reference methods, as we have
learned from previous experience with serum proteins
(48 ). In addition, a recent study has shown that use of
CSF as the calibrator matrix removed the measurement
bias between the ELISA and xMAP immunoassays
(49 ), emphasizing the significance of this essential de-
tail of these biomarker test methods.

Unfortunately, to date, SRM and reference meth-
ods for CSF A�1– 42, t-�, and p-�181 measurement are
not fully developed. The Reference Materials Working
Group, a specialized working group in the Global Con-
sortium for the Standardization of CSF Biomarkers
(GCSB), supported by the Alzheimer’s Association
(50 ), aims to develop an internationally available SRM
for CSF AD biomarker test methods and establish ref-
erence methods with which A� and � concentrations
will be assigned to the SRM. In collaboration with the
Reference Materials Working Group, the IFCC will
certify the SRM, once the SRM and reference methods
are developed. To this end, a metrology institute
known as the Institute for Reference Materials and
Measurements (IRMM) has formally decided to assist
the GCSB in the development of certified SRMs
(CRMs) for CSF A�1– 42, t-�, and p-�181. Because the
variability in major serum proteins was dramatically
reduced by the development of an international CRM
for major human serum proteins (48 ), the develop-
ment of CRM and reference methods by multidisci-
plinary efforts, including the GCSB, IFCC, IRMM, and
Alzheimer’s Association, will strongly facilitate com-
parison of laboratory results over time and between
laboratories and finally reduce the bias component of
variability in measurement of AD CSF biomarkers.

MASS SPECTROMETRIC QUANTITATION AS A

REFERENCE METHOD

There are potential sources of bias in the concen-
trations of CSF AD biomarkers determined by
immunoaffinity-based methods. The bias, at least in
part, may be due to differences in sensitivity to matrix
effects across analytes and antibodies. For example, be-
cause A�1– 42 has a propensity for aggregation, nonspe-
cifically binds to proteins, and has poor solubility, CSF
matrix factor(s) may influence the fraction of A�1– 42

that binds to the mAb used for immunoassay (51 ). To
overcome the matrix effects, Lame et al. reported an
LC-MS quantification of A�1–38, A�1– 40, and A�1– 42

by selected reaction monitoring under denaturing con-
ditions (i.e., mixing samples with high-concentration
guanidine hydrochloride) without extensive sample

purification or preparation (52 ). Successful quantifi-
cation required a matrix-interference–free calibration
matrix, which was accomplished using a 4% rat plasma
surrogate matrix (52 ) and included use of N15-labeled
A� peptides as internal standards. Using a 96-well
plate– based high-throughput mixed-bed ion exchange
solid-phase extraction (SPE) procedure for the dena-
tured samples, the investigators obtained excellent an-
alytical performance and analytical sensitivity (52 ).
Major features of sample preparation and calibration
of the selected reaction monitoring with a tandem mass
spectrometry approach to A� peptide quantification
include: (a) use of pooled human CSF (53 ) or a surro-
gate artificial CSF matrix material as described above
the use of a mixture of bovine serum albumin in an
artificial CSF electrolyte solution for the calibration
standards, (b) disruption of aggregated forms of A�

peptides in CSF by use of a high concentration of gua-
nidine hydrochloride, and (c) use of mixed-bed ion
exchange sample-cleaning steps in a 96-well plate for-
mat. The advantages of this method are: (i) a matrix-
effects–resistant A�1– 42 quantification, (ii) the ability
to include additional isoforms of A�, (iii) discrimina-
tion of the modified forms of a target peptide, (iv) free-
dom from antibody-based sample purification, and (v)
the potential for low interlaboratory variability.

Using a similar methodology, pooled human CSF
as the matrix for calibrators, and N15-labeled A� pep-
tides as standards, Pannee et al. showed diagnostic per-
formance for the A�1– 42/A�1– 40 ratio and A�1– 42 con-
centration that are comparable to those obtained with
ELISA (53 ). An interlaboratory round robin study,
sponsored by the Alzheimer’s Association and involv-
ing 4 laboratories with considerable experience in the
development of SRM/tandem mass spectrometric
methods is currently underway and will for the first
time compare performance across methods, for which
each is using a different calibration matrix but essen-
tially the same sample preparation method (50 ). This
effort, we believe, will be an important step forward for
establishing methodology that is both quantitative and
precise for the measurement of A� in CSF. There are no
reports of mass spectrometric quantification of t-� or
p-� proteins at this time. This situation is likely attrib-
utable to the fact that the concentration, on a molar
basis, of t-� species is much lower than that for A�1– 42

and that there are multiple isoforms and truncated
forms of � proteins, necessitating additional sample
preparation steps to assure adequate detectability. To
overcome the challenge of the much lower concentra-
tions of the � proteins, the use of an antibody capture
step together with the latest most sensitive SRM/tan-
dem mass spectrometry platforms could provide the
needed tools to accomplish the task.
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Clinical Implications of AD biomarkers

Measurements of CSF A�1– 42, t-�, and p-�181 are
widely used for the early detection of AD neuropathol-
ogy with high sensitivity and specificity. A�1– 42, t-�,
p-�181, and their ratio values (e.g., t-�/A�1– 42) in CSF
can improve the accuracy of clinical diagnosis and/or
prediction of disease progression (Fig. 3).

EARLY DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS

Using the ELISA format with mAbs specific for A�1– 42

and � proteins, several groups reported the earliest
studies that documented the clinical performance of
CSF biomarkers for differentiation of AD patients from
cognitively healthy controls (28 –31 ). Following these
earliest studies, a number of small-scale single-center
studies and larger-scale multicenter studies repro-
duced the diagnostic performance of the individual
CSF biomarkers and showed that the combination of
CSF A�1– 42 and � protein concentration values is more
useful for early detection of AD neuropathology than
individual biomarker data (23, 54 –59 ). For this re-

view, we reexamined previous reports of studies dem-
onstrating diagnostic or prognostic values of CSF AD
biomarker(s). We excluded studies demonstrating sen-
sitivity and specificity with a small number (n � 100)
of study individuals (Fig. 3). The range of reported sen-
sitivity and specificity for the individual CSF biomark-
ers for AD neuropathology detection is wide. The mean
sensitivity for AD diagnosis is 81.6% for A�1– 42 (n �

19 reports; 95% CI, 77.6 – 85.5), 82.5% for t-� (n � 26
reports; 95% CI, 77.9 – 87.0) and 78.8% for p-�181 (n �

16 reports; 95% CI, 72.5– 85.1). The mean specificity is
82.9% for A�1– 42 (95% CI, 78.1– 87.8), 86.2% for t-�
(95% CI, 81.8 –90.5), and 79.1% for p-�181 (95% CI,
72.7– 85.5). The combination of A�1– 42 plus t-� in-
creases the sensitivity and specificity, with mean values
of 88.7% (n � 16 reports; 95% CI, 84.0 –93.5) and
88.7% (95% CI, 85.6 –91.8), respectively (Fig. 3A). We
cannot exclude the effects of different platforms, sam-
ple sizes, and patient population across studies on the
clinical performance of CSF AD biomarkers. However,
it is likely that the combination of CSF A�1– 42 and t-�
improves the individual clinical performance of each

Fig. 3. Distribution of sensitivity and specificity reported in clinical studies for discrimination of AD from controls

or other non-AD types of dementia and for predicting the progression of MCI to AD.

(A), Sensitivity and specificity for the diagnosis of AD. Controls include healthy elderly study participants free of dementia or

controls with nonneurodegenerative disorders free of neurodegenerative disease. (B), Sensitivity and specificity for differential

diagnosis of AD versus other non-AD type dementias, including FTLD, DLB, VaD, and/or PDD. (C), Sensitivity for patients with

MCI whose disease progresses to AD (pMCI) and specificity for MCI patients with stable cognitive function (sMCI). Three Comb:

A�1–42 � t-� � p-�181. Dotted lines indicate 85% of sensitivity and specificity. We identified studies through a systematic

search in PubMed with search terms of “cerebrospinal fluid,” “biomarker,” “Alzheimer disease,” “sensitivity,” and “specificity”

and from the references of retrieved studies (see the Supplemental References for these selected references in the Data

Supplement that accompanies the online version of this report at http://www.clinchem.org/content/vol59/issue6). It should be

noted that the disease severity of AD and the follow-up periods of MCI patients across the studies documenting sensitivity and

specificity of CSF AD biomarkers are variable.
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for early detection of AD neuropathology. Particularly,

in studies measuring CSF biomarkers in individuals

with autopsy-confirmed diagnosis, the combination of

A�1– 42, t-�, and/or p-�181 showed clinically reliable

(�85%) sensitivity and specificity, test accuracy,

and/or positive and negative predictive value for AD

diagnosis (22, 23, 57, 59 ) and it has been shown that

using clinical instead of neuropathological diagnosis

underestimates the accuracy of the biomarkers. These

autopsy-based studies also documented the close con-

nection between CSF biomarkers and the neuropathol-

ogy they reflect.

The decrease of A�1– 42 and increase of t-� in CSF is

not a specific pathologic signature for AD, and other

non-AD dementias may have a similar CSF signature.

For example, the concentration of A�1– 42 is lower and

of t-� is higher in CSF of DLB patients compared with

healthy elderly controls, but to a lesser extent than in

AD; however, most of the DLB patients have coinci-

dent AD pathology and this could explain in part the

results (22 ). Compared with differentiation of AD pa-

tients from healthy elderly individuals, the sensitivity

and specificity of individual CSF biomarkers for dis-

crimination of clinically diagnosed AD from non-AD

dementias are relatively low (22, 56 ). The mean sensi-

tivities of individual biomarkers reported in previous

studies to discriminate AD from other non-AD de-

mentias are 75.4% for A�1– 42 (n � 16 reports; 95% CI,

70.1– 80.8), 75.4% for t-� (n � 18 reports; 95% CI,

70.1– 80.7), and 75.2% for p-�181 (n � 15 reports; 95%

CI, 67.7– 82.8). The mean specificities of individual

biomarkers are 70.8% for A�1– 42 (95% CI, 65.7–75.8),

77.6% for t-� (95% CI, 72.0 – 83.3), and 77.4% for

p-�181 (95% CI, 68.9 – 85.8). However, when the con-

centrations of CSF A�1– 42 and � proteins were com-

bined, particularly A�1– 42 and p-�181, the mean sensi-

tivity (86.5% for A�1– 42 � t-� in 10 reports and 95.7%

for A�1– 42 � p-�181 in 3 reports) and specificity (83.7%

for A�1– 42�t-� in 10 reports and 89.5% for A�1– 42�p-

�181 in 3 reports) were much improved (Fig. 3B). The

finding that CSF � protein phosphorylated at a spe-

cific site (e.g., p-�181 or p-�231) is a relevant bio-

marker for the differentiation of AD neuropathology

from non-AD dementias (14, 15, 60 ) has been sub-

stantiated by studies based on autopsy-confirmed

diagnosis (22, 23, 61 ). Another important aspect of

AD detection is the more recent appreciation of the

occurrence of mixed neuropathology in a substantial

percentage of patients with a clinical diagnosis of

AD. Thus, an important emphasis in AD biomarker

research is the investigation of more specific bio-

markers to discriminate AD from specific non-AD–

type dementias.

TRACKING DISEASE PROGRESSION

According to a recently proposed model for the path-
ological trajectory of AD, the abnormality of A� is the
first detectable change, followed by � pathology and
neuronal injury, abnormality of brain structure, and
memory dysfunction followed by decreased clinical
function (17 ). Because the molecular pathologic fea-
tures of CSF AD biomarkers precede clinical symp-
toms, it has been suggested that CSF AD biomarkers
might be useful to predict disease progression (Fig.
3C). This idea is supported by several large-scale mul-
ticenter longitudinal studies suggesting that the com-
bination of CSF A�1– 42 with t-� and/or p-�181 concen-
tration values can detect mild cognitive impairment
(MCI) patients who progress to AD (progressive MCI)
compared to stable MCI patients with a high predictive
performance (36, 57, 59, 62– 64 ). However, several
other studies revealed only a modest level of predictive
performance of CSF biomarkers, even when they were
combined (58, 65– 67 ). These latter results should be
interpreted with caution, because the follow-up peri-
ods differed across these studies. Because approxi-
mately 12%–15% of individuals with MCI annually
progress to AD (26, 68 ), it probably will take at least 7
years before most of the patients with progressive MCI
have become demented. A recent study with follow-up
of 9.2 years revealed that the combination of the A�1–

42:p-�181 ratio values and t-� concentrations (using an
unbiased cutpoint value as determined by mixed-
model analysis) could predict the progression of MCI
to AD with high sensitivity (82%), specificity (94%),
positive and negative predictive values of 94% and
82%, respectively (62 ). Studies with a moderate
follow-up period (3–5 years) have also revealed high
sensitivity and specificity results from the combined
use of CSF biomarkers (36, 43 ). These studies, there-
fore, strongly suggest that CSF biomarkers will reliably
enable the enrollment of patients at an earlier stage of
the disease process for clinical trials of candidate
disease-modifying therapies.

USE IN CLINICAL TRIALS

At present, there are no available drugs that modify
disease progression. Several new drug candidates with
disease-modifying potential are now being evaluated in
clinical trials (69 ). However, the recent disappointing
results of several clinical trials involving patients at the
mild to moderate stage of AD emphasize the need for
biomarkers that detect AD pathology in the early MCI
stage or even at the presymptomatic stage (70 ). In con-
nection with this, the incorporation of CSF A�1– 42, t-�,
and p-�181 in the current revised criteria for AD diag-
nosis for research, particularly in the criteria defining
MCI or preclinical stages of AD, may provide a tool
that enables enrichment. Recent studies in patients
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with familial AD that demonstrated the decline of CSF
A�1– 42 and the increase of CSF � proteins to begin 25
years and 15 years before expected symptomatic onset,
respectively (71 ), support the previously observed
association between CSF AD biomarkers and patho-
physiological changes in the preclinical stage without
cognitive impairment (8, 72 ), although a well defined
relationship between preclinical biomarker evidence
and rate of clinical progression in sporadic AD still has
to be clarified. Because of the heterogenous endophe-
notypes of AD, patients can be further stratified for
clinical trials using reliable biomarkers in combination
with CSF A�1– 42, t-�, and p-�181 to predict the disease
progression. Apolipoprotein E (ApoE) �4 genotype is
an established genetic risk factor for AD and one of the

genetic biomarkers that can be applied at the stage of
patient stratification. For example, the phase II trial of
rosiglitazone, a peroxisome proliferator-activated re-
ceptor � agonist in patients with mild-to-moderate AD
showed significant cognitive improvement in ApoE �4
noncarriers but not in � 4 carriers, although a subse-
quent phase III study failed to show efficacy with
rosiglitazone monotherapy in � 4 noncarriers (73 ).
The strategy of patient stratification according to ApoE
genotypes was also applied to a recent clinical trial of
bapineuzumab, a humanized mAb selective for the
N-terminus of A� (74 ). The enrichment and stratifica-
tion strategy for recruitment of patients on the basis of
biomarkers is likely to improve sample homogeneity
and statistical power, and therefore it may allow for a

Fig. 4. Flow chart for qualification and standardization of CSF AD biomarker measurement and multidisciplinary

efforts for future clinical applications.

Boxes shaded white, gray, or pink indicate processes have been accomplished to a large degree, are underway and ongoing,

or need to be accomplished, respectively. Blue boxes indicate principal entities or partners who have responsibility or have a

major role in each indicated activity. Several approaches for the modeling of combined biomarkers are emerging, although

additional studies supporting the clinical utility of combined biomarkers are required. The Coalition Against Major Diseases

(CAMD) (www.c-path.org/camd.cfm) is making a major collaborative effort in support of the qualification by the US Food and

Drug Administration (FDA) of CSF AD biomarkers for use as an enrichment tool in clinical trials. WW-ADNI, World-Wide

Alzheimer’s Disease Neuroimaging Initiative (www.adni-info.org); Alz Assn, Alzheimer’s Association (www.Alz.org); PPMI,

Parkinson’s Progression Markers Initiative (www.ppmi-info.org).
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substantial reduction in sample sizes and for cost-
saving in clinical prevention trials or clinical trials of
AD modifying therapy in MCI patients (75, 76 ). Fur-
thermore, CSF biomarkers can be used as pharmaco-
dynamic markers for candidates with disease-
modifying potential. For example, the change of CSF
A� concentrations in patients receiving a developing
drug or placebo can be instructive in selecting dosage
for development and can inform a go or no-go decision
(77 ). This potential utility of CSF biomarkers will ben-
efit from planned systematic collection of longitudinal
biomarker measurements in upcoming treatment
trials.

Conclusions

Substantial data for 2 immunoassay methods, based on
the ELISA and xMAP platforms, for the measurement
of CSF � and A� AD biomarkers provide support
for the use of these precision-based tests for reliable
detection of AD neuropathology. Such data are of sub-
stantial foundational value for advancing these plat-
forms toward their clinical utility. The measurement of
CSF AD biomarkers in general and CSF � and A� in
particular has several clinical implications in the field
of AD research. First, the precision-based relative
quantification of CSF AD biomarkers can differentiate
AD patients at an early predementia (MCI) stage from
elderly individuals without cognitive impairment or
those individuals with a non-AD dementia. Second,
CSF AD biomarker measurements can be used to pre-
dict and monitor disease progression, although further
long-term longitudinal studies with enough follow-up
time are needed to confirm the predictive performance
of these tests for AD detection in the elderly population
without cognitive impairment as well as for monitor-
ing AD progression. Third, CSF AD biomarker mea-
surements can be used as readouts for target engage-
ment for disease-modifying therapies and to monitor
the therapeutic effect of such drug candidates and their
pharmacodynamic profiles in human study partici-

pants. Finally, CSF AD biomarkers may be useful to
identify patients at an early disease stage to enrich pop-
ulations in the design of clinical trials with the prospect
of increasing statistical power and reducing costs in
drug-intervention trials. For the purpose of the quali-
fication of CSF AD biomarkers for use in AD clinical
trials, studies of the statistical qualification and model-
ing of existing data for CSF AD biomarkers are under-
way (Fig. 4). Further controlling analytical variability
across laboratories is an important goal in this field,
and several efforts including the Alzheimer’s Disease
Neuroimaging Initiative, the Alzheimer’s Association-
sponsored external QC program, and the collaborative
development of SRM and mass spectrometry reference
methods put emphasis on recognizing sources of ana-
lytical variability and minimizing them. Ultimately, re-
search with a focus on the multimodal combination of
clinical, genetic, imaging, and CSF biomarkers may
provide a clinically applicable modality for AD
diagnostics.
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