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A panel of cerebrospinal fluid (CSF) biomarkers including total Tau (t-Tau), phosphorylated Tau protein at resi-
due 181 (p-Tau) and p-amyloid peptides (AR4> and AB4p), is frequently used as an aid in Alzheimer's disease
(AD) diagnosis for young patients with cognitive impairment, for predicting prodromal AD in mild cognitive im-
pairment (MCI) subjects, for AD discrimination in atypical clinical phenotypes and for inclusion/exclusion and
stratification of patients in clinical trials. Due to variability in absolute levels between laboratories, there is no
consensus on medical cut-off value for the CSF AD signature. Thus, for full implementation of this core AD bio-
marker panel in clinical routine, this issue has to be solved. Variability can be explained both by pre-analytical
and analytical factors. For example, the plastic tubes used for CSF collection and storage, the lack of reference ma-
terial and the variability of the analytical protocols were identified as important sources of variability. The aim of
this review is to highlight these pre-analytical and analytical factors and describe efforts done to counteract them
in order to establish cut-off values for core CSF AD biomarkers. This review will give the current state of
recommendations.

© 2015 Published by Elsevier B.V.
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1. Introduction

Alzheimer's disease (AD) is the most common type of dementia and
is characterized by progressive neuronal degeneration, aggregation of
B-amyloid and hyper phosphorylated Tau proteins into plaques and
tangles, leading to progressive loss of cognitive functions [1]. A diagno-
sis of AD made on pure clinical criteria is uncertain even in the clinical
stage of mild dementia; this uncertain diagnosis has caused problems
in clinical trials, where 10-30% of enrolled patients did not have AD pa-
thology [2]. In the prodromal stage of the disease (mild cognitive im-
pairment due to AD), the diagnostic criteria, including cerebrospinal
fluid (CSF) biomarkers, still remain in the research field [3,4]. It is well
accepted that the use of biomarkers (imaging or CSF biomarkers) in spe-
cialized centers can improve the diagnostic certainty for AD [5]. The core
CSF biomarker panel for AD diagnosis includes a decrease in the concen-
tration of the 42 amino acid long amyloid-p peptide (AP4,) reflecting
plaque pathology, together with an increase of total Tau (t-Tau) and
phosphorylated Tau 181 (p-Tau) proteins, which reflect axonal
degeneration and Tau pathology [6,7]. More recently, a decrease of the
AR 42/AP 40 ratio has also been implemented in several specialized centers
[8-10], [Dorey et al. submitted]. The use of AD biomarkers for routine
diagnostic purposes is at the present time only proposed to be optional
for demented patients when deemed appropriate by the clinician, espe-
cially in patients with early-onset dementia, or with atypical AD [11].

The significant variability in measured biomarker levels found in
various studies, resulting in a high variability of both the diagnostic ac-
curacy [12] and the clinical cut-off for the diagnostic of AD, with two to
threefold differences between the highest and the lowest reported cut-
off values in Europe [13], is a hindrance to the general implementation
of these markers and their integration in the diagnostic criteria [3]. Re-
cently, a consensus report established the main pre-analytical factors
contributing to the variation of the laboratory results before the analysis
of the sample and concluded that pre-analytical phase should be stan-
dardized for CSF AD biomarker analysis [14]. However, the importance
of some pre-analytical confounding factors highlighted in that report re-
mains to be elucidated. Concerning the analytical phase, the introduc-
tion of an external quality control program revealed a great dispersion
of results among participants [15]. This variability could be partly ex-
plained by the lack of reference material and relatively unstandardized
operating procedures. The aim of this report is to discuss and focus on
main critical points in the pre-analytical and analytical steps likely to
be responsible for the variability of data.

2. Influence of confounding factors in the pre-analytical phase

The confounding factors in pre-analytical phases of biochemical
analysis may have a great impact on the reliability of the results. Several
experimental studies support this assessment for the core CSF AD bio-
markers [16-18]. Confounding factors are classically listed in a “catalog”
dichotomized in two different groups: “in vivo” or biological factors di-
rectly linked to the patient and “in vitro” factors linked to the procedure
of sample handling and processing. However, we chose to present them
based on the effect size of their potential influence: main factors requir-
ing standardization and minor factors for which no specific recommen-
dation is needed.

2.1. Confounding factors with major effects

Here we present factors causing major modifications of CSF bio-
markers concentrations in a logical order, from sampling to freezing/
thawing of samples before analysis.

2.1.1. The kind of needle used for CSF collection

The type and the internal diameter of needle may be a factor contrib-
uting both to the side effects observed in some patients and to the pres-
ence of blood contamination. Comparative studies gave a consensus
that decreasing the inner diameter of the needle and using preferential-
ly atraumatic than traumatic needles could decrease the percentage of
hemorrhagic CSF samples and the percentage of post-lumbar puncture
headaches [19-22]. However, the exact inner diameter to be used re-
mains debating and seems to depend partially on the age of patients
[23].

2.1.2. The nature of sampling tubes

Several reports have shown that polypropylene (PP) tubes should be
preferred to glass or polystyrene (PS) tubes for collection of CSF since
AP peptides, but also t-Tau and p-Tau, may bind in a non-specific man-
ner to the two last ones [16,18,24]. Yet, these studies generalized the re-
sults to generic PP tubes whereas they did not test a large panel of
different PP tubes leading to the conclusion about the apparent superi-
ority of PP tubes against PS or glass tubes. It should be noted that the
guidelines used today are based on these reports. Within the PP family,
there is a high heterogeneity of plastic polymer composition as we have
reported by calorimetry and spectroscopy analysis [17]. Moreover, sur-
face treatments (as plasma gas treatment of tetra fluorine carbon, of an-
ionic or cationic detergents...) at the late stages of their manufacturing
are also a source of variability, modifying the hydrophobic/hydrophilic
properties of their surface. For example, two independent studies re-
ported significant differences on AP4; levels when CSF was collected
in PP tubes from different suppliers [17,25]. This adsorption occurs
quickly (15 min) and is highly dependent on the total amount of pro-
teins present in CSF [17]. The main message learnt from these studies
is that pure untreated PP tubes were the worst, probably due to their hy-
drophobic nature which enables hydrophobic interactions with AR pep-
tides. Finally, the best tubes regarding AP recovery were found to have
been treated onto the walls, independently of the nature of plastic.
The exact nature of this treatment is unfortunately not available, the in-
formation being protected by companies [17,26]. It has been shown that
the adsorption of AP peptides was significantly reduced when Tween-
20 was mixed with CSF in the tube for example [25,27]. In line with
this, we reported similar results using various plasma treatments of
the tube surface, which modified the adsorption of different proteins
such as prion protein, Tau and alpha synuclein [26]. Indeed, tubes that
performed better for AR, gave on the other side a slight decrease of
p-Tau levels (only a trend with a mean decrease of 10%, in the analytical
coefficient of variation of the assay) while t-Tau levels remained un-
modified, suggesting once again that hydrophobic/hydrophilic balance
is an important aspect in protein adsorption [17,26]. In addition to the
previous observation, it is worth noting that adsorption was most pro-
nounced if the sample volume was low, i.e., if there was a low volume
to surface ratio [28].
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These data highlight the need to standardize the nature of sampling
tubes used since the high variability observed could lead to possible AD
misdiagnosis in worst cases. Based on the data presented in our study
[17], we shifted to the tube giving the best results for AD biomarker
determination (tube Sarstedt® catalog no. 62.610.201). This change
resulted in an average increase of 25% of AP4, levels, whereas no
significant difference was seen for t-Tau and p-Tau [29]. However, this
modification of method introduced the need to revalidate our previous-
ly established cut-off values for all three CSF biomarkers. In the frame of
the “AD biomarkers working group” of the French Society of Clinical
Biology (Société Francaise de Biologie Clinique), three centers using
three different PP sampling tubes participated in a study with the aim
of comparing data before and after standardization. Before standardiza-
tion, one center presented a significant increase of the CSF AR4; levels
for AD patients against the other centers whereas no difference was
seen among centers for t-Tau and p-Tau. Adopting the same collection
tube in the three centers abolished the significant difference of A4, in
AD patients among centers. Even if differences in optimal cut-offs still
existed (linked to the cohorts and other confounding factors), the
range of these optimal cut-offs decreased from 20% around the mean
to 10% (382-570 ng/L to 669-831 ng/L with the common tube) [29].
In conclusion, all these data clearly suggest that the nature of sampling
tubes is a major critical point for standardization of AD biomarkers.

2.1.3. Centrifugation and time delay between CSF collection and storage
before assay

This is a complex issue involving different confounding factors in-
cluding hemorrhagic puncture, hemolysis CSF samples, and high levels
of total proteins, which all could affect the stability of biomarkers.
Even if it seems logical trying to reduce these effects by decreasing op-
timally the time delay between sampling and storage, by the introduc-
tion of a centrifugation, there are some different conclusions about the
need of a centrifugation. In the guidelines of Vanderstichele et al., the
absence of difference on the levels of AP4;, t-Tau and p-Tau between
centrifuged and non-centrifuged samples was pointed out [14],
confirming the study of Bjerke et al., showing that A4, concentrations
remained stable up to 24 h after sampling (storage at RT) [16]. However,
the study of Kaiser et al. described a significant increase of the levels of
AP4; after 24 h [30]. Using a proteomic approach on CSF samples which
had been left at room temperature (RT) for 30 min, significant changes
of various metabolites, amino acids and proteins were reported in the
presence of white blood cells in CSF [31]. These discrepancies could be
explained by the selection of non-hemorrhagic CSF samples. Unfortu-
nately, hemorrhagic punctures occur in 14-20% of cases of lumbar
puncture. Bjerke et al. were unable to detect any difference in the
AP 4 levels after spiking CSF with up to 5000 erythrocytes/pL, although
they found significantly decreased CSF AR, levels when plasma was
added which was attributed to the binding of APy, to different plasma
proteins [16]. Another possibility is that ARy, is degraded by plasmatic
proteases [32]. In a recent study done in the frame of JPND initiative,
we found a slight increase of APy, levels after spiking CSF with up
to 5000 erythrocytes/uL, but even if this increase was significant, it
remained in the analytical inter-CV of the assay (Leitao M] et al. submit-
ted). Moreover, we detected that centrifugation temperature conditions
(4 °Cversus RT) could slightly modify AR, levels when the amount of
total protein was superior to 1 g/L confirming previous data of
Zimmerman et al. [33]. To confirm these trends, more work is needed,
for example by increasing the amount of cells in CSF. In summary a cen-
trifugation step, which is already done in most specialized clinical bio-
chemistry laboratories, seems to be relevant at least for hemorrhagic
samples. For the moment, centrifugation could be performed within
2 h after sampling at 2000 g during 10 min at controlled room temper-
ature (RT) following a standardized protocol [14]. Finally, centrifuged
samples with an erythrocyte count below 5000/uL can be analyzed
without clear interference, modifying the previous recommendations
reporting a cell count of 500/uL [14,22].

2.1.4. The nature of storage tubes

Selecting nine different commercial PP storage tubes with a volume
capacity ranging from 0.5 to 1.5 mL, we found a significant difference in
CSF AR 4, concentrations, ranging from 94% to 127% around the overall
mean. The effect was present after 15 min at RT, and an additional
24 h incubation time at 2-8 °C did not significantly change these values
[17].

Within the different PP tubes tested, we found the same heterogene-
ity of plastic polymer composition as described for sampling tubes [17].
These data have been confirmed in an independent study including five
other tubes containing CSF from 8 patients (Fig. 1). In this experiment,
the variation of AB4, concentrations ranged from 73% to 128% for the
different tubes compared to the overall mean.

Finally, it was recently reported that AB4, peptides in CSF are able to
significantly interact to the tube surface each time they are exposed to a
new plastic surface [27]. This effect was less pronounced for Tau pro-
teins. In conclusion, we hypothesize that the amyloid content of a CSF
sample can be depleted just by transferring the fluid from tube to
tube. Thus, it is not reasonable to follow the actual guidelines
recommending the use of generic PP tubes. The best compromise
would be that each laboratory analyzing these markers compares the
tubes used in their laboratory with the best tubes identified in our
study, which are easily available in the market.

2.1.5. Storage conditions

Freezing process is a complex issue since different factors could in-
fluence the apparent concentrations of the biomarkers: the temperature
of freezing, the possible effect of freezing/thawing cycles, the volume of
CSF aliquots and length of storage. Moreover, these factors could be
synergistic: the absorption of proteins onto the tube walls could be
increased by a low volume to surface ratio or by the temperature of
freezing (— 20 versus — 80 °C).

Freezing and storing the CSF at — 80 °C seem to be logical, as it was
reported that freezing at —80 °C could prevent modification of CSF AD
biomarker levels after storage up to 2 years [16]. In line with this, CSF
t-Tau and p-Tau levels were reported to be significantly lower when
CSF samples were frozen at — 20 °C instead of — 80 °C [16,34].

Most studies using enzyme-linked immunosorbent assays (ELISA)
have not found any difference in CSF AB4, and Tau levels after one
freeze/thaw cycle [16,18,33,35,36], [Leitao submitted]. In contrast, one
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Fig. 1. Variability of CSF AR42 levels linked to 5 different storage tubes. CSF from eight
Alzheimer's disease patients was used. CSF characteristics were: total protein <0.4 g/L,
t-Tau ranged between 431 and 791 ng/L, p-Tau ranged between 69 and 110 ng/L and
AP4; ranged between 624 and 1472 ng/L. After incubation 1 h at 22 °C +/— 1 °Cin each
storage tube (from A to E), CSF was frozen before further comparative analysis for AR,
(Fujirebio Innotest). In tubes A and B, the mean of the 8 CSF biomarkers was significantly
higher than for the three other tubes, C, D and E (Friedman global test p < 0.001 followed
by Wilcoxon tests, p = 0.008).
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study found a significant loss of AP, after one single freeze/thaw cycle
using a semi-quantitative method [37]. CSF Tau levels seem to be stable
if the sample undergoes three [18], five [Leitao submitted] or even six
freeze/thaw cycles [33]. Concerning CSF p-Tau levels, Leitao et al.
found stable concentrations after five freeze/thaw cycles. Besides, CSF
AR 4 levels were found to be either significantly decreased [18] or stable
after three freeze/thaw cycles [33,35], [Leitao submitted]. We have now
enough evidence to propose a modification of the current recommenda-
tion [14], by increasing the maximum number of freeze/thaw cycles
impacting CSF AD biomarker levels from two to three.

Aliquoting CSF is a common practice since it avoids different freeze/
thaw cycles. It was reported that CSF APy, levels were significantly
decreased when storage tubes were filled with low CSF volumes [28],
[Leitao submitted]. This phenomenon is potentially linked to absorption
of AR.4, onto the walls of the tube as Tween 20 was able to prevent the
decrease of CSF AP, levels [28]. The procedures issued from previous
reported guidelines can be applied for the moment pointing out the
need to use small volume aliquots in adequate volume tubes [22,28].
Besides the time of storage at —80 °C doesn't seem to influence stability
of CSF AD biomarkers, since levels of APy, t-Tau and p-Tau remained
stable up to at least 2 years [38] and at least 6 years in one study [39].
In summary, we can conclude that CSF can be stored up to 2 years at
— 80 °C as previously reported [13].

2.2. Other factors with minor or without effect: no need of specific
recommendation

2.2.1. Is there a specific time of day needed to collect the CSF?

As the time of the lumbar puncture is highly dependent on the organi-
zation of both the clinical memory center and those of the biological lab-
oratory/imaging department (waiting hemostasis results, scheduling
imaging...), this question is highly relevant. A diurnal variability was ob-
served for AR peptides according to one study [40]. However, more recent
studies were unable to replicate the finding that there is a temporal fluc-
tuation in the CSF biomarker levels (AR, t-Tau and p-Tau) [16,41,42].
Therefore, there is no need to standardize a specific time interval during
the day for CSF collection dedicated to AD biomarker assays.

2.2.2. Is fasting able to modify levels of AD biomarker levels?

To our knowledge, there is a lack of data concerning this topic.
However, our recommendation is that it is not reasonable to recom-
mend fasting for the analysis of CSF AD biomarkers.

2.2.3. Is there a gradient of CSF AD biomarker concentrations?

CSF is usually obtained by lumbar puncture between the L3/L4 or
L4/L5 intervertebral space and there is no scientific reason to proceed
differently for AD biomarkers. Most brain-derived proteins have an
increased rostro-caudal concentration gradient [43]. Therefore, it is
not recommended to run these markers in the ventricular punctures
obtained during neurosurgical interventions. No gradient effect in the
spinal cord was observed for the CSF AD biomarkers [16]. Therefore,
there is no reason to recommend any specific fraction of CSF, except
for hemorrhagic samples.

2.2.4. Temperature management between CSF centrifugation and storage
before assay

Regarding the temperature during the time delay, no significant dif-
ference was found between the storage of the CSF samples at RT, 4 °C or
frozen in any of the studies performed [ 13]. Therefore, there is no reason
to recommend any specific temperature of CSF which should be at least
controlled.

3. Variability introduced by the analytical phase

Considerable variability exists between the different assays pro-
duced from different kit providers, between different technologies

from the same manufacturer (for example ELISA and multiplex), but
also between clinical laboratories using the same kits. An important
step towards identification of the problems and standardization was
the introduction in 2009 of an external quality assessment (EQA) pro-
gram (Cerebrospinal Fluid Quality Control Program supported by the
Alzheimer's Association) [15].

3.1. An inventory of CSF biomarker determination’s variability

There are several available assays for the determination of CSF AP,
t-Tau and p-Tau, commercialized by different companies. As shown in
the conclusions in the two reports of the EQA supported by the
Alzheimer's Association [15,38], among the 70 participants, INNOTEST®
ELISA (Fujirebio, Gent, Belgium) dominates the market while multiplex
techniques are less frequently used. Multiplex techniques include bead-
based xMAP® platforms with INNO-BIA AlzBio3 reagents (Fujirebio®)
to quantify AP, t-Tau and p-Tau and electrochemiluminescence assays
(Meso Scale Discovery Gaithersburg, MD) to quantify the AR triplex
constituted by AP4a, AP4o, and APsg peptides [38]. Large variations in
assay performance of CSF APy,, t-Tau and p-Tau levels were reported
between laboratories with coefficients of variation (CVs) ranging from
20% to 35% [12,44]. Depending on the biomarker tested, mean CVs
were 18% to 23% for ELISA, 20% to 28% for xMAP and 24% to 27% for
electrochemiluminescence [38], confirming previously published data
[12,15,44]. Overall variability was mainly impacted by important
between-laboratory variability (19-28%) which may be explained by a
few laboratories having high bias and high imprecision [38]. Moreover,
within-laboratory longitudinal variability impacted also overall vari-
ability (5-19%), contrary to within-run variability (5-10%) which was
in agreement with the criteria given by kit providers.

Finally, biomarkers' concentrations vary according to analytical
techniques [15]. For example, CSF AB4, values obtained by ELISA were
about twofold higher than xMAP values and CSF t-Tau were about
threefold higher than XMAP respectively [45]. This last point has a
major impact on the decision threshold used to diagnose patients cor-
rectly. Although correction factors were applied to harmonize the
values obtained by xMAP and ELISA techniques for global comparison
of groups of patients to predict incipient AD thanks to CSF biomarkers
[46], it was clearly shown by the authors that the use of these factors
did not totally solve the discrepancy in values obtained by both tech-
niques for all the patients. Thus, the data could not be used at an individ-
ual level for diagnosis. Although the observed biomarker concentrations
may vary significantly between platforms, including MSD, xMAP and
ELISA, these techniques seem to have similar diagnostic accuracy for
patients with AD versus controls [46] or for detecting early AD [47,48].

3.2. Variability linked to kit providers

The bias observed between kit providers may partially be explained
by the use of different antibodies having different epitopes and affinities
for the target antigen. The nature of the calibrators and calibration
models could be other factors explaining this variability. This bias will
not disappear without standardization efforts including the implemen-
tation of certified reference materials (CRMs) and reference measure-
ment procedures (RMPs). Production of candidate CRMs for AR, is an
ongoing work with the efforts from the IFCC working group on CSF pro-
teins [49] and from the BIOMARKAPAD consortium. Thereby, two candi-
date RMPs for quantification of AB4, [50,51] and one for quantification
of t-Tau [52] were recently reported.

The between-lot variability was also shown to be a contributor for
the overall variability, mainly for AR4, INNOTEST ELISA® [38]. The
global production of the kits may contribute to this problem: antibody
manufacturing, coating of plates and beads, calibrators and many
other steps constituting a large list of variation. The availability of
CRMs and RMPs would be parts of the solution, but efforts must also
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be done by the manufacturers to include stricter quality criteria for the
release of their kits.

Others crucial points which need to be solved include the actual poor
quality of the instructions of use introducing variability by misunder-
standing of the protocols. This lack of information is often an indicator
of minimal method optimization of the protocol from the suppliers
(for example influence of the incubation steps, handling the re-
agents...). Moreover, reagents should be delivered in a manner that
permits to decrease variability. For instance, ready to use calibrators
should be privileged to lyophilized calibrators. Nowadays, some kits
do not contain specific calibrators and controls unfortunately.

3.3. Variability linked to kit users

We learnt from the data of Cerebrospinal Fluid Quality Control
Program supported by the Alzheimer's Association and from the
International Workshop of standardization organized by Amsterdam's
group [53], that many analytical steps could be rapidly optimized in
users' laboratories, given that many crucial issues were studied and
yet reported in a guideline [53]. Thus, we can just point out the different
issues and possible solutions.

3.3.1. Compliance to standard operating procedures (SOPs)

The compliance of laboratories to SOPs given by the manufacturers is
absolutely needed to reduce the part of variability found in CSF bio-
marker analysis. For that, a great effort must be done by the different
kit suppliers to limit individual interpretation of their technical
instructions.

For example, the terminology Room Temperature (RT) given by the
kit suppliers may introduce between-laboratory variation in incubation
steps since RT most likely differs across Europe and also introduces
within-laboratory variation (winter/summer variation). In our experi-
ence, we have found variability in AB4, concentrations when we shifted
from a manual procedure (RT at 20 °C +/— 1 °C) to a semi-automatized
procedure using the DSII instrument (Dynex Technologies®) in which
temperature was 25 °C +/— 1 °C inside the instrument. In addition to
that, we also observed that levels increased when temperature in-
creased from 20 to 25 °C, this increase being significantly different for
concentrations above 900 ng/L. After discussion with the manufacturer
and a complete re-validation of the assay, we adopted a temperature of
25 °C for incubation steps anticipating that this modification should be
included in the new instructions from the kit supplier.

Another typical example involves the use of a pre-analysis polypro-
pylene (PP) 96-well plate, which was recommended so all CSF samples
could have the same incubation time (1 h each) with the capture anti-
body in the INNOTEST® Ap4, ELISA plate. As the pre-analysis 96-well
plate is in PP, we have tested the adsorption of AP4, onto the pre-
analysis plate. We observed that CSF AB4, levels were significantly
reduced (p < 0.05) when the samples were incubated in the pre-
analysis PP 96-well plate during 5 min (reduction of 14.3%) and 15 min
(reduction of 24.8%). This phenomenon was confirmed in an indepen-
dent study [22]. In the absence of commercially available pre-analysis
96-well plate with minimal adsorption of amyloids to plastic, we inves-
tigated if there were significant within-plate variability, from the first
to the last rows of wells. In order to elucidate this question, we used
the same sample which was distributed into 84 wells following calibra-
tors and QC samples, without using a pre-analysis 96-well plate. We
manually distributed the sample with an overall delay of 15 min be-
tween the start and the end of distribution, which corresponds to the
classical delay for an experienced technician to manage a full 96-well
plate, consequently increasing the incubation time by 15 min for the
first rows. An AP, assay was then run as recommended by Fujirebio®.
The overall CV was <10% and fulfilled the criteria of acceptance provided
by the manufacturer. When we separated the rows in three equal parts
of 28 wells each (first part = A, second part = B and third part = C),
the mean of AP, levels was significantly higher in part A than in part

560

540

520

500

480

460

440

420

AP42 concentrations (ng/L

400

380

360 |

1 1
A B C

Parts of the plate

340

Fig. 2. Comparison of AB4, concentrations of the same sample distributed in each well of a
plate. A QC sample was distributed in 84 wells of an ELISA plate (the other wells were oc-
cupied by standards in duplicate). This plate was decomposed in three equal parts of 28
wells each (first part = A, second part = B and third part = C). The mean of AP, levels
was significantly higher in part A than in part C (463 versus 380 ng/L respectively,
p <0.0001).

C (463 versus 380 ng/L respectively, p < 0.0001) (Fig. 2). This result
highlighted the need to avoid running a full plate. Consequently, the rec-
ommendation done by the “AD biomarkers working group” of SFBC is to
run no more than a half-plate for AR, at the same time.

How to handle the calibrators used to construct the calibration curve
is of great importance. Concerning lyophilized standards, accurate solu-
bilization is critical. When dilutions are needed from the first calibrator,
variability is known to increase. In the worst cases, standards need to
be prepared from a stock solution whose concentration varies across
batches of the same assay, so accurate pipetting is absolutely needed.
The type of curve fitting used was shown as possible factors of variability
[53], therefore it is recommended to strictly use the curve fitting recom-
mended in the kit instruction which must be written unambiguously.

Finally, the mode of pipetting, such as using reverse pipetting or not,
is generally not specified by the manufacturer. Moreover, the use of a
single pipette tip may influence accuracy for duplicates of the standard
curve. However, the magnitude of this effect, if any, should be tested, to
provide a better basis for recommendation [53].

The definition of the criteria of acceptance of results must be well de-
fined. They have to include the calibration curve parameters (which
should be included as a certificate for each new lot) and an acceptance
criteria based on the CVs for samples run in duplicate. For the CV criteria
acceptance, it seems that the classical recommendation in different in-
structions is a CV below 20%. However, this criterion may introduce dif-
ficulties when the measured concentration is near the clinical cut-off.

QC samples are now included in most of the kits to validate the cal-
ibration curve. However, depending on the kit supplier, they cannot be
used as an internal longitudinal QC sample because they are often the
same peptide or recombinant protein as calibrators. For the moment,
laboratories should implement their own QC samples, in addition to
those from the kit, to check reproducibility of assays. Some crucial issues
have yet to be solved: the nature of samples (native CSF pools, spiked
CSF with standards, peptides...), their number and the range of
concentrations.

3.3.2. The maintenance of laboratory equipment

It is necessary to ensure the accuracy of pipettes, the control of
temperatures for incubation steps, the accuracy and reproducibility of
absorbance of microplate readers, and the quality and reproducibility
of washing steps.
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3.3.3. Familiarization with the method, competency training and experience

It is of great importance to have a training program given by the
manufacturer followed by qualification and habilitation of the laborato-
ry. Moreover, experience is absolutely needed to define the cut-offs of
the center. Then, confrontation of biological data obtained must be
done in routine in comparison to imaging, clinic and neuropsychological
findings with clinicians thanks to multidisciplinary meetings.

4. Conclusion

From the lumbar puncture to CSF biomarker analytical measure-
ment, multiple errors can introduce differences in the measured con-
centration impacting the clinical cut-off of AD biomarkers. The present
review highlights two main issues responsible for the lack of harmoni-
zation of CSF AD biomarker cut-off values: the lack of standardization
of the pre-analytical steps and the high variability of results linked to
the analytical phase. This last issue is explained by the absence of trans-
ferability of results between the different platforms but also by the high
inter-laboratory dispersion within the same assay. Previous consensus
guidelines for standardization of pre-analytical factors pinpointed the
variation obtained according to the type of the needle used for CSF
puncture and the need to standardize components and volumes of sam-
pling/storage tubes. Based upon our experience and previous published
data, we conclude that the variability linked to the nature of tubes is a
major critical point.

Otherwise, establishing standard operating procedures (SOPs) for
sample processing and handling would allow different laboratories to
compare diagnostic conclusions. The implementation of SOPs in labora-
tories may partly reduce the variability found in the analysis of AD CSF
biomarkers. Nature of antibodies, preparation of standards and manu-
facturer instructions are also sources of variation, requiring increased
efforts by kit providers. The optimal approach to manage this issue is a
collaborative effort between kit and instrument platform manufacturers
and laboratories, thanks to reference standardization programs. The
future availability of certified reference materials and reference
measurement procedures opens the gate for this collaboration. Without
this standardization, clinicians could fall into the suspicion of the real
added-value of these biomarkers for AD diagnosis. However, standard-
ization implies checking a potential modification of cut-off values in
each laboratory. Then, clinical chemists would be the central actors to
convince clinicians about the importance of harmonization to improve
diagnostic accuracy of AD biomarkers.
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