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Abstract.

Background: Assay-vendor independent quality control (QC) samples for neurochemical dementia diagnostics (NDD)
biomarkers are so far commercially unavailable. This requires that NDD laboratories prepare their own QC samples, for
example by pooling leftover cerebrospinal fluid (CSF) samples.

Objective: To prepare and test alternative matrices for QC samples that could facilitate intra- and inter-laboratory QC of the
NDD biomarkers.

Methods: Three matrices were validated in this study: (A) human pooled CSF, (B) A3 peptides spiked into human prediluted
plasma, and (C) A3 peptides spiked into solution of bovine serum albumin in phosphate-buffered saline. All matrices were
tested also after supplementation with an antibacterial agent (sodium azide). We analyzed short- and long-term stability
of the biomarkers with ELISA and chemiluminescence (Fujirebio Europe, MSD, IBL International), and performed an
inter-laboratory variability study.

Results: NDD biomarkers turned out to be stable in almost all samples stored at the tested conditions for up to 14 days
as well as in samples stored deep-frozen (at —80°C) for up to one year. Sodium azide did not influence biomarker stability.
Inter-center variability of the samples sent at room temperature (pooled CSF, freeze-dried CSF, and four artificial matrices)
was comparable to the results obtained on deep-frozen samples in other large-scale projects.

Conclusion: Our results suggest that it is possible to replace self-made, CSF-based QC samples with large-scale volumes
of QC materials prepared with artificial peptides and matrices. This would greatly facilitate intra- and inter-laboratory QC
schedules for NDD measurements.

Keywords: Alzheimer’s disease, amyloid-3, biomarkers, cerebrospinal fluid, laboratory diagnostics, quality control, tau
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INTRODUCTION

Neurochemical dementia diagnostics (NDD),
along with the amyloid-B (AB) PET imaging, has
become the most important modality for the early
diagnosis of Alzheimer’s disease (AD) [1, 2]. Cere-
brospinal fluid (CSF) biomarkers, particularly A3
peptides, show alterations early in the preclinical
stage of the disorder, probably decades before the
onset of the first clinical symptoms [3, 4]. There-
fore it is not surprising that an increasing number
of laboratories is establishing NDD as their routine
tool either for an early AD diagnosis or to increase
the probability to enroll patients with underlying AD
pathology in clinical trials [5, 6]. On the other hand,
partially due to the physicochemical properties of A3
peptides and tau proteins, quality control (QC) of
the NDD analyses is very difficult; large-scale inter-
national studies performed in the last years [7, 8]
have shown that especially the inter-laboratory pre-
cision of the NDD measurements requires further
optimization. Insufficient precision and reproducibil-
ity of the NDD measurements are considered most
important factors preventing CSF biomarkers from
general acceptance as a routine AD diagnostic tool
[9] and certainly consensus protocols on collection
and storage of the samples for NDD biomarkers are
crucial. Nevertheless, we believe that standardized
and assay vendor-independent QC samples, which
could be universally used, would very logically com-
plement reference methods and standards currently
tested [10] and hopefully would improve our knowl-
edge on possible sources of the intra- and inter-center
imprecision of measurements.

So far, an assay-independent QC sample for any
of the NDD biomarkers has not been commer-
cially available, which forces laboratories to develop
their own procedures to prepare QC materials, most
commonly based on pooling of available, other-
wise discarded, leftover CSF samples. Such an
approach makes intra-laboratory QC difficult and
inter-laboratory QC even impossible, for at least three
reasons: (a) the concentrations of the biomarkers in
samples prepared by different centers will be differ-
ent; (b) the quality of leftover CSF samples used for
the preparation of the QC material is not always opti-
mal, and (c) operating procedures to prepare the QC
material differ among centers. Moreover, longitudi-
nal QC, taken together with the growing frequency of
the analyses, forces preparation of the QC material in
very large amounts, which is difficult in laboratories
with limited access to large numbers and volumes

of CSF samples. Equally important is that it is eas-
ier to obtain different biomarkers concentrations (for
example “normal” and “pathologic” levels) in syn-
thetic matrices than in pooled CSF leftovers. In our
previous study [11], we addressed the feasibility of
generating the NDD QC material based on large-scale
CSF pools. In the current study, we tested also other,
partially artificial, matrices and sample preparation
procedures with the rationale to test if application of
such matrices for QC of AD biomarkers is possible
and plausible.

MATERIALS AND METHODS

Preparation of the samples; conditions for
the short- and long-term stability testing;
influence of the antibacterial factor (sodium
azide);, homogeneity testing

The Ethical Committee of the University of
Erlangen-Nuremberg approved use of human CSF
samples for this study. Block-flows of the preparation
of the samples for short-term stability (STS) are pre-
sented in Supplementary Figure 1 and Supplementary
Table 1. Short- and long-term stability was evaluated
in the following matrices:

(A) Human pooled CSF without (AO) and with
(A+) addition of sodium azide (NaNj, final
concentration 0.1%). Briefly, freshly collected
human CSF samples were immediately pooled
(to assure anonymity and non-traceability),
centrifuged (1,600g, 10min.), frozen and
stored at —80°C. For this project, the sam-
ples were thawed and pooled again to obtain
appropriate volumes of homogenous samples;
aliquots were then prepared and stored at the
conditions described below.

(B) Synthetic AR peptides (AP1-42 and AB1-40;
AnaSpec Inc., Fremont, USA) spiked into
human EDTA-plasma prediluted 1:200 with
0.97% phosphate-buffered saline (PBS, pH
7.4, Amresco, Solon, USA) and Tween 20
(Roth, Karlsruhe, Germany; final concentra-
tion 0.05%), without (BO) and with (B+)
addition of NaNj3 (final concentration 0.1%).
Briefly, 5SmL of human plasma was diluted
with 995 mL of PBS +500 pL of Tween 20,
and divided into two equal volumes. To one
portion (500 mL), 5 mL of 10% NaN3 stock
was added. Synthetic AR peptides (0.5 mg)
were reconstituted in 1mL of dimethyl
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Fig. 1. Results of the short-term stability testing of the samples based on prediluted plasma (Material B), when single peptides were spiked,
presented as normalized concentration (in percent) of the reference samples; horizontal axes show storage time (days) at the corresponding
storage conditions: RT, room temperature; +4°C, refrigerator; —20°C, frozen at —20°C. a) Non-stabilized AB1-40; b) Stabilized AB1-49; c)
Non-stabilized ABj-42 (Innotest); d) Stabilized AB;-42 (Innotest); e) Non-stabilized ABj-420 (MSD); f) Stabilized ABj-42 (MSD).

Table 1
Normalized concentrations of the biomarkers tested for short-term stability in human pooled CSF samples (A0 and A+)
Biomarker Conditions
RT RT, NaN3 +4°C +4°C, NaN3 —20°C —20°C, NaNj3
ABi1-40 99.7 (5.4; NS) 94.2 (4.3;0.8%/d) 101.9 4.3;NS) 97.7 (2.5; NS) 104.7 (4.1; NS) 103.4 (2.8; NS)

ABi-42 (Innotest) 91.5 (12.5; NS) 100.4 (7.0; 1.5%/d).. 118.7 (2.5; NS)

108.4 (2.8; 0.5%/d) 125.3 (5.2; 1.3%/d) 110.7 (3.9; NS)

ABi-42 (MSD) 78.2(27.2;4.5%/d) 88.7 (7.5; 1.5%/d) 102.0 (10.8; NS) 94.8 (4.1; NS) 111.6 (6.7; NS) 101.7 (8.2; NS)

Tau (Innotest) 99.8 (8.9; NS) 101.2 (5.8; NS) 113.7 (6.4; NS)
Tau (MSD) 83.8 (13.5;2%/d)  76.5 (11.3; 1.8%/d). 92.6 (8.0; NS)
pTaul81 (Innotest) 99.6 (7.6; NS) 104.0 (5.9; NS) 105.6 (4.3; NS)

116.8 (4.3; NS) 123.5 (7.0; NS) 111.5 (8.7; 2%/d)
83.6 (5.9; NS) 91.1 (9.0; NS) 75.3 (6.7; NS)
107.5 (5.4; NS) 98.9 (6.1; NS) 102.8 (5.7; NS)

In brackets, coefficients of variation and average daily decrease (%/d, percent per day) of the concentrations are presented. The averages
and the CVs were calculated from the results of the days 1-7, 10, and 14 (i. e. omitting the results of the reference samples of the “Day 0”,
defined as 100%). NaN3, a sample containing NaN3 as an antibacterial stabilizer; NS, non significant.

sulfoxide (DMSO; Sigma, St. Louis, USA)
followed by further dilution of 1:1000 (in two
steps) in DMSO to the stock-concentration
of 500ng/mL. These stock solutions were
then aliquoted into portions of 400 wL in
polypropylene Eppendorf test tubes, and
frozen at —80°C. Immediately before the
preparation of the aliquots, 250 pL of a pep-

tide/DMSO solution was added to0 9.750 mL of
prediluted plasma (with and without NaNj3).

Furthermore, material B was also tested as a
mixture of AB1-42 and AB1-49 in one sample.
Briefly, artificial peptides were added to the
prediluted EDTA-plasma to achieve the same
final concentrations as in the separate AB1-42
and AB1-40 samples.
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(C) Synthetic AP peptides spiked into 0.04%
bovine serum albumin (BSA; Roth, Karlsruhe,
Germany) prediluted in PBS/Tween 20, with-
out (CO) and with (C+) addition of NaN3 (final
concentration 0.1%). Briefly, the material C
was prepared analogously to the material B
with the exception that instead of prediluted
plasma, 0.04% BSA/PBS+Tween was used as
a diluent.

All six types of the samples (three matrices,
each with- and without NaN3) were aliquoted
immediately after the preparation and stored:
(a) at room temperature (RT), (b) in a refrig-
erator (+4°C), or (c) frozen at —20°C. One
aliquot from each of these six sets was deep
frozen (—80°C) immediately after the prepa-
ration, and served as a reference sample. The
remaining aliquots were kept for: 1-7, 10,
and 14 days following transfer into —80°C.
After the completion of the storage time
(i.e., 14 days), all aliquots of a given sam-
ple type were thawed and immediately tested
in one analytical run (one ELISA or electro-
chemiluminescence plate) per biomarker. All
measurements were performed in duplicates.

The influence of NaN3 (as an antibacterial
agent) on the concentrations of the biomarkers
was tested by comparing their concentrations
following storage for five days at room tem-
perature with and without NaN3.

To test for homogeneity, 31 aliquots of Material B
were prepared, with both AB-4> and AB-49 spiked
into the same stock sample. One aliquot was immedi=
ately transferred into —80°C and served as a reference
sample. Remaining 30 aliquots were divided:into
three groups of 10 samples and stored for five days at:
(a) room temperature (b) +4°C or (c) —20°C, follow-
ing transfer into a deep freezer. All aliquots, including
the reference sample, were then assayed in dupli-
cates on one ELISA plate per biomarker, whereas
different aliquots were treated as they were separate
samples.

To test for homogeneity after freeze-dry procedure
(see below), three CSF pooled samples, divided into
ten aliquots each, were tested for AB1-42 and pTaul81
concentrations.

To test long-term stability (LTS), samples were
prepared analogously to those for the STS experi-
ment, deep-frozen, and stored at —80°C for 6, 9, and
12 months pending analyses.

Assays

STS and LTS tests were performed with the fol-
lowing assays: AB1-40 (IBL International GmbH,
Hamburg, Germany), ABi-42 (IBL International
GmbH, Hamburg, Germany, Fujirebio Europe, for-
merly Innogenetics, Ghent, Belgium) and Meso Scale
Discovery, Rockville, USA), Tau (Fujirebio Europe,
and Meso Scale Discovery), pTaul81 (Fujirebio
Europe), all according to the instruction of the man-
ufacturers.

Preparation of the freeze-dried samples

Aliquots containing 1 mL of the CSF pool were
filled into 2-mL SCHOTT TopLyo® glass vials
(SCHOTT AG, Germany), and partially stoppered
with 13 mm lyophilization stoppers. Freeze-drying
of CSF was performed using a commercial Mar-
tin Christ Epsilon 2—4 LSC freeze-dryer (CHRIST,
Germany). Samples were placed on a heating shelf of
the freeze-dryer at a temperature of +4 C and slowly
pre-frozen (1 degree/min) down to —80" C with addi-
tional frozen hold step for 3 h. Primary and secondary
drying was achieved at a vacuum of 30 mTorr and
15 mTorr, respectively. The temperature of the sam-
ples was monitored during the freeze-drying process
using sample vials with thermoprobes. Cycle time
was 26 h. In the end of the cycle, freeze-dried samples
were closed, removed from the freeze-dryer, sealed
to inhibit the humidification, and kept in the dark at
—80 °C until shipment. Shipment has been done
at ambient temperatures. Freeze-dried samples were
rehydrated with deionized water.

Inter-laboratory variability testing (external
quality control, EQC)

For the inter-laboratory variability testing, the
participating 25 laboratories obtained the following
samples, all of them shipped by regular mail at ambi-
ent conditions:

EQC-1: Human pooled CSF;

EQC-2: Sample EQC-1 freeze-dried and sent to
the participating laboratories as powder to be recon-
stituted in 1 mL of distilled water;

EQC-3: AB1-42 +AP1-40 dissolved in prediluted
EDTA-plasma. Briefly, 50 nL of a 500 ng/mL AB1-42
stock and 320 L of a 500 ng/mL stock AP-49 was
diluted in 17 mL of human plasma prediluted 1:200
in PBS/Tween.
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EQC-4: AB1-42 + AB1-40 dissolved in prediluted
EDTA-plasma, analogously to the material EQC-3,
whereas the volumes of the spiked stocks were 35 pLL
of AB1-42 and 160 WL of AB1-40.

EQC-5: APBi-42+ABj-40 diluted in BSA/PBS
+Tween. Briefly, 50 wL of a 500 ng/mL A[31-47 stock
and 320 L of a 500 ng/mL A;-4¢ stock was diluted
in 17 mL of 0.04% BSA/PBS+Tween.

EQC-6: ABi-42+ABi-40 diluted in 0.04% BSA
in PBS+Tween, analogously to the material EQC-5,
whereas the volumes of the spiked stocks were 35 wL.
of AB]-42 and 160 }LL of AB]-40.

The summary of the samples for the EQC is pre-
sented in Supplementary Table 2.

Inter-assay imprecision; maximal acceptable
instability and variation

For inter-assay imprecision, a set of aliquots of
human pooled CSF was prepared and promptly
refrozen at —80°C. One aliquot was freshly thawed
immediately before the analyses, which were per-
formed by different operators and on different days
in the time span of fourteen months. Maximal accept-
able instability and variation were defined as + 20%
deviation from the concentration measured in the
reference sample (for the STS and LTS studies)
or +25% from the average of the measurements in
the inter-assay imprecision testing.

Statistical analyses

If not stated otherwise, results are presented as
averages and standard deviations (or coefficients of
variation, CV); results of duplicate measurements
are expressed as averages and the absolute differ-
ence between the single measurements divided by
their average; for determination of total variations
and uncertainty, the absolute differences of duplicates
were recalculated into standard deviations or relative
standard deviations (CVs). Partial uncertainty and
partial variation of the measurements are expressed
in this study as standard deviations or relative stan-
dard deviations (CVs); total variation/uncertainty is
calculated as squared root of the sum of the squared
contributing variabilities. Stabilities of the biomark-
ers concentrations over time were analyzed by linear
regression with Statistica 12 (StatSoft, Tulsa, USA);
a p<0.05 was considered significant.

RESULTS
Short-term stability

If not stated otherwise, the results of the stability
studies are presented as normalized concentrations.
The normalization was performed by division of the
concentration measured in a given sample by the con-
centration measured in the reference sample, i.e., the
sample placed into —80°C freezer immediately after
its preparation.

The results of the STS testing of the human
pooled CSF samples (AO and A+) are presented
in Supplementary Figure 2, with the concomitant
normalized concentrations, CVs and average concen-
tration decrease per day shownin Table 1. Af31-49 was
very stable in the CSF samples stored at the three
tested conditions up to 14 days, whereas AR1-42,
expectedly, was apparently less stable. In a sample
supplemented with NaN3 and stored under room
temperature, a marginal but significant decrease of
AP1-40 concentration was observed (ca. 0.8%/day).
Similar minimal, yet significant, daily decrease
of APj-42-concentration (ca. 0.5-1.5%/day) was
also noticed in this matrix stored under all three
conditions. Exception was A[1-4p measured with
MSD method, which showed average concentration
decrease of 4.5%/d in a sample stored at room tem-
perature. Interestingly, addition of NaN3 resulted in
an_improved stability of ABi-42 in the CSF sam-
ples (compare Supplementary Figure 2¢ and 2d for
APB1-47 tested with Innotest assays, and Supplemen-
tary Figure 2e and 2f for MSD assays). Tau tested
with Innotest assays (Supplementary Figure 2g, 2h)
showed relatively low discrepancies of concentra-
tions over the whole tested period, with significant
daily average decrease only in a sample stored at
—20°C. When tested with MSD assays (Supplemen-
tary Figure 2i, 2j), its concentration dropped after
2-3 days of storage (ca. 2%/day on average during
overall storage time). Phosphorylated tau, expectedly,
showed stable concentrations for up to 14 days of stor-
age without significant daily concentration decreases
(Supplementary Figure 2k, 21).

The results of the STS testing of the prediluted
plasma-based samples (BO and B+) are presented in
Fig. 1 and Supplementary Figure 3, and the result-
ing normalized concentrations, their CVs and average
concentration decrease per day are presented in
Table 2 and Supplementary Table 3. Taken together,
both biomarkers turned out stable when stored under
all three conditions, with only single cases of the
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AR1-40

Normalized Concentration (%)

200

180

160

120

Normalized Concentration (%)
-
8

Normalized Concentration (%)

Days

Normalized Concentration (%) Normalized Concentration (%)

Normalized Concentration (%)

AR1-40

Fig. 2. Results of the short-term stability testing of the biomarkers diluted in BSA/PBS+Tween (Material C), presented as normalized
concentration (in percent) of the reference samples; horizontal axes show storage time (days) at the corresponding storage conditions: RT,
room temperature; +4°C, refrigerator; —20°C, frozen at —20°C. a) Non-stabilized AB;-40; b) Stabilized AB-49; c) Non-stabilized AB;-42
(Innotest); d) Stabilized AB1-42 (Innotest); e) Non-stabilized AB1-42 (MSD); f) Stabilized ABj-42 (MSD).

concentrations exceeding 80%—120% range of the
starting concentrations, irrespectively whether the
two peptides were tested separately (Fig. 1) or as a
combination (Supplementary Figure 3). Expectedly,
the samples stored at —20°C were even more stable
than those stored at +4°C or room temperature. Cor-
respondingly, only marginal concentration decrease
trends were observed in this matrix, not exceeding
1.3%/day.

The results of the STS testing of the peptides
diluted in BSA/PBS+Tween (CO and C+) are pre-
sented in Fig. 2, and the corresponding normalized
concentrations, their CVs and average concentration
decrease per day are shown in Table 3. Also in this
matrix, Af1-40 turned out very stable at all three
tested conditions, with an apparent drop of concen-
tration in a sample stored for longer than 10 days at
room temperature without NaN3 (Fig. 2a). Interest-
ingly, also A31-4p was relatively stable in this matrix,
however, with unexpected and inexplicable rise in its
concentration in a RT sample at day 5 when tested

with Innotest (Fig. 2¢) but not with MSD (Fig. 2e)
assay.

Influence of the antibacterial factor

The differences in the concentrations of the
biomarkers possibly resulting from addition of
sodium azide are presented in Supplementary Table 4.
Application of 0.1% NaN3 neither changed starting
concentrations of the two peptides nor influenced
their concentrations after 5 days at room temperature.

Homogeneity

Results of the homogeneity testing of the sample
based on pre-diluted plasma (Material B) are pre-
sented in Supplementary Table 5, together with the
analysis of the intra-assay variation and the total vari-
ation resulting from the two sources. Inhomogeneity
of the samples was below 3% for AB1-42 and below
4% for AB1-40.
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Fig. 3. The results of the long-term stability testing. a) AB =405 b) AB1-42; ¢) Tau; d) pTaul81.

Table 2
Normalized concentrations of the biomarkers tested for short-term stability in the prediluted-plasma based samples (BO and B+), when one
peptide isomer (either AB1-42 or AB1-40) was spiked into the samples

Biomarker Conditions
RT RT, NaNj +4°C +4°C, NaN3 -20°C -20°C, NaN3
ABi-40 106.3 (3.9; NS) 89.4 (5.0; 1%/d)  109.3 (7.9; NS) 90.3 (5.7;NS)  112.5 (4.4; NS) 96.8 (4.5; NS)

ABi-42 (Innotest)  104.6 (11.7;NS)  100.3 (6.5; 1%/d)  104.0(4.5;NS)  100.4 (5.9;NS)  100.4 (6.6; NS) 100.8 (4.2; NS)
ABi-42 (MSD) 105.1 (10.3; NS)  108.1 (8.2; NS) 107.2(6.9; NS)  111.9 (7.0; NS)  105.3 (3.7; NS) 113.9 (11.1; NS)

In brackets, coefficients of variation and average daily decrease (%/d, percent per day) of the concentrations are presented. The averages
and the CV’s were calculated from the results of the days 1-7, 10, and 14 (i. e. omitting the results of the reference samples of the “Day 07,
defined as 100%). NaN3, a sample containing NaN3 as an antibacterial stabilizer; NS, non significant.

Table 3
Normalized concentrations of the biomarkers diluted in BSA/PBS+Tween, tested for short-term stability (CO and C+)
Biomarker Conditions
RT RT, NaNj3 +4°C +4°C, NaN3 -20°C -20°C, NaN3
AB1-40 91.9 (12.4; 2%/d) 93.3 (4.2; NS) 100.2 (5.9; NS) 98.8 (2.1; NS) 105.1 (2.0; NS)  100.9 (3.4; NS)
AB1-42 (Innotest) 115.7 (22.9; NS) 83.7(7.5; NS) 115.0 (5.6; NS) 89.6 (5.9; NS) 114.3 (2.1; NS) 86.2 (1.8; NS)
AB1-42 (MSD) 96.2 (14.1; NS) 99.4 (12.8; NS) 87.2 (4.5;NS) 102.1 (8.7; NS) 90.3 (3.5;NS) 114.3(5.2; NS)

In brackets, coefficients of variation and average daily decrease (%/d, percent per day) of the concentrations are presented. The averages
and the CVs were calculated from the results of the days 1-7, 10, and 14 (i.e., omitting the results of the reference samples of the "Day 0",
defined as 100%). NaN3, a sample containing NaNs as an antibacterial stabilizer; NS, non significant.

Average inhomogeneity of AB-42 and pTaul81 in stored deeply frozen for one year were apparently
three samples after freeze-dry procedure was 3.4% stable in all samples, with an exception of the sam-
and 3.8%, respectively. ple based on prediluted plasma not supplemented

with NaN3 (Fig. 3a, Mat. BO). Interestingly, AB1-42
was very stable in prediluted plasma-based samples

The results of the LTS experiments are presented in (Fig. 3b, Mat. BO and B+) as well as, to a lesser
Fig. 3. The concentrations of AB1-4¢ in the samples degree, CSF samples (Fig. 3b, Mat. A0 and A+), but

Long-term stability
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Average concentrations (in pg/mL) and the coefficients of variation in the inter-laboratory variability study

Biomarker Samples
(number of the centers)
EQC-1 EQC-2 EQC-3 EQC-4 EQC-5 EQC-6
ABi-40 (8) 8,591.5 (20.5%) 6,229.1 (45.4%) 8,748.5(19.0%) 4,460.9 (22.8%) 8,276.2 (19.0%) 4,150.3 (22.0%)
AB1-42 (23) 783.9 (25.1%) 643.4 (29.1%) 667.4 (27.8%) 389.1 (23.1%) 581.5(25.3%) 397.3 (21.4%)
Tau (24) 337.3 (16.5%) 530.3 (16.2%) ND ND ND ND
pTaul81 (25) 55.9 (9.8%) 37.6 (12.9%) ND ND ND ND

AB1-42 and AB1-40 were measured with assays from Innogenetics, IBL International or MSD; Tau was measured with assays from
Innogenetics or MSD; pTaul81 was measured with assays from Innogenetics.

much less stable (in terms of rising and dropping con-
centrations) in a BSA/PBS samples (Fig. 3b, Mat. CO
and C+). Tau (Fig. 3c) and pTaul81 (Fig. 3d) showed
stable concentrations in the CSF samples stored for
up to one year.

Inter-assay variability

The results of the inter-assay variability of the
biomarkers tested in a pooled human CSF sample
are presented in Supplementary Figure 4. Inter-assay
imprecision (the number of the repetitions are in
brackets) of the biomarkers was: 11.7% (25), 10.4%
(30), 9.4% (17), and 6.8% (20) for AB1-42, AB1-40,
tau, and pTaul81, respectively.

Inter-laboratory variability

The results of the biomarker measurements
reported by the participants of the inter-center study
are presented in Fig. 4 and Table 4. The concentra-
tions in the pooled CSF sample (EQC-1 on Fig. 4a,
¢, e, and f) showed moderate variation, expectedly
slightly higher in case of ABi-42 (~25%) than in
case of other biomarkers, with the lowest variation,
as expected, in case of pTaul81 (<10%). Compa-
rable variation was obtained in case of freeze-dried
CSF (EQC-2 on Fig. 4a, c, e, and f), with the excep-
tion that one participant reported unexpectedly low
AB1-40 concentration in EQC-2 (particularly when
compared to the EQC-1 result), which increased over-
all variation of AB1-49 in the freeze-dried material
to 45%. Interestingly to note is that the concentra-
tions of AB1-40, AB1-42, and pTaul81 reported in the
freeze-dried material (EQC-2) paralleled very well,
with two or three exceptions, the concentrations in the
native CSF (EQC-1) but were consistently 20-30%
lower. In the case of tau, however, the reverse was
true: The concentrations in freeze-dried material were
consistently 50-60% higher than in the native CSF.

AP1-40 in the artificial samples showed variation of
about 20% (Fig. 4b). AB1-40 concentrations reported
by the participants were almost identical irrespec-
tively of the material tested (compare EQC-3 versus
EQC-5 and EQC-4 versus EQC-6 on Fig. 4b); further-
more, the concentrations in EQC-4 and EQC-6 were,
as expected (considering the amount of the spiked
synthetic peptides), almost ideally halves of the con-
centrations in EQC-3 and EQC-5, respectively.

Similar results were obtained for AB1-42 (Fig. 4d);
with overall inter-center variation around 25%, the
concentrations in EQC-3 and ECQ-5 were very well
comparable to each other (with the exception of the
participants #2-and 5), and the same was observed
regarding the samples EQC-4 and EQC-6. Also in
case of ABi-42, the concentrations in EQC-4 and
EQC-6 turned out, as expected (considering the
amount of the spiked peptides), almost ideally 70%
of the concentrations in EQC-3 and EQC-5, respec-
tively.

DISCUSSION

We present in this study the results of the vali-
dation of three matrices (one based on human CSF,
and two artificial) as potential QC samples for NDD
biomarkers [12].

At the beginning of this study (Summer 2012), no
commercial material was available for any kind of
control of the quality of AD biomarkers assays; mean-
while the situation has improved to some extent, as
the majority of assay vendors include some form of
control samples in their kits for the validation of a
particular analytical run; however, such samples are
specific-assay-tailored, and cannot be reliably used
to control the quality of other manufacturers’ assays.
These run-validation samples do not necessarily have
the same performance as biological material, and as
such they are not representative to document the most
important variables in the assays. It is also worth
stressing that in case of the NDD biomarkers, which
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Fig. 4. Results of the inter-center variability testing. Horizontal axes represent the participants (in a random order); vertical axes present
concentrations of the biomarkers (pg/mL). a) ABj-49 in liquid CSF (EQC-1) and in freeze-dried CSF (EQC-2); b) ABj-40 in prediluted
plasma (EQC-3 and EQC-4), and in BSA/PBS+Tween (EQC-5 and EQC-6); ¢) ABi-42 in liquid CSF (EQC-1) and in freeze-dried CSF
(EQC-2); d) ABj-42 in prediluted plasma (EQC-3 and EQC-4), and in BSA/PBS+Tween (EQC-5 and EQC-6); e) Tau in liquid CSF (EQC-1)
and in freeze-dried CSF (EQC-2); f) pTaul81 in liquid CSF (EQC-1) and in freeze-dried CSF (EQC-2).

are not listed in the Annex II of the 98/79/EC IVDD
Directive [13], a vendor’s self-declaration of con-
formity is enough to CE-mark the product, which
does not necessarily correspond to its high quality;
for example, Production Quality Assurance is not
requested in such cases.

In our study, three matrices were tested: (A) human
pooled CSF, (B) AP peptides spiked into prediluted
human plasma, and (C) AR peptides spiked into
BSA/PBS solution. Currently most, if not all, of the
centers use self-collected pooled CSF QC samples
for their purposes. This approach requires collec-
tion of large-scale otherwise discarded CSF leftovers,
which should meet at least minimal quality criteria.
For example, such samples should be collected in
a relatively short time, to avoid obsolescing of the
CSF samples before required volume has been col-
lected. Moreover, it cannot be excluded that, similarly
to misfolded prion proteins triggering misfolding of
normal prion proteins ongoing degradation of Af3

peptides in one sample may hypothetically influ-
ence or perhaps trigger degradation in other samples
after pooling them together. Human-born material
should also be tested for potentially harmful infec-
tious diseases. Further limitation is that it is difficult
to control the target concentrations of the biomarkers,
and, unless a given center has an access to large-scale
number and volumes of pathological (in the sense of
neurodegenerative diseases) samples, it is difficult to
prepare samples with different levels of the biomark-
ers concentrations. To avoid all these limitations, an
artificial sample could be prepared by spiking defined
amounts of artificial peptides/proteins into a matrix
mimicking CSF. Human plasma, prediluted 1:200, to
achieve the CSF-level of the albumin concentration,
i.e., the most abundant CSF protein [14], or the solu-
tion of bovine serum albumin at the concentration
of 0.4 g/L, seemed the most obvious candidates. On
the other hand such artificial matrices have limita-
tions too; none of them would correspond ideally to
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the human (“real”) CSF. In prediluted plasma, other
blood-derived proteins (for example immunoglob-
ulins) are overconcentrated compared to the CSF,
whereas they are absent in BSA/PBS solution; in both
solutions, brain-derived proteins (other than those
spiked) are absent or very low. Unpredictable aggre-
gation of synthetic A peptides cannot be excluded
also in artificial matrices.

Following the recommendations by Linsinger et al.
[15], we tested stability of the biomarkers in two set-
tings: Short-term, which included three temperature
conditions, and long-term, which was performed on
the samples kept at —80°C (usual long-term storage
condition).

To test short-term stability, we applied the
isochronous method [16, 17], which means that the
aliquots were stored at different conditions (room
temperature, refrigerator, and —20°C) for a defined
time following transfer to the reference condition
(deep freezer) for the time remaining to the end of
the study, and then simultaneously analyzed, together
with a reference sample stored at the reference con-
ditions (=80°C) from the beginning. For our study,
—80°C was chosen as the reference condition, since
convincing data are available that NDD biomarkers
are sufficiently stable at this temperature [18, 19] and
deeper freezing (in liquid nitrogen, for example) is
probably not necessary. The greatest advantage of
the isochronous method is that all aliquots can be
analyzed in the same analytical run (on the same
ELISA plate) irrespectively of the time they had
been stored at a tested condition, which eliminates
the influence of the inter-assay measurement impre-
cision. Stability of the samples is expressed in this
study as CV of the average normalized concentra-
tions, and as average daily decrease of concentration
in percent per day. In most cases coefficient of ‘vari-
ation of the concentrations stored up to 14 days was
lower than 10%, with only a few exceeding 15%.
Daily decrease trends, when significant at all, were
rarely higher than 1.5% per day. We believe that for
the proper interpretation of the data, combination of
the two statistical approaches must be considered:
Where as time trends in concentration decrease, when
significant, show systematic degradation of the sam-
ples (or actually lack of it, in most cases), variation
of the concentrations tells more about nonsystematic
changes, partially explainable by marginal inhomo-
geneity of aliquots and imprecision of the methods.
Taking together both approaches, we think that up to
one working week (5-7 days) all matrices are stable
when kept at the routine storage working conditions

usually applied in medical laboratories (room temper-
ature, refrigerator, —20°C freezer). This conclusion
corresponds well to the results of our previous results
[11].

In this study, we also tested whether the stability of
the biomarkers could be improved by addition of an
antibacterial agent, sodium azide (NaN3), which was
brought about by the suggestion of decreased A3 con-
centrations in CSF samples due to bacterial growth
[20]. We did not observe any additional benefit (nor
any negative effect) of the addition of this antibac-
terial agent on the stability of the NDD biomarkers,
with the exception of an improved stability of A1-42
in the human CSF stored at room temperature (Sup-
plementary Figure 2c¢ versus 2d, and Supplementary
Figure 2e versus 2f). Correspondingly, we do not rec-
ommend supplementation of QC samples with NaN3.

For the LTS testing, samples were stored deeply
frozen and periodically analyzed on ELISA plates of
different production batches and, in one case, even
with vendor-introduced modifications of the assay
format. Interpretation of these results must therefore
take into consideration that the obtained variability is
the superposition of the variability of the biomarkers
concentrations and the inter-assay imprecision of the
measurement methods. Long-term variation of mea-
surements, usually large compared to the degree of
degradation of biomolecules, is one the major prob-
lems in the determination of long-term stability and
shelf-life [21]; on the other hand, we believe that such
approach is more reliable, compared to the extrapola-
tions of the results of accelerated ageing studies with
application of mathematical equations, as proposed
by other investigators [18]. Similarly, Linsinger et al.
do not recommend attempts to estimate LTS by
extrapolating STS data via the Arrhenius-equation
[15]. To our opinion, the observed maximal variabil-
ity in the range of +20% should be considered an
acceptable result. As a matter of fact, the concen-
trations of AP1-47 and AB1-49 in prediluted plasma
without NaN3 supplementation (BO) deviated not
more than+ 10% in all measurement points, i.e.,
actually within expected inter-assay variability.

For the inter-center study, six samples were pre-
pared and sent to the participants under room
temperature. This approach differs from the proto-
cols of other large-scale inter-center projects, where
samples were sent frozen [7, 8, 22]. Observed inter-
center variability of the biomarkers obtained in this
study in pooled CSF was compared to the results of
the studies coordinated by the group at the Univer-
sity of Gothenburg, with the variation of tau and pTau
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expectedly lower that this of A1-4> [8]. Interestingly,
comparable variation was obtained with freeze-dried
sample, with the exception of AB;-49, which had
higher variability, which can be explained by one out-
lier center (#4) and by the relatively low number of
the participants. To our best knowledge, no data has
been published so far on the inter-center variability
of AP peptides in artificial matrices. The results of
this study show moderate variation obtained in these
matrices (~20-25%) and plausible distribution of the
results across the centers: In majority of cases, the
participants reported either higher or lower concen-
trations of a given biomarker in all samples, which
might denote that the performance of a center, and not
the samples, require some further optimization. Fur-
thermore, the distribution of measurements from the
different laboratories was uniform above and below
the average values, which indicates there is no sys-
tematic matrix effect; it is also important to consider
that the total variabilities of the inter-center study
include also variabilities resulting from intra-assay
imprecision and inhomogeneity of the aliquots. Note-
worthy to mention is also that spiking lower amounts
of the AR peptides into artificial matrices resulted in
their concentrations almost ideally correspondingly
lower (70% and 50% of AB1-42 and AB1-49, respec-
tively).

We are aware that use of synthetic QC samples
by itself will not solve the problem of inter-center
variability, but we are convinced that use of one sam-
ple type by many laboratories and on long-term basis
would improve our knowledge on possible sources of
the variability problem. To our best knowledge, this
is the first study addressing the question if synthetic
matrices can be used for QC of the AD biomark-
ers. Certainly further studies are warranted to address
more detailed questions, like robustness of the sam-
ples or molecules absorption.

Our study has at least one limitation: Due
to dynamical processes of phosphorylation/
dephosphorylation of the tau molecule, and resulting
problems of its molecular instability, it was currently
impossible to spike tau and phosphorylated tau
(pTau) into the artificial matrices tested in this study.
Certainly further work is warranted to facilitate the
inclusion of these important biomarkers in artificial
QC samples.

In conclusion, we believe that it is possible
to replace self-made CSF-based QC samples for
the NDD with large-scale volumes of the sam-
ples prepared with artificial peptides and matrices
and at different concentrations, which would greatly

facilitate intra- and inter-center QC of the NDD
measurements. Furthermore, most probably a cal-
ibration reference material, currently being tested,
will be based on human CSF [10], and hence it
makes sense to offer QC material based on a dif-
ferent matrix. It will be also very interesting to see
if application of the same calibrators and the same
QC material will reduce intra- and inter-laboratory
variability. Also longitudinal statistical evaluation of
assays performance will be easier if the same QC
sample (generated in large volume and obviously
stable for longer time) is used for many analytical
runs, all of them performed according to one set of
standardized reference calibrators. We believe that
our study has implication also for other biomark-
ers, e.g., CSF a-synuclein in Parkinson Syndromes.
Such artificial CSF QC samples can also be used in
biospecimen Proficiency Testing (PT) programs, like
the ISBER-endorsed PT program for biorepositories
and other laboratories [23].

ACKNOWLEDGMENTS

The present work was performed in fulfillment
of the requirements for obtaining the degree “Dr.
rer. biol. hum.” by Mrs. Natalia Lelental. The
authors acknowledge the technical support from
Mrs. Hanne Struyfs, Mrs. Naomi De Roeck and
Mrs. Jill Luyckx (BIODEM, UAntwerp). This
is' an EU Joint Programme - Neurodegenera-
tive Disease Research (JPND) project, supported
through the funding organizations under the aegis of
JPND (http://www.jpnd.eu) listed in Supplementary
Table 6. PL and NL were supported by the German
Bundesministerium fiir Bildung und Forschung
(grant 01ED1203D) within the Biomark APD Project
of the JPND. The research leading to these results
has received support from the Innovative Medicines
Initiative Joint Undertaking under grant agreement
n° 115372, resources of which are composed of
financial contribution from the European Union’s
Seventh Framework Programme (FP7/2007-2013)
and EFPIA companies’ in kind contribution. This
work was supported by the German Center for
Neurodegenerative Diseases (DZNE e.V.) within
the Helmholtz Association. SE was supported by
the University of Antwerp Research Fund; the
Alzheimer Research Foundation (SAO-FRA); the
Agency for Innovation by Science and Technology
(IWT, http://www.iwt.be); the Research Foundation
Flanders (FWO, http://www.fwo.be); the Belgian

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

702

703

704

705

706

707

708

709

710

712

713

714


http://www.jpnd.eu
http://www.iwt.be
http://www.fwo.be

715

716

77

718

719

720

721

722

723

724

725

726

727

728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769

N. Lelental et al. / Comparison of Different Matrices as Potential Quality Control Samples 13

Science Policy Office Interuniversity Attraction Poles
(IAP) program (BELSPO, http://www.belspo.be); the
Flemish Government initiated Methusalem excel-
lence grant (EWI, http://www.ewi-vlaanderen.be);
the Flanders Impulse Program on Networks for
Dementia Research (VIND).

Authors’ disclosures available online (http://j-alz.
com/manuscript-disclosures/15-0883r2).

SUPPLEMENTARY MATERIAL

The supplementary material is available in the
electronic version of this article: http://dx.doi.org/
10.3233/JAD-150883.

REFERENCES

(1]

[2]

[3]

[4]

(3]

(6]

(7]

(8]

Lewczuk P, Mroczko B, Fagan A, Kornhuber J (2015)
Biomarkers of Alzheimer’s disease and mild cognitive
impairment: A current perspective. Adv Med Sci 60, 76-82.
Blennow K, Dubois B, Fagan AM, Lewczuk P, de Leon
MIJ, Hampel H (2015) Clinical utility of cerebrospinal fluid
biomarkers in the diagnosis of early Alzheimer’s disease.
Alzheimers Dement 11, 58-69.

Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow
K, Minthon L (2006) Association between CSF biomark-
ers and incipient Alzheimer’s disease in patients with mild
cognitive impairment: A follow-up study. Lancet Neurol 5,
228-234.

Jack CR Jr, Knopman DS, Jagust WJ, Shaw LM, Aisen PS,
Weiner MW, Petersen RC, Trojanowski JQ (2010) Hypo-
thetical model of dynamic biomarkers of the Alzheimer’s
pathological cascade. Lancet Neurol 9, 119-128.

Lleo A, Cavedo E, Parnetti L, Vanderstichele H, Herukka
SK, Andreasen N, Ghidoni R, Lewczuk P, Jeromin A,
Winblad B, Tsolaki M, Mroczko B, Visser PJ, Santana I,
Svenningsson P, Blennow K, Aarsland D, Molinuevo JL,
Zetterberg H, Mollenhauer B (2015) Cerebrospinal fluid
biomarkers in trials for Alzheimer and Parkinson diseases.
Nat Rev Neurol 11, 41-55.

EMA (2011) Qualification opinion of novel methodolo-
gies in the predementia stage of Alzheimer’s disease:
Cerebrospinal fluid related biomarkers for drugs affecting
amyloid burden (EMA/CHMP/SAWP/102001/2011).
Lewczuk P, Beck G, Ganslandt O, Esselmann H, Deisen-
hammer F, Regeniter A, Petereit HF, Tumani H, Gerritzen
A, Oschmann P, Schroder J, Schonknecht P, Zimmermann
K, Hampel H, Biirger K, Otto M, Haustein S, Herzog K,
Dannenberg R, Wiirster U, Bibl M, Maler JM, Reubach U,
Kornhuber J, Wiltfang J (2006) International quality control
survey of neurochemical dementia diagnostics. Neurosci
Lett 409, 1-4.

Mattsson N, Andreasson U, Persson S, Arai H, Batish SD,
Bernardini S, Bocchio-Chiavetto L, Blankenstein MA, Car-
rillo MC, Chalbot S, Coart E, Chiasserini D, Cutler N,
Dahlfors G, Duller S, Fagan AM, Forlenza O, Frisoni GB,
Galasko D, Galimberti D, Hampel H, Handberg A, Heneka
MT, Herskovits AZ, Herukka SK, Holtzman DM, Humpel
C, Hyman BT, Igbal K, Jucker M, Kaeser SA, Kaiser E,

[9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

[19]

Kapaki E, Kidd D, Klivenyi P, Knudsen CS, Kummer MP,
Lui J, Llado A, Lewczuk P, Li QX, Martins R, Masters
C, McAuliffe J, Mercken M, Moghekar A, Molinuevo JL,
Montine TJ, Nowatzke W, O’Brien R, Otto M, Paraskevas
GP, Parnetti L, Petersen RC, Prvulovic D, de Reus HP,
Rissman RA, Scarpini E, Stefani A, Soininen H, Schréder
J, Shaw LM, Skinningsrud A, Skrogstad B, Spreer A, Talib
L, Teunissen C, Trojanowski JQ, Tumani H, Umek RM,
Van Broeck B, Vanderstichele H, Vecsei L, Verbeek MM,
Windisch M, Zhang J, Zetterberg H, Blennow K (2011) The
Alzheimer’s Association external quality control program
for cerebrospinal fluid biomarkers. Alzheimers Dement 7,
386-395 e386.

Jack CR Jr, Albert MS, Knopman DS, McKhann GM,
Sperling RA, Carrillo MC, Thies B, Phelps CH (2011) Intro-
duction to the recommendations from the National Institute
on Aging-Alzheimer’s Association workgroups on diagnos-
tic guidelines for Alzheimer’s disease. Alzheimers Dement
7,257-262.

Leinenbach A, Pannee J, Dulffer T, Huber A, Bittner T,
Andreasson U, Gobom J, Zetterberg H, Kobold U, Portelius
E, Blennow K, Scientific Division Working Group on
IFCC, CSF, proteins (2014) Mass spectrometry-based can-
didate reference measurement procedure for quantification
of amyloid-beta in cerebrospinal fluid. Clin Chem 60, 987-
994.

Zimmermann R, Lelental N, Ganslandt O, Maler JM,
Kornhuber J, Lewczuk P (2011) Preanalytical sample han-
dling and sample stability testing for the neurochemical
dementia diagnostics. J Alzheimers Dis 25, 739-745.
Lewczuk P (2015) Schlussbericht des Projektes Opti-
mierung der Qualitdtskontrolle und Interpretation der
Neurochemischen Demenzdiagnostik: Teilprojekt von
“Biomarkers for Alzheimer’s disease and Parkinson’s dis-
ease, BIOMARKAPD”.

(1998) Directive 98/79/EC of the European Parliament and
of the Council of 27 October 1998 on in vitro diagnostic
medical devices.

Reiber H (1994) Flow rate of cerebrospinal fluid (CSF)-a
concept common to normal blood-CSF barrier function and
to dysfunction in neurological diseases. J Neurol Sci 122,
189-203.

Linsinger TPJ, Pauwels J, van der Veen AMH, Schimmel H,
Lamberty A (2001) Homogeneity and stability of reference
materials. Accreditation Qual Assur 6, 20-25.

Lamberty A, Schimmel H, Pauwels J (1998) The study of
the stability of reference materials by isochronous measure-
ments. Fresenius J Anal Chem 360, 359-361.

Auclair G, Zegers I, Charoud-Got J, Munoz Pineiro A,
Hanisch K, Boulo S, Trapmamm S, Schimmel H, Emons H,
Schreiber W (2011) The certification of the mass concen-
tration of C-Reactive Protein in human serum - Certified
Reference Material ERM -DA474/IF CC, Publication Office
of the European Union, Luxembourg.

Schoonenboom NS, Mulder C, Vanderstichele H, Van Elk
EJ, Kok A, Van Kamp GJ, Scheltens P, Blankenstein MA
(2005) Effects of processing and storage conditions on amy-
loid B (1-42) and tau concentrations in cerebrospinal fluid:
Implications for use in clinical practice. Clin Chem 51, 189-
195.

Andreasen N, Minthon L, Davidsson P, Vanmechelen E,
Vanderstichele H, Winblad B, Blennow K (2001) Evalua-
tion of CSF-tau and CSF-AB42 as diagnostic markers for
Alzheimer disease in clinical practice. Arch Neurol 58, 373-
379.

770
77
772
773
774
775
776

778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834


http://www.belspo.be
http://www.ewi-vlaanderen.be
http://j-alz.com/manuscript-disclosures/15-0883r2
http://j-alz.com/manuscript-disclosures/15-0883r2
http://dx.doi.org/10.3233/JAD-150883
http://dx.doi.org/10.3233/JAD-150883

835
836
837
838
839
840
841
842

14

[20]

[21]

N. Lelental et al. / Comparison of Different Matrices as Potential Quality Control Samples

Fronek K, Lange P, Spreer A, Eiffert H, Nau R (2011)
Bacterial contamination and the transport vial material
affect cerebrospinal fluid concentrations of beta-Amyloid
and Tau protein as determined by enzyme immunoassay.
Dement Geriatr Cogn Disord 32, 126-134.

Pauwels J, Lamberty A, Schimmel H (1998) Quantification
of the expected shelf-life of certified reference materials.
Fresenius J Anal Chem 361, 395-399.

[22]

[23]

Lewczuk P, Kornhuber J, Wiltfang J (2006) The German
Competence Net Dementias: Standard operating proce-
dures for the neurochemical dementia diagnostics. J Neural
Transm 113, 1075-1080.

Betsou F, Sobel ME (2013) The ISBER Biorepository pro-
ficiency testing program: Two successful years already, and
new features to come. Biopreserv Biobank 11, 255-256.

843
844
845
846
847
848
849



