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Abstract.72

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.

73

74

75

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

76

77

Methods: Three matrices were validated in this study: (A) human pooled CSF, (B) A� peptides spiked into human prediluted
plasma, and (C) A� 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.

78

79

80

81

82

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.

83

84
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86

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.

87
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89

90

Keywords: Alzheimer’s disease, amyloid-�, biomarkers, cerebrospinal fluid, laboratory diagnostics, quality control, tau91
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INTRODUCTION39

Neurochemical dementia diagnostics (NDD),40

along with the amyloid-� (A�) PET imaging, has41

become the most important modality for the early42

diagnosis of Alzheimer’s disease (AD) [1, 2]. Cere-43

brospinal fluid (CSF) biomarkers, particularly A�44

peptides, show alterations early in the preclinical45

stage of the disorder, probably decades before the46

onset of the first clinical symptoms [3, 4]. There-47

fore it is not surprising that an increasing number48

of laboratories is establishing NDD as their routine49

tool either for an early AD diagnosis or to increase50

the probability to enroll patients with underlying AD51

pathology in clinical trials [5, 6]. On the other hand,52

partially due to the physicochemical properties of A�53

peptides and tau proteins, quality control (QC) of54

the NDD analyses is very difficult; large-scale inter-55

national studies performed in the last years [7, 8]56

have shown that especially the inter-laboratory pre-57

cision of the NDD measurements requires further58

optimization. Insufficient precision and reproducibil-59

ity of the NDD measurements are considered most60

important factors preventing CSF biomarkers from61

general acceptance as a routine AD diagnostic tool62

[9] and certainly consensus protocols on collection63

and storage of the samples for NDD biomarkers are64

crucial. Nevertheless, we believe that standardized65

and assay vendor-independent QC samples, which66

could be universally used, would very logically com-67

plement reference methods and standards currently68

tested [10] and hopefully would improve our knowl-69

edge on possible sources of the intra- and inter-center70

imprecision of measurements.71

So far, an assay-independent QC sample for any72

of the NDD biomarkers has not been commer-73

cially available, which forces laboratories to develop74

their own procedures to prepare QC materials, most75

commonly based on pooling of available, other-76

wise discarded, leftover CSF samples. Such an77

approach makes intra-laboratory QC difficult and78

inter-laboratory QC even impossible, for at least three79

reasons: (a) the concentrations of the biomarkers in80

samples prepared by different centers will be differ-81

ent; (b) the quality of leftover CSF samples used for82

the preparation of the QC material is not always opti-83

mal, and (c) operating procedures to prepare the QC84

material differ among centers. Moreover, longitudi-85

nal QC, taken together with the growing frequency of86

the analyses, forces preparation of the QC material in87

very large amounts, which is difficult in laboratories88

with limited access to large numbers and volumes89

of CSF samples. Equally important is that it is eas- 90

ier to obtain different biomarkers concentrations (for 91

example “normal” and “pathologic” levels) in syn- 92

thetic matrices than in pooled CSF leftovers. In our 93

previous study [11], we addressed the feasibility of 94

generating the NDD QC material based on large-scale 95

CSF pools. In the current study, we tested also other, 96

partially artificial, matrices and sample preparation 97

procedures with the rationale to test if application of 98

such matrices for QC of AD biomarkers is possible 99

and plausible. 100

MATERIALS AND METHODS 101

Preparation of the samples; conditions for 102

the short- and long-term stability testing; 103

influence of the antibacterial factor (sodium 104

azide); homogeneity testing 105

The Ethical Committee of the University of 106

Erlangen-Nuremberg approved use of human CSF 107

samples for this study. Block-flows of the preparation 108

of the samples for short-term stability (STS) are pre- 109

sented in Supplementary Figure 1 and Supplementary 110

Table 1. Short- and long-term stability was evaluated 111

in the following matrices: 112

(A) Human pooled CSF without (A0) and with 113

(A+) addition of sodium azide (NaN3, final 114

concentration 0.1%). Briefly, freshly collected 115

human CSF samples were immediately pooled 116

(to assure anonymity and non-traceability), 117

centrifuged (1,600 g, 10 min.), frozen and 118

stored at –80◦C. For this project, the sam- 119

ples were thawed and pooled again to obtain 120

appropriate volumes of homogenous samples; 121

aliquots were then prepared and stored at the 122

conditions described below. 123

(B) Synthetic A� peptides (A�1-42 and A�1-40; 124

AnaSpec Inc., Fremont, USA) spiked into 125

human EDTA-plasma prediluted 1:200 with 126

0.97% phosphate-buffered saline (PBS, pH 127

7.4; Amresco, Solon, USA) and Tween 20 128

(Roth, Karlsruhe, Germany; final concentra- 129

tion 0.05%), without (B0) and with (B+) 130

addition of NaN3 (final concentration 0.1%). 131

Briefly, 5 mL of human plasma was diluted 132

with 995 mL of PBS + 500 �L of Tween 20, 133

and divided into two equal volumes. To one 134

portion (500 mL), 5 mL of 10% NaN3 stock 135

was added. Synthetic A� peptides (0.5 mg) 136

were reconstituted in 1 mL of dimethyl 137
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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 A�1-40; b) Stabilized A�1-40; c)
Non-stabilized A�1-42 (Innotest); d) Stabilized A�1-42 (Innotest); e) Non-stabilized A�1-42 (MSD); f) Stabilized A�1-42 (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, NaN3

A�1-40 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)
A�1-42 (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)
A�1-42 (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) 116.8 (4.3; NS) 123.5 (7.0; NS) 111.5 (8.7; 2%/d)
Tau (MSD) 83.8 (13.5; 2%/d) 76.5 (11.3; 1.8%/d) 92.6 (8.0; NS) 83.6 (5.9; NS) 91.1 (9.0; NS) 75.3 (6.7; NS)
pTau181 (Innotest) 99.6 (7.6; NS) 104.0 (5.9; NS) 105.6 (4.3; 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)138

followed by further dilution of 1:1000 (in two139

steps) in DMSO to the stock-concentration140

of 500 ng/mL. These stock solutions were141

then aliquoted into portions of 400 �L in142

polypropylene Eppendorf test tubes, and143

frozen at –80◦C. Immediately before the144

preparation of the aliquots, 250 �L of a pep-145

tide/DMSO solution was added to 9.750 mL of 146

prediluted plasma (with and without NaN3). 147

Furthermore, material B was also tested as a 148

mixture of A�1-42 and A�1-40 in one sample. 149

Briefly, artificial peptides were added to the 150

prediluted EDTA-plasma to achieve the same 151

final concentrations as in the separate A�1-42 152

and A�1-40 samples. 153
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(C) Synthetic A� peptides spiked into 0.04%154

bovine serum albumin (BSA; Roth, Karlsruhe,155

Germany) prediluted in PBS/Tween 20, with-156

out (C0) and with (C+) addition of NaN3 (final157

concentration 0.1%). Briefly, the material C158

was prepared analogously to the material B159

with the exception that instead of prediluted160

plasma, 0.04% BSA/PBS+Tween was used as161

a diluent.162

All six types of the samples (three matrices,163

each with- and without NaN3) were aliquoted164

immediately after the preparation and stored:165

(a) at room temperature (RT), (b) in a refrig-166

erator (+4◦C), or (c) frozen at –20◦C. One167

aliquot from each of these six sets was deep168

frozen (–80◦C) immediately after the prepa-169

ration, and served as a reference sample. The170

remaining aliquots were kept for: 1–7, 10,171

and 14 days following transfer into –80◦C.172

After the completion of the storage time173

(i.e., 14 days), all aliquots of a given sam-174

ple type were thawed and immediately tested175

in one analytical run (one ELISA or electro-176

chemiluminescence plate) per biomarker. All177

measurements were performed in duplicates.178

The influence of NaN3 (as an antibacterial179

agent) on the concentrations of the biomarkers180

was tested by comparing their concentrations181

following storage for five days at room tem-182

perature with and without NaN3.183

To test for homogeneity, 31 aliquots of Material B184

were prepared, with both A�1-42 and A�1-40 spiked185

into the same stock sample. One aliquot was immedi-186

ately transferred into –80◦C and served as a reference187

sample. Remaining 30 aliquots were divided into188

three groups of 10 samples and stored for five days at:189

(a) room temperature (b) +4◦C or (c) –20◦C, follow-190

ing transfer into a deep freezer. All aliquots, including191

the reference sample, were then assayed in dupli-192

cates on one ELISA plate per biomarker, whereas193

different aliquots were treated as they were separate194

samples.195

To test for homogeneity after freeze-dry procedure196

(see below), three CSF pooled samples, divided into197

ten aliquots each, were tested for A�1-42 and pTau181198

concentrations.199

To test long-term stability (LTS), samples were200

prepared analogously to those for the STS experi-201

ment, deep-frozen, and stored at –80◦C for 6, 9, and202

12 months pending analyses.203

Assays 204

STS and LTS tests were performed with the fol- 205

lowing assays: A�1-40 (IBL International GmbH, 206

Hamburg, Germany), A�1-42 (IBL International 207

GmbH, Hamburg, Germany, Fujirebio Europe, for- 208

merly Innogenetics, Ghent, Belgium) and Meso Scale 209

Discovery, Rockville, USA), Tau (Fujirebio Europe, 210

and Meso Scale Discovery), pTau181 (Fujirebio 211

Europe), all according to the instruction of the man- 212

ufacturers. 213

Preparation of the freeze-dried samples 214

Aliquots containing 1 mL of the CSF pool were 215

filled into 2-mL SCHOTT TopLyo® glass vials 216

(SCHOTT AG, Germany), and partially stoppered 217

with 13 mm lyophilization stoppers. Freeze-drying 218

of CSF was performed using a commercial Mar- 219

tin Christ Epsilon 2–4 LSC freeze-dryer (CHRIST, 220

Germany). Samples were placed on a heating shelf of 221

the freeze-dryer at a temperature of +4
◦
C and slowly 222

pre-frozen (1 degree/min) down to –80
◦
C with addi- 223

tional frozen hold step for 3 h. Primary and secondary 224

drying was achieved at a vacuum of 30 mTorr and 225

15 mTorr, respectively. The temperature of the sam- 226

ples was monitored during the freeze-drying process 227

using sample vials with thermoprobes. Cycle time 228

was 26 h. In the end of the cycle, freeze-dried samples 229

were closed, removed from the freeze-dryer, sealed 230

to inhibit the humidification, and kept in the dark at 231

–80 ◦C until shipment. Shipment has been done 232

at ambient temperatures. Freeze-dried samples were 233

rehydrated with deionized water. 234

Inter-laboratory variability testing (external 235

quality control, EQC) 236

For the inter-laboratory variability testing, the 237

participating 25 laboratories obtained the following 238

samples, all of them shipped by regular mail at ambi- 239

ent conditions: 240

EQC-1: Human pooled CSF; 241

EQC-2: Sample EQC-1 freeze-dried and sent to 242

the participating laboratories as powder to be recon- 243

stituted in 1 mL of distilled water; 244

EQC-3: A�1-42 + A�1-40 dissolved in prediluted 245

EDTA-plasma. Briefly, 50 �L of a 500 ng/mL A�1-42 246

stock and 320 �L of a 500 ng/mL stock A�1-40 was 247

diluted in 17 mL of human plasma prediluted 1:200 248

in PBS/Tween. 249
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EQC-4: A�1-42 + A�1-40 dissolved in prediluted250

EDTA-plasma, analogously to the material EQC-3,251

whereas the volumes of the spiked stocks were 35 �L252

of A�1-42 and 160 �L of A�1-40.253

EQC-5: A�1-42 + A�1-40 diluted in BSA/PBS254

+Tween. Briefly, 50 �L of a 500 ng/mL A�1-42 stock255

and 320 �L of a 500 ng/mL A�1-40 stock was diluted256

in 17 mL of 0.04% BSA/PBS+Tween.257

EQC-6: A�1-42 + A�1-40 diluted in 0.04% BSA258

in PBS+Tween, analogously to the material EQC-5,259

whereas the volumes of the spiked stocks were 35 �L260

of A�1-42 and 160 �L of A�1-40.261

The summary of the samples for the EQC is pre-262

sented in Supplementary Table 2.263

Inter-assay imprecision; maximal acceptable264

instability and variation265

For inter-assay imprecision, a set of aliquots of266

human pooled CSF was prepared and promptly267

refrozen at –80◦C. One aliquot was freshly thawed268

immediately before the analyses, which were per-269

formed by different operators and on different days270

in the time span of fourteen months. Maximal accept-271

able instability and variation were defined as ± 20%272

deviation from the concentration measured in the273

reference sample (for the STS and LTS studies)274

or ± 25% from the average of the measurements in275

the inter-assay imprecision testing.276

Statistical analyses277

If not stated otherwise, results are presented as278

averages and standard deviations (or coefficients of279

variation, CV); results of duplicate measurements280

are expressed as averages and the absolute differ-281

ence between the single measurements divided by282

their average; for determination of total variations283

and uncertainty, the absolute differences of duplicates284

were recalculated into standard deviations or relative285

standard deviations (CVs). Partial uncertainty and286

partial variation of the measurements are expressed287

in this study as standard deviations or relative stan-288

dard deviations (CVs); total variation/uncertainty is289

calculated as squared root of the sum of the squared290

contributing variabilities. Stabilities of the biomark-291

ers concentrations over time were analyzed by linear292

regression with Statistica 12 (StatSoft, Tulsa, USA);293

a p < 0.05 was considered significant.294

RESULTS 295

Short-term stability 296

If not stated otherwise, the results of the stability 297

studies are presented as normalized concentrations. 298

The normalization was performed by division of the 299

concentration measured in a given sample by the con- 300

centration measured in the reference sample, i.e., the 301

sample placed into –80◦C freezer immediately after 302

its preparation. 303

The results of the STS testing of the human 304

pooled CSF samples (A0 and A+) are presented 305

in Supplementary Figure 2, with the concomitant 306

normalized concentrations, CVs and average concen- 307

tration decrease per day shown in Table 1. A�1-40 was 308

very stable in the CSF samples stored at the three 309

tested conditions up to 14 days, whereas A�1-42, 310

expectedly, was apparently less stable. In a sample 311

supplemented with NaN3 and stored under room 312

temperature, a marginal but significant decrease of 313

A�1-40 concentration was observed (ca. 0.8%/day). 314

Similar minimal, yet significant, daily decrease 315

of A�1-42 concentration (ca. 0.5–1.5%/day) was 316

also noticed in this matrix stored under all three 317

conditions. Exception was A�1-42 measured with 318

MSD method, which showed average concentration 319

decrease of 4.5%/d in a sample stored at room tem- 320

perature. Interestingly, addition of NaN3 resulted in 321

an improved stability of A�1-42 in the CSF sam- 322

ples (compare Supplementary Figure 2c and 2d for 323

A�1-42 tested with Innotest assays, and Supplemen- 324

tary Figure 2e and 2f for MSD assays). Tau tested 325

with Innotest assays (Supplementary Figure 2g, 2h) 326

showed relatively low discrepancies of concentra- 327

tions over the whole tested period, with significant 328

daily average decrease only in a sample stored at 329

–20◦C. When tested with MSD assays (Supplemen- 330

tary Figure 2i, 2j), its concentration dropped after 331

2–3 days of storage (ca. 2%/day on average during 332

overall storage time). Phosphorylated tau, expectedly, 333

showed stable concentrations for up to 14 days of stor- 334

age without significant daily concentration decreases 335

(Supplementary Figure 2k, 2l). 336

The results of the STS testing of the prediluted 337

plasma-based samples (B0 and B+) are presented in 338

Fig. 1 and Supplementary Figure 3, and the result- 339

ing normalized concentrations, their CVs and average 340

concentration decrease per day are presented in 341

Table 2 and Supplementary Table 3. Taken together, 342

both biomarkers turned out stable when stored under 343

all three conditions, with only single cases of the 344
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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 A�1-40; b) Stabilized A�1-40; c) Non-stabilized A�1-42
(Innotest); d) Stabilized A�1-42 (Innotest); e) Non-stabilized A�1-42 (MSD); f) Stabilized A�1-42 (MSD).

concentrations exceeding 80%–120% range of the345

starting concentrations, irrespectively whether the346

two peptides were tested separately (Fig. 1) or as a347

combination (Supplementary Figure 3). Expectedly,348

the samples stored at –20◦C were even more stable349

than those stored at +4◦C or room temperature. Cor-350

respondingly, only marginal concentration decrease351

trends were observed in this matrix, not exceeding352

1.3%/day.353

The results of the STS testing of the peptides354

diluted in BSA/PBS+Tween (C0 and C+) are pre-355

sented in Fig. 2, and the corresponding normalized356

concentrations, their CVs and average concentration357

decrease per day are shown in Table 3. Also in this358

matrix, A�1-40 turned out very stable at all three359

tested conditions, with an apparent drop of concen-360

tration in a sample stored for longer than 10 days at361

room temperature without NaN3 (Fig. 2a). Interest-362

ingly, also A�1-42 was relatively stable in this matrix,363

however, with unexpected and inexplicable rise in its364

concentration in a RT sample at day 5 when tested365

with Innotest (Fig. 2c) but not with MSD (Fig. 2e) 366

assay. 367

Influence of the antibacterial factor 368

The differences in the concentrations of the 369

biomarkers possibly resulting from addition of 370

sodium azide are presented in Supplementary Table 4. 371

Application of 0.1% NaN3 neither changed starting 372

concentrations of the two peptides nor influenced 373

their concentrations after 5 days at room temperature. 374

Homogeneity 375

Results of the homogeneity testing of the sample 376

based on pre-diluted plasma (Material B) are pre- 377

sented in Supplementary Table 5, together with the 378

analysis of the intra-assay variation and the total vari- 379

ation resulting from the two sources. Inhomogeneity 380

of the samples was below 3% for A�1-42 and below 381

4% for A�1-40. 382
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Fig. 3. The results of the long-term stability testing. a) A�1-40; b) A�1-42; c) Tau; d) pTau181.

Table 2
Normalized concentrations of the biomarkers tested for short-term stability in the prediluted-plasma based samples (B0 and B+), when one

peptide isomer (either A�1-42 or A�1-40) was spiked into the samples

Biomarker Conditions
RT RT, NaN3 +4◦C +4◦C, NaN3 –20◦C –20◦C, NaN3

A�1-40 106.3 (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)
A�1-42 (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)
A�1-42 (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 0”,
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 (C0 and C+)

Biomarker Conditions
RT RT, NaN3 +4◦C +4◦C, NaN3 –20◦C –20◦C, NaN3

A�1-40 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)
A�1-42 (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)
A�1-42 (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 NaN3 as an antibacterial stabilizer; NS, non significant.

Average inhomogeneity of A�1-42 and pTau181 in383

three samples after freeze-dry procedure was 3.4%384

and 3.8%, respectively.385

Long-term stability386

The results of the LTS experiments are presented in387

Fig. 3. The concentrations of A�1-40 in the samples

stored deeply frozen for one year were apparently 388

stable in all samples, with an exception of the sam- 389

ple based on prediluted plasma not supplemented 390

with NaN3 (Fig. 3a, Mat. B0). Interestingly, A�1-42 391

was very stable in prediluted plasma-based samples 392

(Fig. 3b, Mat. B0 and B+) as well as, to a lesser 393

degree, CSF samples (Fig. 3b, Mat. A0 and A+), but 394
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Table 4
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

A�1-40 (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%)
A�1-42 (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
pTau181 (25) 55.9 (9.8%) 37.6 (12.9%) ND ND ND ND

A�1-42 and A�1-40 were measured with assays from Innogenetics, IBL International or MSD; Tau was measured with assays from
Innogenetics or MSD; pTau181 was measured with assays from Innogenetics.

much less stable (in terms of rising and dropping con-395

centrations) in a BSA/PBS samples (Fig. 3b, Mat. C0396

and C+). Tau (Fig. 3c) and pTau181 (Fig. 3d) showed397

stable concentrations in the CSF samples stored for398

up to one year.399

Inter-assay variability400

The results of the inter-assay variability of the401

biomarkers tested in a pooled human CSF sample402

are presented in Supplementary Figure 4. Inter-assay403

imprecision (the number of the repetitions are in404

brackets) of the biomarkers was: 11.7% (25), 10.4%405

(30), 9.4% (17), and 6.8% (20) for A�1-42, A�1-40,406

tau, and pTau181, respectively.407

Inter-laboratory variability408

The results of the biomarker measurements409

reported by the participants of the inter-center study410

are presented in Fig. 4 and Table 4. The concentra-411

tions in the pooled CSF sample (EQC-1 on Fig. 4a,412

c, e, and f) showed moderate variation, expectedly413

slightly higher in case of A�1-42 (∼25%) than in414

case of other biomarkers, with the lowest variation,415

as expected, in case of pTau181 (<10%). Compa-416

rable variation was obtained in case of freeze-dried417

CSF (EQC-2 on Fig. 4a, c, e, and f), with the excep-418

tion that one participant reported unexpectedly low419

A�1-40 concentration in EQC-2 (particularly when420

compared to the EQC-1 result), which increased over-421

all variation of A�1-40 in the freeze-dried material422

to 45%. Interestingly to note is that the concentra-423

tions of A�1-40, A�1-42, and pTau181 reported in the424

freeze-dried material (EQC-2) paralleled very well,425

with two or three exceptions, the concentrations in the426

native CSF (EQC-1) but were consistently 20–30%427

lower. In the case of tau, however, the reverse was428

true: The concentrations in freeze-dried material were429

consistently 50–60% higher than in the native CSF.430

A�1-40 in the artificial samples showed variation of 431

about 20% (Fig. 4b). A�1-40 concentrations reported 432

by the participants were almost identical irrespec- 433

tively of the material tested (compare EQC-3 versus 434

EQC-5 and EQC-4 versus EQC-6 on Fig. 4b); further- 435

more, the concentrations in EQC-4 and EQC-6 were, 436

as expected (considering the amount of the spiked 437

synthetic peptides), almost ideally halves of the con- 438

centrations in EQC-3 and EQC-5, respectively. 439

Similar results were obtained for A�1-42 (Fig. 4d); 440

with overall inter-center variation around 25%, the 441

concentrations in EQC-3 and ECQ-5 were very well 442

comparable to each other (with the exception of the 443

participants #2 and 5), and the same was observed 444

regarding the samples EQC-4 and EQC-6. Also in 445

case of A�1-42, the concentrations in EQC-4 and 446

EQC-6 turned out, as expected (considering the 447

amount of the spiked peptides), almost ideally 70% 448

of the concentrations in EQC-3 and EQC-5, respec- 449

tively. 450

DISCUSSION 451

We present in this study the results of the vali- 452

dation of three matrices (one based on human CSF, 453

and two artificial) as potential QC samples for NDD 454

biomarkers [12]. 455

At the beginning of this study (Summer 2012), no 456

commercial material was available for any kind of 457

control of the quality of AD biomarkers assays; mean- 458

while the situation has improved to some extent, as 459

the majority of assay vendors include some form of 460

control samples in their kits for the validation of a 461

particular analytical run; however, such samples are 462

specific-assay-tailored, and cannot be reliably used 463

to control the quality of other manufacturers’ assays. 464

These run-validation samples do not necessarily have 465

the same performance as biological material, and as 466

such they are not representative to document the most 467

important variables in the assays. It is also worth 468

stressing that in case of the NDD biomarkers, which 469



U
nc

or
re

ct
ed

 A
ut

ho
r P

ro
of

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

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) A�1-40 in liquid CSF (EQC-1) and in freeze-dried CSF (EQC-2); b) A�1-40 in prediluted
plasma (EQC-3 and EQC-4), and in BSA/PBS+Tween (EQC-5 and EQC-6); c) A�1-42 in liquid CSF (EQC-1) and in freeze-dried CSF
(EQC-2); d) A�1-42 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) pTau181 in liquid CSF (EQC-1) and in freeze-dried CSF (EQC-2).

are not listed in the Annex II of the 98/79/EC IVDD470

Directive [13], a vendor’s self-declaration of con-471

formity is enough to CE-mark the product, which472

does not necessarily correspond to its high quality;473

for example, Production Quality Assurance is not474

requested in such cases.475

In our study, three matrices were tested: (A) human476

pooled CSF, (B) A� peptides spiked into prediluted477

human plasma, and (C) A� peptides spiked into478

BSA/PBS solution. Currently most, if not all, of the479

centers use self-collected pooled CSF QC samples480

for their purposes. This approach requires collec-481

tion of large-scale otherwise discarded CSF leftovers,482

which should meet at least minimal quality criteria.483

For example, such samples should be collected in484

a relatively short time, to avoid obsolescing of the485

CSF samples before required volume has been col-486

lected. Moreover, it cannot be excluded that, similarly487

to misfolded prion proteins triggering misfolding of488

normal prion proteins ongoing degradation of A�489

peptides in one sample may hypothetically influ- 490

ence or perhaps trigger degradation in other samples 491

after pooling them together. Human-born material 492

should also be tested for potentially harmful infec- 493

tious diseases. Further limitation is that it is difficult 494

to control the target concentrations of the biomarkers, 495

and, unless a given center has an access to large-scale 496

number and volumes of pathological (in the sense of 497

neurodegenerative diseases) samples, it is difficult to 498

prepare samples with different levels of the biomark- 499

ers concentrations. To avoid all these limitations, an 500

artificial sample could be prepared by spiking defined 501

amounts of artificial peptides/proteins into a matrix 502

mimicking CSF. Human plasma, prediluted 1:200, to 503

achieve the CSF-level of the albumin concentration, 504

i.e., the most abundant CSF protein [14], or the solu- 505

tion of bovine serum albumin at the concentration 506

of 0.4 g/L, seemed the most obvious candidates. On 507

the other hand such artificial matrices have limita- 508

tions too; none of them would correspond ideally to 509
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the human (“real”) CSF. In prediluted plasma, other510

blood-derived proteins (for example immunoglob-511

ulins) are overconcentrated compared to the CSF,512

whereas they are absent in BSA/PBS solution; in both513

solutions, brain-derived proteins (other than those514

spiked) are absent or very low. Unpredictable aggre-515

gation of synthetic A� peptides cannot be excluded516

also in artificial matrices.517

Following the recommendations by Linsinger et al.518

[15], we tested stability of the biomarkers in two set-519

tings: Short-term, which included three temperature520

conditions, and long-term, which was performed on521

the samples kept at –80◦C (usual long-term storage522

condition).523

To test short-term stability, we applied the524

isochronous method [16, 17], which means that the525

aliquots were stored at different conditions (room526

temperature, refrigerator, and –20◦C) for a defined527

time following transfer to the reference condition528

(deep freezer) for the time remaining to the end of529

the study, and then simultaneously analyzed, together530

with a reference sample stored at the reference con-531

ditions (–80◦C) from the beginning. For our study,532

–80◦C was chosen as the reference condition, since533

convincing data are available that NDD biomarkers534

are sufficiently stable at this temperature [18, 19] and535

deeper freezing (in liquid nitrogen, for example) is536

probably not necessary. The greatest advantage of537

the isochronous method is that all aliquots can be538

analyzed in the same analytical run (on the same539

ELISA plate) irrespectively of the time they had540

been stored at a tested condition, which eliminates541

the influence of the inter-assay measurement impre-542

cision. Stability of the samples is expressed in this543

study as CV of the average normalized concentra-544

tions, and as average daily decrease of concentration545

in percent per day. In most cases coefficient of vari-546

ation of the concentrations stored up to 14 days was547

lower than 10%, with only a few exceeding 15%.548

Daily decrease trends, when significant at all, were549

rarely higher than 1.5% per day. We believe that for550

the proper interpretation of the data, combination of551

the two statistical approaches must be considered:552

Where as time trends in concentration decrease, when553

significant, show systematic degradation of the sam-554

ples (or actually lack of it, in most cases), variation555

of the concentrations tells more about nonsystematic556

changes, partially explainable by marginal inhomo-557

geneity of aliquots and imprecision of the methods.558

Taking together both approaches, we think that up to559

one working week (5–7 days) all matrices are stable560

when kept at the routine storage working conditions561

usually applied in medical laboratories (room temper- 562

ature, refrigerator, –20◦C freezer). This conclusion 563

corresponds well to the results of our previous results 564

[11]. 565

In this study, we also tested whether the stability of 566

the biomarkers could be improved by addition of an 567

antibacterial agent, sodium azide (NaN3), which was 568

brought about by the suggestion of decreased A� con- 569

centrations in CSF samples due to bacterial growth 570

[20]. We did not observe any additional benefit (nor 571

any negative effect) of the addition of this antibac- 572

terial agent on the stability of the NDD biomarkers, 573

with the exception of an improved stability of A�1-42 574

in the human CSF stored at room temperature (Sup- 575

plementary Figure 2c versus 2d, and Supplementary 576

Figure 2e versus 2f). Correspondingly, we do not rec- 577

ommend supplementation of QC samples with NaN3. 578

For the LTS testing, samples were stored deeply 579

frozen and periodically analyzed on ELISA plates of 580

different production batches and, in one case, even 581

with vendor-introduced modifications of the assay 582

format. Interpretation of these results must therefore 583

take into consideration that the obtained variability is 584

the superposition of the variability of the biomarkers 585

concentrations and the inter-assay imprecision of the 586

measurement methods. Long-term variation of mea- 587

surements, usually large compared to the degree of 588

degradation of biomolecules, is one the major prob- 589

lems in the determination of long-term stability and 590

shelf-life [21]; on the other hand, we believe that such 591

approach is more reliable, compared to the extrapola- 592

tions of the results of accelerated ageing studies with 593

application of mathematical equations, as proposed 594

by other investigators [18]. Similarly, Linsinger et al. 595

do not recommend attempts to estimate LTS by 596

extrapolating STS data via the Arrhenius-equation 597

[15]. To our opinion, the observed maximal variabil- 598

ity in the range of ± 20% should be considered an 599

acceptable result. As a matter of fact, the concen- 600

trations of A�1-42 and A�1-40 in prediluted plasma 601

without NaN3 supplementation (B0) deviated not 602

more than ± 10% in all measurement points, i.e., 603

actually within expected inter-assay variability. 604

For the inter-center study, six samples were pre- 605

pared and sent to the participants under room 606

temperature. This approach differs from the proto- 607

cols of other large-scale inter-center projects, where 608

samples were sent frozen [7, 8, 22]. Observed inter- 609

center variability of the biomarkers obtained in this 610

study in pooled CSF was compared to the results of 611

the studies coordinated by the group at the Univer- 612

sity of Gothenburg, with the variation of tau and pTau 613
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expectedly lower that this of A�1-42 [8]. Interestingly,614

comparable variation was obtained with freeze-dried615

sample, with the exception of A�1-40, which had616

higher variability, which can be explained by one out-617

lier center (#4) and by the relatively low number of618

the participants. To our best knowledge, no data has619

been published so far on the inter-center variability620

of A� peptides in artificial matrices. The results of621

this study show moderate variation obtained in these622

matrices (∼20–25%) and plausible distribution of the623

results across the centers: In majority of cases, the624

participants reported either higher or lower concen-625

trations of a given biomarker in all samples, which626

might denote that the performance of a center, and not627

the samples, require some further optimization. Fur-628

thermore, the distribution of measurements from the629

different laboratories was uniform above and below630

the average values, which indicates there is no sys-631

tematic matrix effect; it is also important to consider632

that the total variabilities of the inter-center study633

include also variabilities resulting from intra-assay634

imprecision and inhomogeneity of the aliquots. Note-635

worthy to mention is also that spiking lower amounts636

of the A� peptides into artificial matrices resulted in637

their concentrations almost ideally correspondingly638

lower (70% and 50% of A�1-42 and A�1-40, respec-639

tively).640

We are aware that use of synthetic QC samples641

by itself will not solve the problem of inter-center642

variability, but we are convinced that use of one sam-643

ple type by many laboratories and on long-term basis644

would improve our knowledge on possible sources of645

the variability problem. To our best knowledge, this646

is the first study addressing the question if synthetic647

matrices can be used for QC of the AD biomark-648

ers. Certainly further studies are warranted to address649

more detailed questions, like robustness of the sam-650

ples or molecules absorption.651

Our study has at least one limitation: Due652

to dynamical processes of phosphorylation/653

dephosphorylation of the tau molecule, and resulting654

problems of its molecular instability, it was currently655

impossible to spike tau and phosphorylated tau656

(pTau) into the artificial matrices tested in this study.657

Certainly further work is warranted to facilitate the658

inclusion of these important biomarkers in artificial659

QC samples.660

In conclusion, we believe that it is possible661

to replace self-made CSF-based QC samples for662

the NDD with large-scale volumes of the sam-663

ples prepared with artificial peptides and matrices664

and at different concentrations, which would greatly665

facilitate intra- and inter-center QC of the NDD 666

measurements. Furthermore, most probably a cal- 667

ibration reference material, currently being tested, 668

will be based on human CSF [10], and hence it 669

makes sense to offer QC material based on a dif- 670

ferent matrix. It will be also very interesting to see 671

if application of the same calibrators and the same 672

QC material will reduce intra- and inter-laboratory 673

variability. Also longitudinal statistical evaluation of 674

assays performance will be easier if the same QC 675

sample (generated in large volume and obviously 676

stable for longer time) is used for many analytical 677

runs, all of them performed according to one set of 678

standardized reference calibrators. We believe that 679

our study has implication also for other biomark- 680

ers, e.g., CSF �-synuclein in Parkinson Syndromes. 681

Such artificial CSF QC samples can also be used in 682

biospecimen Proficiency Testing (PT) programs, like 683

the ISBER-endorsed PT program for biorepositories 684

and other laboratories [23]. 685
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