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Abstract. Cerebrospinal fluid (CSF) biomarkers for Alzheimer’s disease (AD) are increasingly used in research centers, clinical
trials, and clinical settings. However, their broad-scale use is hampered by lack of standardization across analytical platforms and
by interference from binding of amyloid-� (A�) to matrix proteins as well as self-aggregation. Here, we report on a matrix effect-
resistant method for the measurement of the AD-associated 42 amino acid species of A� (A�42), together with A�40 and A�38

in human CSF based on mass spectrometric quantification using selected reaction monitoring (SRM). Samples were prepared
by solid-phase extraction and quantification was performed using stable-isotope labeled A� peptides as internal standards. The
diagnostic performance of the method was evaluated on two independent clinical materials with research volunteers who were
cognitively normal and AD patients with mild to moderate dementia. Analytical characteristics of the method include a lower limit
of quantification of 62.5 pg/mL for A�42 and coefficients of variations below 10%. In a pilot study on AD patients and controls,
we verified disease-association with decreased levels of A�42 similar to that obtained by ELISA and even better separation was
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obtained using the A�42/A�40 ratio. The developed assay is sensitive and is not influenced by matrix effects, enabling absolute
quantification of A�42, A�40, and A�38 in CSF, while it retains the ability to distinguish AD patients from controls. We suggest
this SRM-based method for A� peptide quantification in human CSF valuable for clinical research and trials.
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INTRODUCTION29

Alzheimer’s disease (AD), the main cause of30

dementia, affects 36 million people worldwide and31

is a growing problem in the ageing population [1].32

Neuropathologically, the disease is characterized by33

distinct changes in the brain including synaptic loss,34

aggregation of amyloid-� (A�) peptides into plaques,35

and accumulation of neurofibrillary tangles, consist-36

ing of hyperphosphorylated forms of the tau protein37

[2]. Since its discovery in plaques, the 42 amino acid38

form of A� (A�42) has been the subject of extensive39

research [3]. It is today widely believed that abnormal40

accumulation of the peptide in the brain lies at the core41

of AD pathogenesis [4].42

Cerebrospinal fluid (CSF) abundance of A�42 is43

approximately 50% lower in AD patients, which44

probably reflects sequestration of the peptide in senile45

plaques in the brain [5]. Several studies have shown46

that the combined measurement of CSF A�42 and tau47

protein (phosphorylated forms and total concentra-48

tions that reflect tangle pathology and cortical axonal49

degeneration, respectively) provides high diagnostic50

accuracy of AD in cross-sectional case control51

studies and longitudinal studies of patients with mild52

cognitive impairment [5]. These CSF biomarkers53

have been incorporated in novel AD definitions and54

diagnostic criteria [6–9] and are increasingly used in55

the diagnostic workup at specialized memory clinics56

worldwide [5].57

Currently, CSF A�42 is measured using several58

different types of immunoaffinity methods such as59

ELISA and newer multiplexed techniques [10]. How-60

ever, there is systematic bias in the concentrations61

determined using these techniques [11], which to a62

large extent depends on differences in assay calibra-63

tion and sensitivity to matrix effects. These include64

A�42-interacting proteins and other factors such as65

oligomerization that may influence the fraction of CSF66

A�42 exposed to the antibodies used for measurements67

[12]. An external quality control program, launched68

by the Alzheimer’s Association to identify sources of69

variability for measurement of A�42 [13], concluded70

that while intra-laboratory CVs are generally low,71

the concentrations reported in different studies vary72

considerably, even when the same analytical platform 73

is used, with mean A�42 levels in AD patients in some 74

studies exceeding those in controls in other studies 75

[14]. This variation presents a problem for the use of 76

A�42 as biomarker in clinical routine because it is not 77

possible to establish generally applicable cut-off values 78

for diagnosis making, and for research because results 79

from studies performed in different laboratories cannot 80

be readily compared. 81

Mass spectrometric quantification of A�42 by 82

selected reaction monitoring (SRM) may overcome 83

many of the problems associated with antibody-based 84

quantification methods [15]. A central difference is the 85

use of stable isotope labeled (heavy) A�42 as inter- 86

nal standard. The heavy peptide is added to the neat 87

CSF prior to any sample preparation. Being chemically 88

equivalent to endogenous A�42, the heavy peptide has 89

identical yield through all sample purification steps, as 90

well as the same ionization efficiency and fragmenta- 91

tion behavior in the mass spectrometer, and therefore 92

accounts for any variations in the analytical procedure. 93

Thereby, quantification is largely unaffected by varia- 94

tions in the sample preparation. Furthermore, the high 95

selectivity of detection using SRM alleviates the need 96

for extensive sample purification. For A�38, A�40, and 97

A�42, CSF sample preparation can be performed with a 98

single step of solid-phase extraction (SPE) [16]. Thus, 99

using SPE allows for quantification of A� species 100

in denatured samples without the need of antibodies. 101

Most antibody-based methods are influenced by matrix 102

effects and measure only the so-called free fraction of 103

A�42, i.e., not oligomerized or protein-bound forms, as 104

revealed by the non-linearity of antibody-based meth- 105

ods upon dilution of samples [11, 12]. When SPE 106

is performed under denaturing conditions, for exam- 107

ple by adding guanidine hydrochloride (GdnHCl), 108

non-linear dilution effects are much less pronounced 109

indicating that a larger proportion of the analyte may 110

be available for quantification (total fraction). 111

The aim of the current study was to develop a reli- 112

able SRM-based assay with reduced matrix effect for 113

quantification of A�42, A�40, and A�38 in human CSF. 114

The developed assay was evaluated with regards to lin- 115

earity, coefficient of variation, limit of quantification, 116

and correlation with an established ELISA method. Its 117
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diagnostic accuracy was verified in a study of two inde-118

pendent clinical materials with 15 AD patients and 15119

cognitively normal controls in each set.120

MATERIAL AND METHODS121

Participants and CSF collection122

In the present study we analyzed CSF samples from123

15 AD patients, mean age ± SD: 75.6 ± 6.6 years, and124

15 healthy controls, mean age ± SD: 66.3 ± 9.8 years.125

A second set of CSF samples from 15 AD patients126

(mean age ± SD: 81 ± 5.0 years) and 15 healthy127

controls (mean age ± SD: 63.9 ± 9.4 years) were ana-128

lyzed. All patients have undergone a thorough clinical129

investigation, including a medical history, physical,130

neurological and psychiatric examination, screening131

laboratory tests, and computerized tomography (CT)132

of the brain. AD patients fulfilled the DSM-IIIR cri-133

teria of dementia [17] and the criteria of probable AD134

defined by NINCDS-ADRDA [18]. The control indi-135

viduals were cognitively normal research volunteers.136

The ethics committee at the University of Lund has137

approved analyses of A� variants in CSF from AD138

patients and controls, and all patients (or their near-139

est relatives) and controls gave informed consent for140

research, which was conducted according to the provi-141

sions of the Helsinki Declaration. The first 10–12 mL142

of CSF was collected in polypropylene tubes, gently143

mixed to avoid possible gradient effects and aliquoted144

in 500 �L portions in polypropylene cryo tubes. The145

CSF samples were stored at −80◦C pending analysis.146

Sample preparation147

CSF was thawed at room temperature and vor-148

texed. A 200 �L aliquot was transferred to a 1.5 mL149

polypropylene tube (LoBind, Eppendorf) containing150

200 �L 5 M GdnHCl for protein denaturation. The151

heavy peptide standards (1 mg), A�38, A�40, and152

A�42, uniformly labeled with 15N (rPeptide), were dis-153

solved in 1 mL of 20% acetonitrile (ACN) and 1%154

NH4OH in water, aliquoted and stored at −80◦C in155

0.5 mL polypropylene tubes (Eppendorf). Upon anal-156

ysis, the internal standards were diluted with 20%157

ACN and 1% NH4OH in water to a concentration of158

12 nM. GdnHCL treated CSF samples (400 �L) were159

spiked with 8 �L of the diluted standard and mixed at160

room temperature for 45 mins followed by addition of161

200 �L 4% phosphoric acid (H3PO4).162

To evaluate if the method is sensitivity to matrix163

effects, a CSF pool with an A�42 concentration of164

1000 pg/mL determined by ELISA was serially diluted 165

with PBS four times. Four replicates of each dilution 166

were prepared. 167

Calibrators 168

The reverse curve method for calibration was used 169

to determine the concentrations of unknown sam- 170

ples as described elsewhere [19]. A pool of human 171

CSF was spiked with a mixture of heavy labeled 172

A�38, A�40, and A�42 to final concentrations of 173

5000 pg/mL, 10000 pg/mL, and 2000 pg/mL, respec- 174

tively. The spiked CSF samples were serially diluted 175

(1 : 2) five times with CSF from the same pool (Fig. 1a). 176

Three replicates of each dilution were analyzed. 177

The performance of the method including sensitiv- 178

ity and linearity was evaluated by the reverse curve 179

method with heavy A�38, A�40, and A�42 peptides 180

spiked in at 2000 pg/mL and serially diluted down to 181

62.5 pg/mL. 182

Intra assay coefficients of variation (CV) were deter- 183

mined by analyzing 6 separately prepared CSF samples 184

from one CSF pool (1214 pg/mL) and 6 samples from 185

another CSF pool (350 pg/mL). 186

Solid-phase extraction 187

Extraction of A� peptides was performed using a 188

mixed mode cation exchange SPE 96 well plate (Oasis 189

MCX �Elution, Waters) as described elsewhere [16]. 190

Briefly, the plate was washed with 200 �L methanol 191

followed by 200 �L 4%, H3PO4 in water before 192

adding 600 �L pretreated CSF. After washing with 193

200 �L 4% H3PO4 in water followed by 200 �L 10% 194

ACN, the samples were eluted with 2×50 �L 2.5% 195

NH4OH in 75% ACN into 0.75 mL polypropylene 196

tubes (Micronic). The extracted samples were dried 197

using vacuum centrifugation and stored at −80◦C. 198

Prior analysis the dried samples were dissolved in 199

25 �L 1% NH4OH in 20% ACN, vortexed for 30 min 200

at room temperature, and centrifuged briefly (Fig. 1b). 201

SRM analysis 202

Samples (20 �L) were injected on a reversed- 203

phase monolith column (ProSwift RP-4 H 1×250 mm, 204

Thermo Scientific) heated to 50◦C. A 0.2 �m parti- 205

cle filter (Waters), which was backflushed between 206

sample injections, was placed in front of the col- 207

umn to reduce backpressure build-up. An Accela 1250 208

pump (Thermo Scientific) was used for delivering the 209

mobile phases at a flow of 300 �L/min. Mobile phase A 210
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Fig. 1. a) Quantification is performed using the reverse curve method for calibration. For the calibration curve, the heavy isotope labeled peptide
is varied while the light (endogenous) peptide is the internal standard (IS). With unknown samples, the heavy peptide is again used as the IS.
b) Overview of the method. For each sample, 200 �L GdnHCl is added to 200 �L CSF and IS are spiked in at 2000 pg/mL. The samples are
then mixed in room temperature for 45 minutes and 200 �L H3PO4 is added to each sample before extraction. Each SPE plate can be loaded
with 96 samples in parallel. The eluted samples are dried simultaneously using vacuum centrifugation (about 45 minutes) and stored in −80◦C.
Prior to analysis the dried samples are redissolved with 25 �L 1% NH4OH in 20% ACN. The samples are then injected serially on a reversed
phase column which separates the peptides according to their hydrophobicity. Since the shorter A� peptides are less hydrophobic than the longer
species, they elute earlier while co-eluting with their corresponding internal standard. The time from injection to injection is 20 minutes. The
A� peptides are ionized using electrospray and transmitted through the first quadrupole according to their m/z values to the second quadrupole
which is filled with argon. Here the peptides are fragmented as they collide with the gas atoms and only specific fragments of the A� peptides
with predefined m/z values are transmitted through the third quadrupole and further to the detector.
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consisted of 0.1% NH4OH and 5% ACN in water, and211

mobile phase B was 0.03% NH4OH in 95% ACN. Elu-212

tion was performed using the following linear gradient213

steps: t (min.): 0, %B: 0; t: 2, %B: 0; t: 3, %B: 10; t:214

10, %B: 25; t:11, %B: 90, t: 13, %B: 90; t: 14, %B:215

0; t: 21, %B: 0. SRM analysis of positively charged216

peptide ions was performed on a triple quadrupole217

mass spectrometer (TSQ Vantage, Thermo Scientific)218

with an IonMax source and HESI-II electrospray probe219

equipped with a high-flow metal needle (Thermo Sci-220

entific). The following global MS parameters were221

used: cone voltage 3.5 kV; vaporizer temperature222

350◦C; sheath gas pressure 40 psi; auxiliary gas flow223

25 (a.u.); capillary temperature 350◦C; CID gas pres-224

sure 1.6 mTorr. Pinpoint software version1.1 (Thermo225

Scientific) was used for method optimization and data226

processing.227

Amino acid analysis228

Amino acid analysis was performed for precise229

determination of the concentrations of aliquoted230

internal standards. Polypropylene vials containing231

lyophilized aliquots (12.5 �g) of the heavy A� pep-232

tide standards were placed in separate 22 mL glass233

vials (Wheaton). Hydrolysis buffer (200 �L 6 N HCl,234

0.1% phenol, 0.1% thioglycol acid) was added to235

the bottom of the glass vials. The vials were purged236

with argon, closed with a MiniInert valve (Pierce,237

p < 5 mbar) and the samples were incubated at 110◦C238

for 20 h. The dried samples were redissolved in 70 �L239

loading buffer (pH 2.2) containing 1 nmol NorLeu240

and half the sample was applied to a BioChrom241

31 amino acid analyzer running the sodium accel-242

erated buffer system. The analyzer was calibrated243

to an r2 value >0.999 and for every 6th sample a244

1600 pmol standard was analyzed for recalibration.245

After analysis, integration of the chromatograms were246

checked manually and the integration results were247

analyzed using an in-house developed program AAA248

ver. 1.03, which corrects for intensity changes of249

the ninhydrin (−3.9%) and performs a best linear250

fit of hydrolysis data to the theoretical sequence251

(∼+1%).252

Statistics253

All statistical calculations were performed using254

Graphpad (version 5.02) software. For the AD ver-255

sus control comparisons, the Mann-Whitney U-test256

was used. The Spearman’s rank correlation coefficient257

was used for analyses of correlation between meth- 258

ods. Estimates of diagnostic accuracy were sensitivity, 259

specificity, and the area under the receiver operating 260

characteristics curve (AUROC). p < 0.05 was consid- 261

ered statistically significant. 262

RESULTS 263

Optimal transitions for A�38, A�40, and A�42 were 264

determined through direct infusion of each peptide 265

separately into the mass spectrometer. The most promi- 266

nent precursor charge state for each of the 3 peptides 267

was selected and followed by manual evaluation of the 268

full scan tandem mass spectrometry (MS/MS) spectra 269

(Fig. 2a–c). For each precursor, the top 10 most promi- 270

nent product ions were used for further optimization by 271

systematically varying collision energy and collision 272

gas pressure. The three best transitions were selected 273

for each peptide and used for quantification (Table 1). 274

The LC gradient was optimized for a short analysis 275

time (20 min in total including washing and equili- 276

bration of the column) and sufficient separation for 277

implementation of the scheduled SRM. Typical SRM 278

chromatograms for A�42, A�40, and A�38 in a human 279

CSF sample are shown in Fig. 2d. 280

Analytical characteristics of the method includes 281

linear results upon serial dilution of CSF (Fig. 3) and a 282

lower limit of quantification (LLOQ) for A�38, A�40, 283

and A�42 was determined to 250 pg/mL, 62.5 pg/mL, 284

and 62.5 pg/mL, respectively, with CVs of 11%, 13%, 285

and 5% (Fig. 4). For A�42, intra-assay CVs were 12% 286

at 350 pg/mL and 6% at 1214 pg/mL, respectively. 287

The influence of GdnHCl on the levels of A�42 mea- 288

sured was tested by varying the amount of GdnHCl 289

added to the CSF (2.5 and 6 M final concentrations). 290

No significant difference was observed (<5%). 291

To test the ability of the SRM assay to separate 292

AD patients from controls, we determined the con- 293

centrations of A�38, A�40, and A�42 in two sets of 294

15 AD and 15 control CSF samples. Aliquots of the 295

samples were, in parallel, analyzed by A�42 ELISA. 296

A human CSF pool were analyzed every 10 samples to 297

monitor the stability of the method. Even though the 298

CSF A�42 concentration obtained by SRM yielded an 299

approximately two-fold higher absolute concentration 300

compared to values obtained with ELISA, there was a 301

statistically significant linear correlation between SRM 302

and ELISA A�42 (Fig. 5a and 6a), with an R2 value of 303

0.35 (p < 0.0001) for set one and an R2 value of 0.77 304

(p < 0.0001) for set two. The separation between AD 305

patients and controls was similar using SRM with a 306
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Fig. 2. MS/MS spectra for A�38, A�40, and A�42. Transitions used for the assay are marked with corresponding ion type and charge state
for A�38 (a), A�40 (b), and A�42 (c). Typical SRM chromatograms for A�38, A�40, and A�42 (d). Absolute concentration of endogenous A�
peptide is calculated using the area ratio for the co-eluting internal standard of known concentration.

sensitivity of 93% and specificity of 80% compared to307

ELISA (Fig. 5b, c) and a sensitivity and specificity of308

86.7% for set two (6b, c). The ratio of A�42 to A�40309

(A�42/A�40) further improved the separation between310

the diagnostic groups (Fig. 5d, e and 6d, e).311

DISCUSSION 312

We here report on the development of an antibody- 313

independent, matrix effect resistant assay for quantifi- 314

cation of A�42, A�40, and A�38 using SRM-based 315
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Table 1
Transitions used in the SRM assay. Internal heavy standards are marked with asterisk

Peptide Precursor ion charge state Precursor ion m/za Precursor ion charge state Product ion Product ion m/z Collision Energy (eV)

1–38 4+ 1033.897 4+ b34 943.286 22
1–38∗ 4+ 1045.927 4+ b34 954.392 22
1–38 4+ 1033.897 4+ b35 976.085 21
1–38∗ 4+ 1045.927 4+ b35 987.400 21
1–38 4+ 1033.897 4+ b36 1000.868 20
1–38∗ 4+ 1045.927 4+ b36 1012.416 20
1–40 4+ 1083.463 4+ b38 1029.180 23
1–40∗ 4+ 1096.626 4+ b38 1042.059 23
1–40 4+ 1083.463 4+ b39 1053.960 20
1–40∗ 4+ 1096.626 4+ b39 1067.091 20
1–40 4+ 1083.463 3+ b32 1200.500 22
1–40∗ 4+ 1096.626 3+ b32 1215.543 22
1–42 4+ 1129.522 4+ b39 1057.177 22
1–42∗ 4+ 1143.182 4+ b39 1067.091 22
1–42 4+ 1129.522 4+ b40 1078.740 21
1–42∗ 4+ 1143.182 4+ b40 1092.122 21
1–42 4+ 1129.522 4+ b41 1107.000 20
1–42∗ 4+ 1143.182 4+ b41 1120.660 20
am/z = mass to charge ratio.

Fig. 3. Linearity of A�42 measured by SRM (area ratio light/heavy)
of human pool-CSF, with a concentration of 1000 pg/mL measured
by ELISA, serially diluted with PBS four times.

mass spectrometry. The performance of the method316

was evaluated in two independent AD and control stud-317

ies which showed statistically significant correlations318

to ELISA measurements of A�42 as well as similar319

separations between the groups indicating that SRM-320

based mass spectrometry can be used as a clinically321

useful assay for measurement of A�42 in human CSF.322

For A�, previous studies have shown that while323

there is no significant change in the CSF A�40324

concentration between AD and controls, there is 325

already a decrease in the A�42/A�40 in the mild cog- 326

nitive impairment stage of AD. This decrease is more 327

pronounced than the reduction in CSF A�42 alone 328

[20, 21]. Using SRM-based quantification of A�42 329

and A�40, we here replicate the finding that the CSF 330

A�42/A�40 ratio increases the separation performance 331

between AD and controls as compared to A�42 alone. 332

Further studies will be aimed to elucidate whether the 333

ratio is a prognostic AD marker which can be used for 334

AD diagnosis already at the pre-symptomatic stage of 335

the disease. An important advantage over immunoas- 336

says is the ability to include additional peptides such as 337

other isoforms of A� or other endogenous peptides to 338

an already existing SRM assay to assemble a panel of 339

biomarkers tailored to specific clinical questions which 340

can be analyzed in a single run. 341

Several studies suggest that A�-binding proteins 342

may have an impact on the measured concentration of 343

A�42 since there might be a difference in free A�42 344

and total A�42 in CSF [11, 12]. Recently, it was shown 345

that denaturation of proteins in CSF with GdnHCl 346

before analysis resulted in increased concentration 347

of A�42 by ELISA [12]. In the present study, using 348

GdnHCl in the sample purification, the CSF A�42 349

concentrations obtained with the SRM assay were 350

approximately twice as high as the concentrations 351

determined by ELISA, while the separation between 352

AD patients and controls remained in spite of the 353

denaturing conditions. Furthermore, increasing the 354

amount of GdnHCl added to the CSF did not increase 355

the free A�42 measured in our study.
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Fig. 4. Calibration curves with the SRM peak areas as a function of the peptide concentration for A�38 (a), A�40 (b), and A�42 (c).

There are several aspects to consider including high356

specificity as well as robustness and stability of the357

method when analyzing large series of samples. While358

SPE purification in the 96-well format is performed359

in parallel with many samples, the subsequent LC-MS360

analysis is serial. Thus, the extracted samples will have361

different time delay for LC-MS. Using the described362

SRM method, dried extracted samples were analyzed363

after being stored in freezer (−20◦C) for four months364

with minimal loss in signal (less than 1%).365

A matrix effect-resistant A�42 method is important366

to reduce the bias in CSF A�42 measurements between367

commercially available assays. An essential compo-368

nent of such a method is that, e.g., the calibration of369

the method is performed in a matrix is identical to370

the sample-matrix to be analyzed. To achieve a matrix371

effect-resistant method, we used the reverse curve372

method for calibration which previously has been373

shown to give equal or better trueness and precision374

compared to traditional calibration curves or single375

reference point calibration [19]. For a reverse curve376

calibration, the heavy peptide is varied while the377

light (endogenous) peptide is the internal standard378

and is held constant. With unknown samples, the379

heavy peptide is again used as the internal standard380

by adding at a fixed amount to the samples, and381

the light amount is measured by reverse-calculating382

against the calibration curve. The method also works383

with calibration in artificial CSF and gives similar384

quantitation results as the reversed curve method in385

human CSF. The latter method was chosen because386

it avoids the risk of matrix effects that may distort387

results when constructing a calibration curve in a388

matrix different from that of the unknowns.389

SRM-based quantification of A�40 and A�42 in390

human AD and control CSF was first reported by Oe391

et al. [22]. Their method relied on antibodies for sam- 392

ple purification, followed by LC-MS in a basic buffer 393

system, and the authors showed higher concentrations 394

of CSF A�42 obtained with SRM compared to ELISA, 395

which is in agreement with this study [22]. However, 396

electrospray was performed in the negative ion mode, 397

resulting in low efficiency of fragmentation, and only 398

one transition per peptide was used for quantification, 399

which may make the assay vulnerable to interference 400

from other sample components (cross-talk) [23]. The 401

current practice is to select two or more transitions per 402

peptide for reliable quantification [24]. Furthermore, 403

the transition chosen was neutral loss of H2O. While 404

sensitive, this is a non-peptide-specific loss, which 405

increases the risk of cross-talk. In a further devel- 406

opment, Lame et al. showed that antibody-dependent 407

enrichment of CSF A�38, A�40, and A�42 could be 408

replaced by SPE without loss of detection sensitivity 409

or precision. They also demonstrated that while using 410

a basic buffer system, operating the mass spectrome- 411

ter in the positive ion mode resulted in lower detection 412

sensitivity compared to negative mode. This approach 413

was still preferable because of increased selectivity for 414

A� peptides together with increased stability of the A� 415

signal [16]. They did not perform AD-control compar- 416

isons to test the diagnostic accuracy of the method. 417

To achieve high specificity and stability over time, 418

we analyzed the samples in the positive ion mode, 419

and monitored three b ions per peptide using sched- 420

uled SRM, thereby reducing the signal-to-noise ratio 421

while the limit of detection was improved [25]. With 422

the one-step SPE procedure described here, the A� 423

samples loaded on the LC-MS system are quite crude, 424

containing many other peptides and larger proteins, as 425

well as aggregates and particles. These sample impuri- 426

ties may contaminate the system and cause degradation 427
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Fig. 5. Set one of 15 AD patients and 15 controls. Correlation between SRM A�42 and ELISA A�42 assays (a). Separation of AD and control
groups for ELISA A�42 (p < 0.0001) (b) and SRM A�42 (p = 0.0011) (c) and separation of AD and control groups for SRM using the A�42/A�40
ratio (p < 0.0001) (d). The solid line represents median value for each group while the dashed line represents the optimal sensitivity and specificity
for separation of AD and control groups. The sensitivity and specificity of the different methods is summarized in an ROC curve. AUC ELISA
A�42 = 0.92, SRM A�42 = 0.85, SRM A�42/A�40 = 0.97 (e).
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Fig. 6. Set two of 15 AD patients and 15 controls. Correlation between SRM A�42 and ELISA A�42 assays (a). Separation of AD and control
groups for ELISA A�42 (p = 0.0004) (b) and SRM A�42 (p = 0.0004) (c) and separation of AD and control groups for SRM using the A�42/A�40
ratio (p = 0.0002) (d). The solid line represents median value for each group while the dashed line represents the optimal sensitivity and specificity
for separation of AD and control groups. The sensitivity and specificity of the different methods is summarized in an ROC curve. AUC ELISA
A�42 = 0.88, SRM A�42 = 0.88, SRM A�42/A�40 = 0.91 (e).
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of the analytical performance over time. Trapping of428

insoluble materials on the particle filter resulted in429

successively increased back pressure over the filter.430

By implementing a routine for backflushing the filter431

between sample injections, the trapped particles were432

removed, and minimal pressure build-up over the filter433

was observed.434

When using a silica-based C18 column for pep-435

tide separation, as described in previous studies [16,436

22, 26], we noticed a gradual back pressure build-up437

over the separation column following each consecutive438

sample injection. This is most likely caused by irre-439

versible binding of sample impurities to the column440

and resulted in the column needing to be replaced after441

less than 10 injections. This may have severe impli-442

cations for the applicability of the method to routine443

work: it increases the cost per sample by over $100 and444

causes down-time because each new column has to be445

tested before use. We therefore evaluated the use of a446

monolith separation column based on a polystyrene447

divinylbenzene copolymer bed. Possessing weaker448

hydrophobic retention characteristics than particle-449

based C18 stationary phases, this chromatographic450

medium is less prone to contamination by proteins and451

other hydrophobic molecules. The separation column452

used in this study has been used for over 200 injections453

of human CSF samples without any increase in back454

pressure or degradation of performance.455

While SRM has been used for over three decades,456

its main area of application has been small-molecule457

analysis, and only in recent years has the technique458

emerged as an alternative to immunoassays for pro-459

tein and peptide quantification [27]. In this respect, the460

technique has distinct advantages. For one, molecular461

mass-based selective quantification allows one to dis-462

criminate between modified forms of a target molecule,463

which would be indistinguishable in an immunoassay.464

Assay development is generally quicker and panels of465

many target molecules can be assayed in one analysis.466

For A�42, it is plausible that SRM-based assays will467

overcome the problem of inter-laboratory variation468

discussed above, because mass spectrometric quantifi-469

cation using stable isotope-labeled internal standards470

enables absolute quantification and is uninfluenced471

by matrix effects. This notion is currently being472

evaluated in a collaborative effort involving several473

research laboratories within the Global Consortium for474

Biomarker Standardization (GCBS) of the Alzheimer’s475

Association. A positive evaluation, however, does not476

necessarily imply that SRM assays will likely replace477

immunoassays in clinical routine in the near future;478

LC-MS analysis is a serial, relatively time-consuming479

process that cannot match the sample throughput of 480

state-of-the-art immunoassay methods. A more likely 481

scenario is that SRM will be used as a reference 482

technique to determine the absolute A�42 levels in 483

reference materials. Such materials have been used as 484

‘gold standards’ in other areas of laboratory medicine 485

to reduce measurement variability and harmonize ana- 486

lytical results obtained in different laboratories [28]. 487
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