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Abstract Introduction: We studied whether fully automated Elecsys cerebrospinal fluid (CSF) immunoassay
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results were concordant with positron emission tomography (PET) and predicted clinical progression,
even with cutoffs established in an independent cohort.
Methods: Cutoffs for Elecsys amyloid-b1–42 (Ab), total tau/Ab(1–42), and phosphorylated tau/
Ab(1–42) were defined against [18F]flutemetamol PET in Swedish BioFINDER (n 5 277) and vali-
dated against [18F]florbetapir PET in Alzheimer’s Disease Neuroimaging Initiative (n 5 646). Clin-
ical progression in patients with mild cognitive impairment (n 5 619) was studied.
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Results: CSF total tau/Ab(1–42) and phosphorylated tau/Ab(1–42) ratios were highly concordant
with PET classification in BioFINDER (overall percent agreement: 90%; area under the curve:
94%). The CSF biomarker statuses established by predefined cutoffs were highly concordant with
PET classification in Alzheimer’s Disease Neuroimaging Initiative (overall percent agreement:
89%–90%; area under the curves: 96%) and predicted greater 2-year clinical decline in patients
with mild cognitive impairment. Strikingly, tau/Ab ratios were as accurate as semiquantitative
PET image assessment in predicting visual read–based outcomes.
Discussion: Elecsys CSF biomarker assays may provide reliable alternatives to PET in Alzheimer’s
disease diagnosis.
� 2018 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
Keywords: CSF biomarkers; Amyloid PET concordance; Clinical progression; Biomarker validation; Amyloid-b (1–42);
Total tau (tTau); Phosphorylated tau (pTau); Cutoffs
1. Introduction

Alzheimer’s disease (AD) is the most common age-
related neurodegenerative disease. The pathologic hallmarks
of AD include neuritic plaques composed of aggregated am-
yloid-b peptides (Ab) surrounded by dystrophic neurites,
and neurofibrillary tangles composed of hyperphosphory-
lated tau proteins, accompanied by neuronal and synaptic
degeneration [1]. Currently, AD treatments only provide
symptomatic benefit, but ongoing drug discovery efforts
focus on developing disease-modifying drugs [2]. Disease-
modifying drugs will likely be most efficacious in early
stages of AD; therefore, early and accurate AD diagnosis
is essential for successful disease-modifying therapy devel-
opment. However, in current clinical practice, a diagnosis of
probable AD is made based on clinical symptoms, largely by
the exclusion of other causes of dementia [3,4], with
postmortem evidence of AD pathology required to confirm
the diagnosis. It is well established, from combined
clinical and neuropathologic studies [5,6], and clinical
trials using amyloid-b PET scans [7], that the accuracy of
clinical criteria is suboptimal. Therefore, including bio-
markers in the diagnostic workup of subjects could increase
the accuracy of AD diagnosis, recognize earlier predementia
disease stages, inform the dementia diagnosis when symp-
toms are atypical, and enrich clinical trial populations.

The use of Ab and tau protein biomarkers for AD diag-
nosis is recommended in recent research diagnostic guide-
lines for AD, the National Institute on Aging–Alzheimer’s
Association [8–10], and International Work Group 2 [11]
criteria. To date, visual reads of amyloid-b PET scans is
the only Food and Drug Administration–approved
biomarker method to aid in the diagnosis of AD; specifically,
a negative amyloid-b PET scan can be used to rule out AD
[12]. Tau PET tracers are also currently in development for
AD evaluation [13]. However, PET imaging is expensive
and requires specialist units and equipment and confers a
radioactive burden on the patient. Cerebrospinal fluid
(CSF) biomarkers have shown good, but not complete,
concordance with amyloid-b PET classification [14] and
may allow for robust, automated quantification of multiple
pathologic markers of AD.

The Ab(1–42), phosphorylated tau (pTau), and total tau
(tTau) CSF biomarkers are able to distinguish patients with
AD versus controls as outlined in a recent meta-analysis
[15]. These CSF biomarkers may also indicate an increased
risk of future clinical progression to AD in patients with mild
cognitive impairment (MCI) [16–19]. Unfortunately, the
currently available CSF assays for Ab(1–42), pTau, and
tTau are limited by considerable variability between
laboratories and assay batches [20,21]. This has precluded
the introduction of uniform, worldwide cutoff values and
hindered the widespread introduction of CSF biomarkers
into clinical practice. To improve the reliability of CSF
biomarker measurement, Roche Diagnostics is developing
fully automated Elecsys CSF immunoassays for Ab(1–42)
[22], as well as pTau and tTau (article in preparation) with
high analytical performance and reduced variability across
laboratories and batches. The Elecsys b-Amyloid (1–42)
CSF immunoassay has been assessed in the Alzheimer’s As-
sociation Quality Control program since 2014 [23], yielding
mean between-laboratory coefficient of variation of approx-
imately 4% (compared with .15% for manual assays).

Preanalytical procedures can influence the measured con-
centration of CSF biomarkers, preventing direct comparison
of data between studies. In particular, Ab(1–42) peptides are
known to be prone to preanalytical influences such as tube
type, freeze-thaw steps, transfer steps, and aliquot volume
[24–27]. Therefore, differences in preanalytical protocols
need to be considered when directly comparing CSF
measurements from different cohorts.

In the present study, we evaluated whether the newly
developed Elecsys CSF immunoassays for the biomarkers
Ab(1–42), pTau/Ab(1–42), and tTau/Ab(1–42) can be used
to develop global cutoffs that can be transferred from one
population to another, even when the CSF samples were
analyzed in different laboratories. We first established the
concordance of CSF biomarkers with amyloid PET classifi-
cation by visual read in the Swedish BioFINDER study
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(n 5 277; patients with mild cognitive symptoms (MCSs);
[18F]flutemetamol PET tracer) and then, adjusting cutoffs
for preanalytical differences, we validated biomarker
concordance with amyloid PET classification in patients
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) study (n 5 646; patients with significant memory
concern, MCI or AD; [18F]florbetapir PET tracer). These
biomarkers were also evaluated for prediction of clinical
progression over 2 years in patients with MCI in ADNI.
2. Methods

To achieve our objectives, a three-part methodology was
used in two independent cohorts (Fig. 1). In part 1, the
concordance between CSF biomarkers and visual read amy-
loid-b PET in the BioFINDER population was determined
and CSF biomarker cutoffs were established. In part 2,
CSF samples derived from the same patients were handled
according to two different preanalytical protocols before
analysis (BioFINDER and ADNI) to determine a “CSF cut-
off adjustment factor” to transfer cutoffs determined in the
BioFINDER cohort (part 1) to the ADNI cohort (part 3).
In part 3, the adjusted CSF cutoffs were applied to validate
the concordance of the predefined CSF biomarker cutoffs
with PET classification in an independent cohort from the
ADNI study. Finally, the ability of the CSF biomarker status,
established by predefined cutoffs, to predict future clinical
progression in ADNI was also evaluated.
3. Study populations

3.1. Part 1: Training study (BioFINDER)

The BioFINDER (www.biofinder.se) study population
included 728 patients (normal controls, with MCSs or AD;
Supplementary Table 4) consecutively recruited between
September 2010 and December 2014 at three different mem-
ory clinics as previously described [28,29]. The primary
analysis population to assess PET concordance included
277 patients with MCSs who had amyloid-b PET images
and CSF samples. Based on a neuropsychologic battery
[28], this population was classified as subjective cognitive
decline (n 5 120, 43%) or MCI (n 5 153, 55%), with un-
known subclassification for n5 4 (1.4%) who had not under-
gone extensive neuropsychological testing. The
characteristics of the study participants are given in
Table 1 (primary analysis population) and Supplementary
Table 1 (overall BioFINDER study population).
Fig. 1. Schematic of three-part strategy for evaluating CSF biomarker concordanc

ADNI, Alzheimer’s Disease Neuroimaging Initiative.
3.2. Part 2: Preanalytical protocol comparison and cutoff
adjustment

CSF samples were collected at Sk�ane University Hospital
from January 2016 to April 2016 from n 5 20 subjects
(�18 years) undergoing diagnostic lumbar puncture due to
suspicion of normal pressure hydrocephalus. These subjects
were chosen as they provided sufficient residual CSF volume
(�40 mL) to conduct parallel assessment of the two preana-
lytical protocols. CSF samples were handled according to
the two different preanalytical protocols (BioFINDER and
ADNI), as detailed in Supplementary Table 2.
3.3. Part 3: Validation study (ADNI)

TheADNI study population comprised918 subjects (cogni-
tively normal, with significant memory concern, early mild
cognitive impairment or late mild cognitive impairment, or
AD) from ADNI-GO and ADNI-2. The primary analysis pop-
ulation for amyloid-b PET concordance analysis with Elecsys
CSF measurement included 646 participants from ADNI-GO
and ADNI-2 with significant memory concern, early mild
cognitive impairment, late mild cognitive impairment, or AD
(Supplementary Table 4); all participants had amyloid-b PET
images and CSF samples. The characteristics of the study par-
ticipants are given in Table 1 (primary analysis population) and
Supplementary Table 1 (ADNI study population).
3.4. Clinical progression prediction

The clinical dementia rating–sum of boxes (CDR-SB)
scores of 619 participants from ADNI-1, ADNI-GO, and
ADNI-2 cohorts with early (n 5 277) or late (n 5 342)
MCI at baseline were tracked in the ADNI database over
2 years. Four hundred ninety-four patients had CDR-SB
scores at baseline and 24 months.
3.5. PET image analysis

For BioFINDER, cerebral amyloid-b deposition was
visualized with the PET tracer [18F]flutemetamol. The tracer
was manufactured, and PET scanning was conducted as pre-
viously described [28,29]. For ADNI images, cerebral Ab
deposition was visualized with the PET tracer [18F]
florbetapir. PET imaging was performed within 2 weeks
before or after the baseline clinical assessments, as
described previously [30].
e with amyloid PET concordance. Abbreviations: CSF, cerebrospinal fluid;
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Table 1

Demographics and characteristics of Elecsys CSF measurements for BioFINDER and ADNI primary analysis populations, overall and by cohort

Parameter

BioFINDER ADNI

SCD (N 5 120) MCI (N 5 153)

Primary analysis

population*

(N 5 277)y SMC (N 5 94) EMCI (N 5 272) LMCI (N 5 152) AD (N 5 128)

Primary analysis

populationz

(N 5 646)

Cohort, n (%) 120 153 277 94 272 152 128 646

ADNI-GO 0 (0.0) 115 (42.3) 0 (0.0) 0 (0.0) 115 (17.8)

ADNI-2 94 (100.0) 157 (57.7) 152 (100.0) 128 (100.0) 531 (82.2)

Age, mean years (SD) 69.7 (5.41) 70.8 (5.45) 70.3 (5.45) 72.1 (5.43) 71.1 (7.37) 72.2 (7.43) 74.3 (8.35) 72.1 (7.42)

Gender, n (%)

Male 61 (50.8) 100 (65.4) 162 (58.5) 38 (40.4) 152 (55.9) 82 (53.9) 76 (59.4) 348 (53.9)

Female 59 (49.2) 53 (34.6) 115 (41.5) 56 (59.6) 120 (44.1) 70 (46.1) 52 (40.6) 298 (46.1)

Education (years), n 120 151 273 94 272 152 128 646

Mean (SD) 12.8 (3.46) 11.2 (3.33) 11.9 (3.47) 16.7 (2.47) 15.9 (2.64) 16.7 (2.53) 15.7 (2.65) 16.2 (2.62)

APOE ε4 risk alleles, n (%) 119 153 276 94 272 152 128 646

0 ε4 67 (56.3) 81 (52.9) 150 (54.3) 62 (66.0) 157 (57.7) 64 (42.1) 42 (32.8) 325 (50.3)

1 ε4 45 (37.8) 53 (34.6) 100 (36.2) 31 (33.0) 95 (34.9) 62 (40.8) 60 (46.9) 248 (38.4)

2 ε4 7 (5.9) 19 (12.4) 26 (9.4) 1 (1.1) 20 (7.4) 26 (17.1) 26 (20.3) 73 (11.3)

MMSE, mean score (SD) 28.6 (1.36) 27.2 (1.78) 27.8 (1.76) 29.0 (1.24) 28.3 (1.58) 27.6 (1.83) 23.2 (2.05) 27.2 (2.68)

Visual PET, n (%) 120 153 277 94 272 152 128 646

Negative 91 (75.8) 74 (48.4) 167 (60.3) 70 (74.5) 165 (60.7) 50 (32.9) 14 (10.9) 299 (46.3)

Positive 29 (24.2) 79 (51.6) 110 (39.7) 24 (25.5) 107 (39.3) 102 (67.1) 114 (89.1) 347 (53.7)

SUVR, n 108 123 233 94 272 152 127 645

Mean (SD) 1.26 (0.294) 1.44 (0.365) 1.36 (0.344) 1.16 (0.207) 1.21 (0.236) 1.35 (0.270) 1.51 (0.247) 1.29 (0.272)

Elecsys CSF biomarker, n 120 153 277 94 272 152 128 646

Ab(1–42), median pg/mL

(MAD)

1340 (534) 951 (508) 1048 (593) 1325 (557) 1066 (572) 784 (288) 595 (214) 862 (453)

pTau, median pg/mL

(MAD)

18.5 (7.53) 21.5 (11.36) 20.0 (9.38) 19.0 (7.86) 20.7 (8.93) 28.0 (12.86) 33.8 (13.00) 24.2 (12.2)

tTau, median pg/mL

(MAD)

217 (87.8) 255 (112.7) 240 (100) 217 (80.5) 234 (91.8) 291 (128.7) 340 (135.4) 258 (107)

pTau/Ab(1–42), median

(MAD)

0.013 (0.006) 0.029 (0.026) 0.016 (0.011) 0.015 (0.008) 0.017 (0.011) 0.037 (0.029) 0.058 (0.024) 0.029 (0.026)

tTau/Ab(1–42), median

(MAD)

0.157 (0.070) 0.321 (0.259) 0.197 (0.138) 0.165 (0.075) 0.202 (0.125) 0.391 (0.270) 0.575 (0.255) 0.317 (0.258)

Abbreviations: CSF, cerebrospinal fluid; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AD, Alzheimer’s disease; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment;

MAD, median absolute deviation; MCI, mild cognitive impairment; MCS, mild cognitive symptom; SCD, subjective cognitive decline; SMC, significant memory concern; APOE, apolipoprotein E; MMSE,

Mini–Mental State Examination; SUVR, standardized uptake value ratio; tTau, total tau; pTau, phosphorylated tau.

*MCS patients with visual PET and CSF measurement available.
yFour patients of the BioFINDER primary analysis population did not have the subclassification into SCD or MCI.
zSMC, EMCI, LMCI, and AD patients with visual PET and CSF measurement available.
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3.5.1. Visual read analysis
Banked [18F]flutemetamol (BioFINDER) or [18F]florbe-

tapir (ADNI) PET images were re-evaluated by three inde-
pendent readers at MNI, New Haven, USA. Further details
are provided in the Supplementary Methods.

3.5.2. Standardized uptake value ratio analysis
The same banked amyloid-b PET images from Bio-

FINDER and ADNI were quantitatively assessed at MNI,
New Haven, USA. Standardized update value ratios
(SUVRs) were calculated with a standardized cortical
anatomical automatic labeling volume-of-interest template
placed on spatially normalized image volumes using a
whole-cerebellum reference region, as previously described
[31]. Composite SUVRs were calculated as the unweighted
mean of the left and right lateral temporal, frontal, posterior
cingulate/precuneus, and parietal cortices.
3.6. CSF collection and biomarker measurement

In BioFINDER, CSF samples were collected per the Alz-
heimer’s Association Flow Chart for CSF biomarkers [32].
Lumbar CSF samples were collected at three centers and
centrifuged, and the supernatant was stored in 1-mL aliquots
in polypropylene tubes at �260�C. Only never-before-
thawed samples that had been stored in Sarstedt tubes
(n5 277 with MCSs; the primary population) were included
in the present study; samples that had been stored in NUNC
tubes (n 5 10) were excluded because of differences in
Ab(1–42) levels putatively arising from differences in bind-
ing of Ab(1–42) to the tube walls.

In ADNI, lumbar puncture was performed as described in
the ADNI procedures manual (http://www.adni-info.org/).
CSF sampleswere frozen on dry icewithin 1 hour after collec-
tion and shipped overnight on dry ice to the ADNI Biomarker
Core laboratory at the University of Pennsylvania Medical
Center.Aliquots (0.5mL)were prepared from these and stored
in barcode-labeled polypropylene vials at 280�C. Never-
before-thawed aliquots of CSF samples collected between
July 7, 2007 and December 18, 2013 were used in this study.

CSF samples were measured using the Elecsys b-amy-
loid(1–42) CSF [22], and the Elecsys phosphotau (181P)
CSF and Elecsys total-tau CSF immunoassays on a cobas
e 601 analyzer (software version 05.02) at the Clinical
Neurochemistry Laboratory, University of Gothenburg,
Sweden (BioFINDER) or at the Biomarker Research Labo-
ratory, University of Pennsylvania, USA (ADNI), according
to the preliminary kit manufacturer’s instructions and as
described in previous studies [22].
3.7. Statistical analysis

In part 1, cutoffs for the CSF biomarkers Ab(1–42), pTau/
Ab(1–42), and tTau/Ab(1–42) were determined to optimize
concordance with visual read PET classification in Bio-
FINDER based on performance and robustness (see
Supplementary Materials for further details). Throughout
the article, concordance was measured using the agreement
measures—overall percent agreement (OPA), positive
percent agreement (PPA, “sensitivity”), and negative percent
agreement (NPA, “specificity”).

In part 2 of the preanalytical study, the measured concen-
trations were averaged within each patient (across four ali-
quots each) and preanalytical handling procedure
(BioFINDER, ADNI). The two preanalytical protocols
were compared by means of average proportional difference
and 95% CI according to paired t-tests, Pearson’s correlation
coefficients, and Passing-Bablok regression.

In part 3, the performance of the cutoffs predefined in the
BioFINDER cohort and adjusted for the ADNI preanalytical
protocol was evaluated by assessing concordance of the CSF
biomarkers with PET visual read–based and SUVR-based
classification.

A linear mixed-effects model (with random intercept) of
CDR-SB score over 2 years (with visit time points at base-
line, six, 12, and 24 months as a categorical variable) was
used to analyze the predictive properties of CSF biomarkers.
The model was adjusted for age, gender, education, baseline
CDR-SB score, and interaction term baseline CDR-SB
score: visit time point. As a sensitivity analysis, the model
was additionally adjusted for apolipoprotein E (APOE) ε4
genotype (the number of ε4 alleles).

Some Ab(1–42) measurement values were beyond the
upper technical limit of the immunoassay and were handled
as described in the Supplementary Methods.
3.8. Role of the funding source

The study was funded by Roche Diagnostics GmbH. The
study was only possible due to the generous support of
ADNI and the Swedish BioFINDER study in providing sam-
ples. T.B., V.L., V.C., U.E., R.B., K. Buck, K.Z., and C.R. are
current or former employees of Roche Diagnostics. Roche
Diagnostics also supported reporting of study results by pro-
curing medical writing support. All authors had full access to
all data in the study and had final responsibility for the deci-
sion to submit for publication.
4. Results

4.1. Part 1: CSF biomarker concordance with amyloid-b
PET in BioFINDER and determination of CSF biomarker
cutoffs

The aim of part 1 was to determine cutoffs for CSF
biomarker concordance with amyloid-b PET visual read
classification. The cohort characteristics and demographics
from the BioFINDER cohort are shown in Table 1 (see
Supplementary Table 1 for further details).

For the visual read analysis, majority voting of three inde-
pendent reads resulted in N 5 110 (40%) positive, and
N 5 167 (60%) negative PET reads. Interreader agreement

http://www.adni-info.org/


Fig. 2. Distribution of the CSF biomarkers colored by PET visual read classification. (A–C) (BioFINDER cohort) and (F–H) (ADNI cohort): Frequency dis-

tribution of Ab(1–42), log(pTau/Ab[1–42]) and log(tTau/Ab[1–42]), respectively, by PET classification. (D and E) (BioFINDER cohort) and (I and J) (ADNI

cohort): Scatterplots of Ab(1–42) versus pTau (D and I) and tTau (E and J) with the cutoffs for the respective ratio pTau/Ab(1–42) (BioFINDER: 0.022, ADNI:
0.028) and tTau/Ab(1–42) (BioFINDER: 0.26, ADNI: 0.33) shown as diagonal lines. n 5 277 (BioFINDER A–E) and n 5 646 (ADNI, F–J). Red bars or tri-

angles, PET-positive; blue bars or dots, PET-negative. Abbreviations: CSF, cerebrospinal fluid; ADNI, Alzheimer’s Disease Neuroimaging Initiative; tTau, total

tau; pTau, phosphorylated tau; Ab, amyloid b.
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Table 2

Performance of CSF biomarker cutoffs versus visual amyloid-b PET in BioFINDER and ADNI

Cohort CSF biomarker Cutoff PPA, % NPA, % OPA, % AUC, %

BioFINDER Ab(1–42) 1100 pg/mL 90.9 (83.9–95.6) 72.5 (65.0–79.1) 79.8 (74.6–84.4) 86.5 (82.3–90.7)

pTau/Ab(1–42) 0.022 90.9 (83.9–95.6) 89.2 (83.5–93.5) 89.9 (85.7–93.2) 94.4 (91.5–97.3)

tTau/Ab(1–42) 0.26 90.9 (83.9–95.6) 89.2 (83.5–93.5) 89.9 (85.7–93.2) 94.0 (91.0–97.0)

ADNI Ab(1–42) 880 pg/mL 83.6 (79.3–87.3) 85.3 (80.8–89.1) 84.4 (81.3–87.1) 92.1 (90.0–94.3)

pTau/Ab(1–42) 0.028 88.2 (84.3–91.4) 92.6 (89.1–95.3) 90.3 (87.7–92.4) 96.3 (95.2–98.0)

tTau/Ab(1–42) 0.33 85.0 (80.8–88.6) 94.0 (90.7–96.4) 89.2 (86.5–91.5) 96.3 (94.8–97.7)

Abbreviations: CSF, cerebrospinal fluid; ADNI, Alzheimer’s Disease Neuroimaging Initiative; AUC, area under the curve; NPA, negative percent agreement;

OPA, overall percent agreement; PPA, positive percent agreement; tTau, total tau; pTau, phosphorylated tau.

NOTE. Values in brackets are 95% confidence intervals.
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was high (interreader mean OPA 5 90.1% [min 87.7, max
94.8]; see Supplementary Results; Supplementary Table 3).

The distribution of CSF biomarker concentration ap-
peared to correspond with the two PET classification groups
(Fig. 2A–C; area under the curve: 87%–94%;
Supplementary Fig. 1A). Cutoffs for Ab(1–42), pTau/
Ab(1–42), and tTau/Ab(1–42) were specified at values that
best separated the PET-positive and PET-negative groups
and were robust to changes in measurement levels (see Sec-
tion 2). For example, with respect to CSFAb(1–42) levels, a
lower cutoff would lead to a steep decline in PPA, without
substantial increase in NPA (Supplementary Fig. 2). There-
fore, a compromise for the cutoff 1100 pg/mL was chosen
[Ab(1–42) � 1100 pg/mL: test positive; .1100 pg/mL:
test negative] with high (91%) PPA and 72% NPA
(Table 2; Supplementary Fig. 2). Based on similar consider-
ations, the pTau/Ab(1–42) and tTau/Ab(1–42) ratio cutoffs
were defined as follows: pTau/Ab(1–42) 5 0.022, tTau/
Ab(1–42) 5 0.26 (Table 2).

The distributions of CSF levels of pTau or tTau versus
Ab(1–42) revealed two clusters that corresponded to the
PET classification (Fig. 2D and E). A diagonal line reflecting
the pTau/Ab(1–42) or tTau/Ab(1–42) cutoffs (Fig. 2D and
E) discriminated between a PET-positive and PET-negative
classification better than a vertical line reflecting the
Ab(1–42) single biomarker cutoff. This was consistent
across clinical cohorts (Supplementary Fig. 3A–H;
Supplementary Table 5). Specifically, in the primary anal-
ysis population, CSF pTau/Ab(1–42) and tTau/Ab(1–42)
cutoffs showed higher NPA (89%) than CSFAb(1–42) alone
(73%), at the same PPA (91%), resulting in OPA values of
90% (Table 2). A strong correlation between pTau and
tTau CSF measurements was seen (Supplementary Fig. 4).
There was no clear preference for either CSF tau biomarker
when comparing the pTau/Ab(1–42) and tTau/Ab(1–42)
with PET (Fig. 2D and E; Table 2).
4.2. Part 2: Preanalytical comparison and cutoff
adjustment for the two preanalytical CSF handling
protocols

In part 2, we assessed systematic differences in Ab(1–
42), pTau, or tTau levels in CSF samples derived from the
same patients and handled by two different preanalytical
protocols (BioFINDER and ADNI). Measurement of CSF
Ab(1–42) levels revealed systematic differences (on
average, w24%) between the values measured after
handling by BioFINDER or ADNI protocols, whereas no
meaningful difference was observed in CSF pTau or tTau
concentrations (1%–3%; Supplementary Table 6). To ac-
count for the preanalytical differences, a cutoff adjustment
factor of 0.8 (using the upper confidence limit of the system-
atic bias) was calculated for Ab(1–42) from the BioFINDER
(part 1) to the ADNI cohort (Supplementary Fig. 5D); the
pTau/Ab(1–42) and tTau/Ab(1–42) cutoffs were also trans-
ferred using the inverse adjustment factor 0.821 (see
Supplementary Methods and Results for further details).
This resulted in adjusted CSF biomarker cutoffs to be vali-
dated in the ADNI cohort in part 3: Ab(1–42) 5 880 pg/
mL, pTau/Ab(1–42) 5 0.028, tTau/Ab(1–42) 5 0.33; these
cutoffs were determined before the ADNI cohort was
analyzed.
4.3. Part 3: Validation of amyloid-b PET concordance in
ADNI

The aim of part 3 was to validate the PET concordance of
CSF Ab(1–42), pTau/Ab(1–42), and tTau/Ab(1–42) in the
ADNI cohort (n5 646) using the predefined adjusted cutoffs
determined in part 2. Characteristics and demographics of
the ADNI cohort are shown in Table 1 (see Supplementary
Table 1 for further details). It is worth noting that the median
biomarker values were quite similar in the BioFINDER and
ADNI cohorts (Table 1) and showed similar data distribu-
tions (Fig. 2). Using the predefined transferred cutoffs, the
CSF biomarkers Ab(1–42), pTau/Ab(1–42), and tTau/
Ab(1–42) distinguished between the PET classifications
(Fig. 2F–H, respectively) with high PPA and NPA, OPA
values of 84%–90%, and area under the curve values of
92%–96% (Table 2; Supplementary Fig. 1B). The CSF
pTau/Ab(1–42) ratio performed slightly better than the
tTau/Ab(1–42) ratio; both ratios showed superior perfor-
mance than Ab(1–42) alone, consistent with BioFINDER
(part 1).

The distributions of pTau and tTau versus Ab(1–42) indi-
cated that these CSF biomarkers were concordant with PET
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classification across clinical cohorts (including cognitively
normal subjects) in ADNI (Supplementary Fig. 3I–R).
With increasing prevalence of PET positivity with more se-
vere disease stage, there was a corresponding trend toward
an increase in PPV and a decrease in NPV (Supplementary
Table 7).

A cutoff determination analogous to part 1 was performed
for the ADNI study population as a sensitivity analysis. The
resulting CSF biomarker cutoffs were 977 pg/mL, 0.025, and
0.27 for Ab42, pTau/Ab42, and tTau/Ab42, respectively,
and had a high overall agreement with visual read amyloid
PET classification (Supplementary Table 8).
4.4. SUVR amyloid-b PET concordance

In addition to qualitative visual read, quantitative SUVR
amyloid-b PET values were also investigated. SUVR-based
and visual read–based classification showed high agreement
at the SUVR cutoffs defined by mixture modeling (Bio-
FINDER: PPA 5 98.8%, NPA 5 84.4%, OPA 5 89.7%;
ADNI: PPA5 95.1%, NPA5 88.0%, OPA5 91.8%). Using
an SUVR classification cutoff and the predefined CSF
biomarker cutoffs, high concordance for all three biomarkers
was observed for both BioFINDER and ADNI cohorts
(Fig. 3). The overall agreement of the CSF biomarkers
with SUVR-based classification was similar in ADNI but
Fig. 3. Scatterplots of CSF biomarkers versus SUVRs in BioFINDER (A–C) and

angles) and PET-negative (blue dots) patients; vertical and horizontal dashed lines

D) Ab(1–42), (B and E) pTau/Ab(1–42) ratio, and (C and F) tTau/Ab(1–42) ratio.
ADNI as the SUVRs were not available for all patients with PET scans. Abbreviat

total tau; pTau, phosphorylated tau; Ab, amyloid b.
slightly higher in BioFINDER than with visual read–based
PET classification (Supplementary Table 9). For example,
for Ab(1–42), in the BioFINDER study, CSF biomarker
agreement with SUVR was 86% (vs. 80% with visual
read); for pTau/Ab(1–42) and tTau/Ab(1–42) ratios, it was
92% (vs. 90% with visual read). High agreement between
the CSF biomarkers and SUVR-based classification was
also observed across clinical cohorts in the BioFINDER
(Supplementary Table 10) and ADNI (Supplementary
Table 11) studies.
4.5. Clinical progression predicted by predefined CSF
biomarker cutoffs in MCI patients in ADNI cohort

To study whether CSF biomarker status, established by
predefined cutoffs, could predict clinical progression, the
ADNI MCI population (n 5 619) was examined. There
was a significant difference in progression (as defined by
change in CDR-SB, a measure of cognition and function,
from baseline to two years) between biomarker-positive
and biomarker-negative patients (Fig. 4; Supplementary
Table 12); this was true for all three CSF biomarkers.
Biomarker-positive patients progressed by 1.4–1.6 points
over 2 years, whereas biomarker-negative patients’ progres-
sion was significantly less than 0.5 (Supplementary
Table 12). This was also the case when the model was
ADNI (D–F). Color and symbols indicate visual read PET-positive (red tri-

correspond to SUVR and CSF biomarker cutoff values, respectively. (A and

Number of samples is reduced to N 5 233 in BioFINDER and N 5 645 in

ions: CSF, cerebrospinal fluid; SUVR, standardized uptake value ratio; tTau,



Fig. 4. Time course of pTau/Ab(1–42) ratio in patients with MCI in the

ADNI cohort over 2 years. LS-means with standard errors by biomarker

group (red: pTau/Ab(1–42) biomarker-positive at baseline; blue: pTau/

Ab(1–42) biomarker-negative at baseline). Increasing CDR-SB score indi-

cates a clinical decline. N 5 619. No adjustment for ApoE4 status. Abbre-

viations: pTau, phosphorylated tau; Ab, amyloid b; ADNI, Alzheimer’s

Disease Neuroimaging Initiative; MCI, mild cognitive impairment; CDR-

SB, clinical dementia rating–sum of boxes; APOE, apolipoprotein E.
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additionally adjusted for APOE ε4 status (data not shown).
The data revealed a trend for pTau/Ab(1–42) and tTau/
Ab(1–42) ratios showing a greater difference in progression
between “biomarker-negative” and “biomarker-positive”
groups than Ab(1–42) alone.
5. Discussion

In this study, we used a three-part strategy to demonstrate
CSF biomarker concordancewith amyloid-b PET in both the
BioFINDER and ADNI studies. In part 1, we determined
cutoffs for CSF Ab(1–42), pTau/Ab(1–42), and tTau/
Ab(1–42) for concordance with PET visual read in the Bio-
FINDER cohort. Because of preanalytical protocol varia-
tions, in part 2, we calculated an adjustment factor to
transfer the BioFINDER-determined cutoffs to the ADNI
cohort. In part 3, we validated the predefined adjusted cutoffs
in the ADNI cohort. Finally, we also showed that CSF
biomarker status, established by prespecified cutoffs, had
high agreement with SUVR PET classification and that the
CSF biomarkers predicted future clinical progression in
MCI patients.

These data showed that we could transfer CSF biomarker
cutoffs from one independent cohort to another, although (1)
the CSF samples were analyzed in different laboratories, (2)
different preanalytical protocols were used, (3) the popula-
tions were different, and (4) different PET tracers were
used. Furthermore, with the same predefined adjusted cut-
offs, the biomarkers Ab(1–42), pTau/Ab(1–42), and tTau/
Ab(1–42) could clearly separate the MCI patients in the
ADNI cohort who deteriorated clinically over 24 months
from those who remained stable. The ability to accurately
predict future disease progression using a fluid biomarker
test is relevant for both routine clinical diagnosis and the se-
lection of patients for clinical trials.

Taking into account that postmortem pathology is the
true gold standard for the detection of amyloid pathology,
the interreader reliability of PET visual read was good
(mean OPA 90.1% in BioFINDER and 94.0% in ADNI),
but not “perfect.” This demonstrates the limitation of the
visual PET method as it is partly subjective and reader
dependent. However, because the amyloid-b PET visual
read was used as a surrogate for amyloid pathology, the
real gold standard, the OPA of the CSF assays to amy-
loid-b PET visual read, cannot be better than the average
interreader OPA of amyloid-b PET (90.1%–93.4%),
similar to the agreements between visual read–based and
SUVR-based classifications of the same amyloid PET im-
ages (OPA 5 89.7%–91.8%). In this context, it is inter-
esting to note the Elecsys CSF tau/Ab(1–42) ratios
demonstrated high concordance with amyloid-b PET vi-
sual read–based (OPA 89.9% in BioFINDER and 89.2%–
90.3% in ADNI) and SUVR-based PET (OPA 5 91.8%
in BioFINDER and 86.5%–88.5% in ADNI). That is, the
concordance between CSF tau/Ab(1–42) and amyloid
PET was almost as strong as the concordance between
SUVR-based and visual read–based classifications of the
same PET images.

The Elecsys immunoassays showed high precision in that
CSF cutoffs could be transferred from one independent
study to another using a cutoff adjustment factor, even
when the CSF samples were handled using different proto-
cols and analyzed in different laboratories, although, in prin-
ciple, the need to adjust cutoffs between different studies
would be eliminated if a universal preanalytical protocol
for CSF handling were introduced. However, this study is
a step toward identifying uniform, global cutoff values to
enable the introduction of CSF biomarkers into clinical prac-
tice.

This study showed a high concordance of CSFAb(1–42)
with amyloid-b PET, which is supported by previous studies
using other CSF assays. A previous analysis of the Bio-
FINDER study demonstrated a 92.5% concordance between
CSF Ab(1–42) and PET SUVR categorization [33]. More-
over, a recent study on patients with AD and healthy controls
demonstrated 86.9% total agreement for PET visual read
based on precalculated CSF biomarker cutoffs [34].

The higher NPA of tau/Ab(1–42) ratios than Ab(1–42)
alone seen in this study indicates that the CSF biomarker ra-
tios may have greater diagnostic utility. This is supported by
previous literature, as outlined in a recent review [35]. For
example, in a recent study, the tTau/Ab(1–42) ratio
increased concordance with PIB PET SUVR from 85.2%
(k statistic 5 0.703, CI 0.51–0.89) with CSF Ab(1–42) to
92.5% (k statistic 5 0.849, CI 0.71–0.99) [36]. This has
also been shown for the pTau/Ab(1–42) ratio, where in
103 mostly cognitively normal participants, CSF pTau/
Ab(1–42) showed greater sensitivity for detection of
PIB1 compared with Ab(1–42) alone [37].
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The superiority of tau/Ab(1–42) ratios over Ab(1–42)
alone may be due to a number of reasons. First, the tau/
Ab(1–42) ratios combine measures of two different patho-
logic processes into a single diagnostic biomarker. Second,
the pTau or tTau ratios may reduce random error or vari-
ance in Ab(1–42) measurements. There are natural fluctu-
ations or variations in the production, secretion, and
degradation of CSF proteins [38], and by normalizing the
values of any protein to any other brain-derived protein,
many of these natural variations in protein concentration
may be compensated for. Third, tau and Ab(1–42) markers
change at different points in the disease [39], suggesting
that Ab(1–42) is an earlier marker than tau. It has been
speculated that CSF Ab(1–42) levels can be abnormal
slightly earlier in the disease than amyloid-b PET visual
read [40]. Therefore, combining Ab(1–42) in a ratio with
tau, a marker that is abnormal slightly later in the disease,
may correspond better to amyloid-b PET visual read. A
different line of research suggests an improved concor-
dance with amyloid-b PET imaging when combining
Ab(1–42) in a ratio with shorter Ab peptides [41,42].
Future studies are needed to compare the performance of
tau/Ab(1–42) ratios with, for example, a ratio Ab(1–42)/
Ab(1–40) using the Elecsys immunoassays.

The present study indicates that CSF biomarkers, estab-
lished by predefined cutoffs, were able to separate clini-
cally progressing from clinically stable patients; this is
consistent with previous studies. For example, the tTau/
Ab(1–42) ratio was shown to predict MCI conversion to
probable AD over 1 year [43] and the baseline tTau/
Ab(1–42) ratio indicated progression from MCI to demen-
tia over 4–6 years, with a PPA of 95% and a NPA of 83%
[16]. Furthermore, a “CSF AD profile” at baseline signifi-
cantly increased the risk of patient progression from MCI
to dementia [19]. These data suggest that the CSF
biomarker profile could be used to support the diagnosis
of early-stage AD. Further studies are warranted to
examine whether greater rates of cognitive and functional
decline are observed when both a tau protein and Ab(1–
42) are pathologic versus when either Ab(1–42) or a tau
protein alone are pathologic [44,45].

We acknowledge the limitations of this study, which
potentially impact the interpretation of these results. First,
two prospective cohorts were used with two different pre-
defined preanalytical protocols. Variations in preanalytical
handling of CSF samples might influence the CSF AD
biomarker levels [24], especially Ab(1–42) [25]. However,
these differences could be compensated for with the adjust-
ment factor calculation in part 2, albeit using small sample
sizes (n 5 17, n 5 20; under suspicion of hydrocephalus).
The ADNI preanalytical protocol includes a large number
of handling steps, which may not have been exactly repli-
cated in our study. This may have introduced additional
variability to the CSF biomarker quantification and may
explain why the predefined, transferred cutoffs were not
the same as the newly optimized cutoffs in ADNI
(see Supplementary Results). There were also slight differ-
ences in the subjective impairment and MCI populations
between cohorts and two different PET ligands ([18F]flor-
betapir and [18F]flutemetamol) were used; despite these
differences, the concordance was shown between CSF
markers and PET classification in both cohorts. Such meth-
odological differences are likely representative of the vari-
ability in current clinical practice. Second, the PET visual
read analysis, used as the “gold standard” in this study, is a
proxy for histopathology and partly subjective and reader
dependent. Finally, the two methods compared here (PET
and CSF) measure different species of Ab—amyloid-b
PET ligands bind to aggregated forms of Ab, whereas sol-
uble Ab is measured by CSF immunoassays. However,
these two pools of Ab are thought to be closely related
[46], and this is supported by the high concordance seen
in this study.

In conclusion, the study demonstrates concordance of
CSF Ab(1–42), pTau/Ab(1–42), and tTau/Ab(1–42) bio-
markers with amyloid-b PET across two different cohorts
with different populations, different amyloid-b PET
tracers, and preanalytical protocols, which we believe
may herald the potential for harmonized global cutoffs
for CSF Ab(1–42), pTau/Ab(1–42), and tTau/Ab(1–42)
biomarkers of AD. The cutoffs were validated with two
different amyloid-b PET tracers against two methods of
amyloid-b PET analysis—visual read and SUVR. In addi-
tion, CSF biomarkers identified patients who clinically pro-
gressed over the subsequent 2 years. However, before
global Elecsys CSF AD biomarkers cutoffs can be imple-
mented, a unified preanalytical protocol for CSF handling
must be established. New, automated CSF biomarker as-
says have the potential to aid the clinical diagnosis of
AD and provide a practical, reliable alternative to amy-
loid-b PET on a global level.
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RESEARCH IN CONTEXT

1. Systematic review: Biomarkers of Alzheimer’s dis-
ease are needed to improve the accuracy of disease
diagnosis and to enrich clinical trial populations.
Current cerebrospinal fluid (CSF) biomarker assays
are limited by between-batch and between-
laboratory variability, hindering widespread intro-
duction.

2. Interpretation: Previous studies have demonstrated
high concordance between CSF biomarkers and am-
yloid b PET; the present study illustrates this robustly
using three novel, fully automated immunoassays in
two independent cohorts—Swedish BioFINDER and
Alzheimer’s Disease Neuroimaging Initiative, with
two different PET ligands. CSF biomarkers were
also associated with clinical progression among
mild cognitive impairment patients.

3. Future directions: High-precision, fully automated
immunoassays offer an unprecedented opportunity to
establish harmonized, global decision points for CSF
biomarkers to aid Alzheimer’s disease diagnosis and
predict clinical decline as soon as a unified pre-
analytical protocol has been established. This study
also supports the use of amyloid-b PETand CSF tau/
amyloid-b(1–42) biomarker ratios interchangeably.
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