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Alzheimer’s Disease Neuroimaging Initiative

Abstract

The close correlation between abnormally low pre-mortem cerebrospinal fluid (CSF)
concentrations of amyloid-β1-42 (Aβ1–42) and plaque burden measured by amyloid imaging as
well as between pathologically increased levels of CSF tau and the extent of neurode-generation
measured by MRI has led to growing interest in using these biomarkers to predict the presence of
AD plaque and tangle pathology. A challenge for the wide-spread use of these CSF biomarkers is
the high variability in the assays used to measure these analytes which has been ascribed to
multiple pre-analytical and analytical test performance factors. To address this challenge, we
conducted a seven-center inter-laboratory standardization study for CSF total tau (t-tau), phospho-
tau (p-tau181) and Aβ1–42 as part of the Alzheimer’s Disease Neuroimaging Initiative (ADNI).
Aliquots prepared from five CSF pools assembled from multiple elderly controls (n = 3) and AD
patients (n = 2) were the primary test samples analyzed in each of three analytical runs by the
participating laboratories using a common batch of research use only immunoassay reagents
(INNO-BIA AlzBio3, xMAP technology, from Innogenetics) on the Luminex analytical platform.
To account for the combined effects on overall precision of CSF samples (fixed effect), different
laboratories and analytical runs (random effects), these data were analyzed by mixed-effects
modeling with the following results: within center %CV 95% CI values (mean) of 4.0–6.0%
(5.3%) for CSF Aβ1–42; 6.4–6.8% (6.7%) for t-tau and 5.5–18.0% (10.8%) for p-tau181 and inter-
center %CV 95% CI range of 15.9–19.8% (17.9%) for Aβ1–42, 9.6–15.2% (13.1%) for t-tau and
11.3–18.2% (14.6%) for p-tau181. Long-term experience by the ADNI biomarker core laboratory
replicated this degree of within-center precision. Diagnostic threshold CSF concentrations for
Aβ1–42 and for the ratio t-tau/Aβ1–42 were determined in an ADNI independent, autopsy-
confirmed AD cohort from whom ante-mortem CSF was obtained, and a clinically defined group
of cognitively normal controls (NCs) provides statistically significant separation of those who
progressed from MCI to AD in the ADNI study. These data suggest that interrogation of ante-
mortem CSF in cognitively impaired individuals to determine levels of t-tau, p-tau181 and Aβ1–42,
together with MRI and amyloid imaging biomarkers, could replace autopsy confirmation of AD
plaque and tangle pathology as the “gold standard” for the diagnosis of definite AD in the near
future.

Keywords

Alzheimer’s Disease Neuroimaging Initiative; Cerebrospinal fluid; Amyloid-β1-42; Total tau; p-
tau181; Interlaboratory study; Mixed-effects modeling

Introduction

Measurement of the CSF concentrations of Aβ1–42, t-tau and p-tau181 [using xMAP®
(multi-analyte) or ELISA (single analyte)-based methods] has been shown to provide at least
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85% sensitivity and 80% specificity for diagnosing AD, predicting conversion from MCI to
a diagnosis of probable AD, and identifying elderly clinical dementia rating (CDR) scale 0
individuals likely to progress to CDR > 0 [7, 10, 12, 17, 18, 25, 36, 37, 42]. Changes in CSF
Aβ1–42, t-tau and p-tau181 concentrations reflect on-going amyloidopathy (Aβ1–42) and
tauopathy as well as damage to neurons (t-tau and p-tau181) in the brain [4, 15, 16, 22, 38,
40]. It is widely recognized that excessive analytical variability across laboratories and
across time limits the potential use of these measures to assess the effects of candidate
therapies on AD pathology in longitudinal, large world-wide clinical trials [8, 23, 24, 44].
ADNI is specifically designed to define longitudinal changes in imaging, biological markers,
clinical and neuropsychological measurements in NCs as well as subjects who have late
MCI or early AD to accelerate efforts to develop new treatments and monitor their
effectiveness as well as lessen the time and cost of clinical trials. In order to accomplish this
challenging goal the ADNI study adopted standardized biochemical and imaging biomarker
methods in hopes of improving the ability to optimally detect the natural progression of
neurodegenerative processes inherent in AD. Besides development of assays for novel
analytes, the University of Pennsylvania (UPenn) ADNI Biomarker Core laboratory has
thoroughly studied measurement of Aβ1–42, t-tau and p-tau181 in highly clinically annotated
ADNI CSF samples to identify and attempt to control key sources of analytical variability.

This paper describes the analytical qualification of the INNO-BIA AlzBio3 immunoassay
for use by the UPenn Biomarker Core for analyses of CSF samples collected from ADNI
subjects. The multiplex xMAP Luminex platform (Luminex Corp, Austin, TX, USA) with
Innogenetics (INNO-BIA AlzBio3, Ghent, Belgium) immunoassay reagents are for research
use only. At first, different aspects of the analytical precision of the assays were evaluated
including implementation of an inter-center qualification study (7 centers, including
academic centers and industrial partners) to document the reproducibility and repeatability
of the immunoassay using pooled CSF samples (n = 5) and aqueous validation samples (n =
3), evaluation of the long-term stability of CSF pools, and test/re-test analytical performance
over time during the analyses of ADNI CSF samples. Second, the predictive performance of
these CSF biomarkers was assessed for risk of progression from MCI to AD dementia.
Finally, we discuss recognized pre-analytical factors that affect the results of these
biomarker measurements.

Materials and methods

Data used in the preparation of this manuscript were obtained from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (http://www.loni.ucla.edu/ADNI). The ADNI was
launched in 2004 by the National Institute on Aging (NIA), the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration
(FDA), private pharmaceutical companies and non-profit organizations, as a $60 million, 5-
year public–private partnership. The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission tomography (PET), other biological
markers and neuropsychological assessment can be combined to measure the progression of
mild cognitive impairment (MCI) and early Alzheimer’s disease (AD). Determination of
sensitive and specific markers of very early AD progression is intended to aid researchers
and clinicians to develop new treatments and monitor their effectiveness, as well as lessen
the time and cost of clinical trials. The principal investigator of this initiative is Michael W.
Weiner, MD, VA Medical Center and University of California-San Francisco. ADNI is the
result of efforts of many co-investigators from a broad range of academic institutions and
private corporations, and subjects have been recruited from over 50 sites across the U.S. and
Canada. The initial goal of ADNI was to recruit 800 adults, aged 55–90, to participate in the
research—approximately 200 cognitively normal older individuals to be followed for 3
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years, 400 people with MCI to be followed for 3 years and 200 people with early AD to be
followed for 2 years. For up-to-date information, see http://www.adni-info.org.

xMAP platform

Each participating center in this inter-laboratory study used either the Luminex 100 IS
(Luminex Corp, Austin, TX, USA) (4 centers) or BioPlex 100 immunoassay platform (Bio
Rad, Hercules, CA, USA) (3 centers) with the same Luminex analytical platform but
different customized software packages for instrument operation. The selection of the
system was at the discretion of each participant and was not considered a variable in the
study protocol. The xMAP Luminex technology is a flow cytometric method that allows
simultaneous detection of several analytes on different sets of microspheres in a single well.
Each set of microspheres has embedded a precise concentration ratio of red- and infrared
fluorochromes, resulting in unique spectral identities. This allows flow cytometric
discrimination of mixed microsphere sets [14, 28].

The INNO-BIA AlzBio3 immunoassay kits

The full details of the implementation of the INNO-BIA Alz Bio3 immunoassay reagents on
the Luminex analytical platform are described elsewhere [29, 42]. Monoclonal antibodies
(mAbs) are used in this assay, and the production process for the immunoassay kits includes
in current production processes assurance of lot-to-lot consistency. These tests are relative
quantitative assays for CSF Aβ1–42, t-tau and p-tau181 since no international reference
standards for the analytes prepared in CSF are available. Each participating center used the
same INNO-BIA AlzBio3 immunoassay kit (assay lot # 157353 and calibrator lot #
157379), provided for the study by Innogenetics, Ghent, Belgium. The kit reagents include a
mixture of three xMAP color-coded carboxylated microspheres, each containing a bead set
coupled with well-characterized capture mAbs specific for Aβ1–42 (4D7A3; bead region 56),
t-tau (AT120; bead region 2) or p-tau181 (AT270; bead region 69), and a vial with analyte-
specific biotinylated detector mAbs (3D6 for Aβ1–42 and HT7 for t-tau or p-tau181). Ready-
to-use vials containing pre-determined calibrator concentrations for the three analytes were
provided. Calibration curves were produced for each biomarker using aqueous buffered
solutions that contained the combination of three bio-markers at concentrations ranging from
56 to 1,948 pg/mL for recombinant t-tau, 27–1,574 pg/mL for synthetic Aβ1–42 and 8–230
pg/mL for a synthetic tau peptide phosphorylated at the threonine 181 position (the p-tau181

standard; numbering according to the longest tau isoforms [13]). In addition to the
calibrators, the immunoassay kit includes two quality control samples, produced in aqueous
diluent, with pre-defined acceptable concentration ranges for the three biomarkers.

The assay procedure

A mixture of the microspheres were added to individual wells of 96-well plates followed by
addition of 75 μL of sample (pooled CSF, calibrators, quality control samples) together with
25 μL of a mixture of the biotinylated detector mAbs (Conjugate 1). After an overnight
incubation (protected from light; continuous shaking), at room temperature, the antigen–
antibody complex was detected by a phycoerythrin-labeled streptavidin conjugate (Detection
conjugate). Following a wash step, the signal associated with each analyte was measured by
analyzing the resulting bead-capture antibody-analyte-detection antibody-detection
conjugate complexes on the Luminex or BioPlex systems. The analyte-specific capture
antibodies covalently coupled to spectrally unique microspheric beads provide analytical
specificity. The analyte concentration is related to the fluorescence intensity derived from
complexed detection conjugates.

Shaw et al. Page 4

Acta Neuropathol. Author manuscript; available in PMC 2011 September 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://www.adni-info.org


Inter-lab study design

Aqueous calibrators and controls are included in the immunoassay kit. Analyses were also
performed on separate aqueous validation and human subject CSF pool samples (generated
by using residual CSF samples obtained from individuals who were not part of the ADNI
cohort). All calibrators, controls and additional samples were analyzed in duplicate in each
run. A result (a reported value) was defined as the arithmetic mean of duplicate results. For
each of the five CSF pool aliquots, there were two sets of duplicates, i.e., there were four
replicates for each of these samples. Each participating laboratory performed three analytical
runs using separate frozen, not previously thawed aliquots of each of the three aqueous
validation and five CSF pools in each run. The aqueous samples, X-1, X-2 and X-3, were
prepared by Innogenetics and contained different concentrations of reference materials
[(synthetic peptides, Aβ1–42 and p-tau181) or recombinant protein (total tau)] spiked into
diluent. Five CSF pools were prepared at the UPenn ADNI Biomarker Core laboratory.
Three of the CSF pools, X-41, X-42 and X-43, were prepared from excess routine clinic
patient samples, and they also were included in the pre-qualification study. Two other CSF
pools, X-40 and X-44, were prepared from aliquots collected from AD patients who were
not in the ADNI cohort. The homogeneity of aliquots prepared from the CSF pools was
verified prior to the start of the study. The aqueous run validation and the CSF pool aliquots
were stored in labeled polypropylene tubes at −80°C. Three each of these aliquots were
shipped on dry ice to each participating center with a temperature sensor attached to each
shipment container to provide assurance of maintenance of temperature during transit.

For each of the three analytical runs, a test protocol was followed and checklist information
provided to assure compliance with test procedure steps and conditions by the seven
participating laboratories. The full details of the test protocol are available as an appendix to
the report on this seven-center interlaboratory study on the ADNI website
at:http://adni-info.org/Scientists/ADNIScientistsHome.aspx.

Statistical analyses

The databanks for this study were prepared in the UPenn ADNI Biomarker Core laboratory
and at Innogenetics. Following comparison of the databanks to assure accuracy of
transcription of the raw data from each center, the databanks were locked, and statistical
analyses performed at both the UPenn ADNI Biomarker Core laboratory and at
Innogenetics. Statistical analysis and modeling were performed using ‘R’ software version
2.9.1 [32]. The between-Center and within-Center sources of variation of the results were
evaluated using Mixed-Effects Modeling methodology with the ‘lme4’ package for ‘R’ [2].
The general Mixed-Effects Model was defined as: “Concentration ~ Sample + (Sample|
Center\Run)”, where ‘Concentration’ is a function of ‘Sample’ (fixed effect), with random
effects of ‘Center’ and ‘Run’, estimated for each sample separately.

Biomarker result acceptance criteria

Result acceptance criteria defined prior to study performance included: (1) microsphere
(“bead”) counts >50 for a single sample and (2) %CV < 25% for duplicates. Thus, if one of
four replicates of a CSF pool had a bead count <50, only that single result was removed, and
the remaining three were retained. When the %CV of the biomarker concentration for a pair
of results was >25%, that pair was removed, but the remaining pair of quadruplicate results
was retained. A checklist was provided to each participant in order to identify possible root
causes for the observed differences.
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Results

Calibration curves

In order to limit variability related to software and/or curve fit algorithms, curve fitting was
performed in an excel format using a four parametric logistic (4-PL) regression model.
During the development phase of the immunoassay kit, accuracy plots revealed no
improvements when five-parameter curve fit models were applied to the data. The resulting
mean ± SD for r2 for the curve fit to the calibration data, using the four-parameter curve

fitting program, across the seven participating laboratories (n = 21 analytical runs) were,

respectively, for each bio-marker: 0.998 ± 0.00243 for Aβ1–42; 0.999 ± 0.00116 for t-tau;

and 0.998 ± 0.00189 for p-tau181. The mean ± SD pg/mL values for back-calculated

calibrator concentrations for the 21 analytical runs across the seven centers were as follows:

for Aβ1–42 49 (48 ± 4.4), 97 (95 ± 4.5), 209 (213 ± 6.4), 465 (461 ± 9.2), 980 (984 ± 10.4)

and 1,960 (1,957 ± 8.0); for t-tau 28 (24 ± 7.8), 65 (66 ± 2.3), 136 (137 ± 4.7), 334 (333 ±

3.3), 739 (740 ± 2.7) and 1,699 (1,698 ± 2.9); for p-tau181: 15 (16 ± 1.2), 26 (26 ± 0.6), 47

(46 ± 1.2), 82 (83 ± 0.8), 147 (147 ± 0.2), 265 (265 ± 0.026).

Biomarker concentration outliers in CSF pool samples

For the acceptance criterion of bead counts >50, three single replicate results did not meet

this criterion for CSF pool samples, one Aβ1–42, one t-tau and one p-tau181 for pools X-40,

X-42 and X-43. Thus, a total of nine replicate sample results did not meet this criterion. Two

centers experienced this problem: six of these nine out-lier results occurred in one run at one

center, and three of these nine outliers occurred in one run at another center. All of these

nine outlier results were bead counts of 15 (n = 1), or lower [12 (1), 10 (1), 7 (3), 6 (1), 5 (1)

or 2 (1)] and likely due to “leaky” plate wells. For the %CV of paired replicate results, three

Aβ1–42, two p-tau181 and eight t-tau pairs failed this criterion at three centers, one of which

also had bead count failures. Thus, there were a total of 13 %CV result failures that involved

three centers. Three centers had no result failures for either the bead counts or the %CV

criteria. Since these acceptance criteria were established prior to conduct of the inter-

laboratory study, the bead count (n = 9) and %CV (n = 13) results that did not meet the

respective criteria for inclusion in this study were removed from the precision analyses

summarized below.

Within- and between-center precision

Figure 1a–c summarizes the within-center precision (%CV) data for Aβ1–42, t-tau and p-

tau181 by center and by sample type (2 aqueous kit controls, 3 aqueous validation samples, 5

CSF pools).

CSF pools—Table 1 summarizes the within-center precision data for the five CSF pools.

Analysis of this data set using mixed-effects modeling resulted in the following within

center 95% CI values: 4.0–6.0% (5.3 and 5.4% mean and median values, respectively) for

CSF Aβ1–42; 6.4–6.8% (6.7% mean and median) for t-tau and 5.5–18.0% (10.8 and 11%

mean and median, respectively) for p-tau181. The corresponding inter-laboratory

reproducibility for the CSF pools was in the range of 15.9–19.8% (mean and median values

of 17.9 and 18.8%) for Aβ1–42, 9.6–15.2% (13.1 and 13.6%) for t-tau and 11.3–18.2% (14.6

and 13.9%) for p-tau181.

Aqueous control samples—The within center precision values for the aqueous kit

controls and aqueous validation samples were 2.4–22.8% (mean and median values of 8.4%

and 7.4%) for Aβ1–42, from 0.3 to 13.9% (mean and median values of 5.0% and 4.4%) for t-

tau and from 0.1 to 9.1% (mean and median values of 3.4 and 2.8%) for p-tau181.
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The inter-laboratory reproducibility values for the aqueous samples X-1, X-2 and X-3 were

0.01–15.7% (mean and median values 6.0 and 7.2%) for Aβ1–42; 0.02–8.0% (mean and

median 4.5 and 3.8%) for t-tau; and 0.17–2.9% for p-tau181 (mean and median 1.3 and

1.1%).

These results reveal better within- and between-center reproducibility for t-tau and p-tau181

obtained using aqueous controls compared to performance using CSF pools, but somewhat

poorer reproducibility for Aβ1–42 in aqueous samples probably reflecting greater difficulties

in preparation of homogeneous solutions of Aβ1–42 relative to tau in aqueous solutions.

Measured biomarker bias for CSF pools at each center

Assessment of the bias from the overall mean values obtained for Aβ1–42, t-tau and p-tau181

for the five CSF pools is summarized in Fig. 2a–c. These are graphical summaries of the

center-to-center variations for CSF pools in the form of percent deviation from the grand

mean (mean value across the centers) of each pool at each center. The average center-to-

center percent deviation at centers I through VII, respectively, was: for Aβ1–42 = 10.7,

−14.7, −6.6, 34.3, −16.0, −8.9 and 1.2%; for t-tau = −7.2, −3.0, −3.6, 25.5, −15.4, −7.5 and

11.2%; and for p-tau181 = 6.6, −0.9, −8.8, 5.4, −23.6, 29.3 and −7.8%. The average center-

to-center bias for the five aqueous control samples was noticeably lower for each biomarker

as compared to CSF: the average center-to-center percent deviation from the overall mean

value for the aqueous control samples at centers I through VII, respectively, was: for Aβ1–42

= 0.07, −6.68, −1.39, 9.54, −2.79, −2.74 and 3.98%; for t-tau = 0.99, −1.04, −0.57, 7.08,

−4.38, −3.14 and 1.07%; for p-tau181 = −0.57, 0.15, 0.17, −0.05, −0.04, 0.26 and 0.08%.

These data show closer agreement for each center with the overall mean values for each of

the three biomarkers measured in the aqueous control samples than achieved with CSF pool

samples.

Statistical model for within, between and total precision

Figure 3a–c displays the within-, between-center and total %CV derived from the Mixed

Effects statistical model for the data set. It is clear from the figures that between-center

effects are the greatest contributor to total variability in the results for the CSF pools for

each of the biomarkers with this being greatest for Aβ1–42 and least for p-tau181.

Analytical performance in ADNI CSF studies

Between-lot variability of CSF biomarker measurements using three lots of
reagents—Following performance of the inter-laboratory study, the UPenn ADNI

Biomarker Core laboratory analyzed the ADNI subject BASELINE visit CSF samples [36]

and about a year later, simultaneously analyzed never-thawed BASELINE and year 1 visit

CSF sample aliquots obtained from the same study subjects (Shaw et al., in preparation,

2011). Both sets of analyses were based on AlzBio3 immunoassay reagents and Luminex

platform. During an approximately 2-year period of time, repeated analysis of the ADNI

study samples, test samples from other analytical runs unrelated to ADNI and two pools of

CSF provided an opportunity to track reproducibility of the method and result stability for

the CSF biomarkers using three different lots of AlzBio3 reagents. The resulting quality

control data are summarized in Fig. 4a, b. Separate, never-thawed aliquots of CSF pools

X-52 and X-45 were included in a total of 51 and 36 analytical runs, respectively. Briefly,

these data characterize the stability and precision of this CSF tau and Aβ assay system using

the Luminex platform and three different lots of the AlzBio3 immunoassay reagents over a

2-year period. For Aβ1–42, the mean concentration ranged from 96 to 100 pg/mL (pool

X-45) and 190–218 pg/mL (pool X-52); t-tau, 179–202 pg/mL and 46–52 pg/mL,

respectively and p-tau181, 54–64 pg/mL and 11–14 pg/mL, respectively. A comparison of

overall mean values for the kit lots used here to the mean values obtained for the single kit
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lot with the largest number of analytical runs is summarized in Table 2. These data were

further analyzed using a random effects model to assess the relative contributions of within-

lot and between-lot variability. Between-lot estimated %CV for pools X-45 and X-52,

respectively, were 0 and 6.5% for Aβ1–42; 5.4 and 5.4% for t-tau; 6.7 and 10.2% for p-

tau181. The within-lot %CV values for pools 45 and 52 were 9.1 and 10.0% for Aβ1–42; 7.4

and 11.4% for t-tau; 16.8 and 13.3% for p-tau181. Thus, for each combination of CSF pool

and biomarker analyte, the within-lot variance was greater than between lot variance.

Test/re-test performance—Assessment of test/re-test precision for the CSF biomarkers,

measured in 118 ADNI CSF sample aliquots, was determined using 2–3 subjects’ aliquots,

randomly selected from each of 38 analytical runs. For each randomly selected subject, a

second never previously thawed aliquot was analyzed in the subsequent run for comparison

to the result obtained from the initial aliquot analysis. Linear regression and Bland–Altman

bias plot analyses of these data are shown (Fig. 5a–f). For Aβ1–42 and t-tau, the test/re-test

pairs were highly correlated with respective r2 values of 0.915 and 0.977 (Fig. 5a, b).

Bland–Altman bias analysis showed no evidence of a systematic bias across the range of

concentration values obtained for these two bio-markers, and %CV values for the test–retest

pairs were 5.7 and 5.6%, respectively (Fig. 5d, e). For p-tau181, the results were more

variable: r2 and %CV values of 0.744 and 11.5% (Fig. 5c, f).

Clinical performance in ADNI CSF studies

Using the analytically qualified Alz Bio3 reagents and the Luminex platform, we developed

an AD CSF biomarker profile or signature based on a comparison of results obtained on

ante-mortem CSF samples in a cohort of non-ADNI patients with an autopsy-confirmed

diagnosis of AD and a clinical cohort of age-matched NCs [36]. In this study, we confirmed

the presence of increased t-tau and p-tau181 concentrations (2.4 and 2.2-fold increases,

respectively) and decreased Aβ1–42 concentrations (47% decrease) in the AD compared to

NCs. We determined diagnostic cutpoints for CSF Aβ1–42, t-tau and p-tau181 for these data

using receiver-operating-characteristic curve analyses. Using the qualified analytical system

including Alz Bio3 reagents and the Luminex xMAP platform, we confirmed the prevalence

of increased average concentrations of t-tau and decreased concentrations of Aβ1–42 in AD

versus NCs in the ADNI study [36]. A question of increasing interest is the assessment of

risk in MCI patients for progressing to AD dementia utilizing CSF biomarkers [18, 26, 36].

Figure 6a, b summarizes assessment of the utility of these diagnostic threshold cutpoints for

Aβ1–42 and for the t-tau/Aβ1–42 ratio for prediction of progression from MCI to AD by

Kaplan–Meier survival curve analyses. This analysis illustrates that these threshold cutpoints

for Aβ1–42 and for the ratio t-tau/Aβ1–42 provide statistically significant separation of

progressors from non-progressors starting at 6 months for t-tau/Aβ1–42 and 12 months for

Aβ1–42, thereby confirming the clinical performance of this test system.

Discussion

There is increasing interest in the measurement of CSF biomarkers, particularly Aβ1–42, t-

tau and p-tau181, as indices of AD pathology in patients who are at predementia and pre-

symptomatic stages of the disease [1, 6, 7, 9, 10, 12, 18-20, 25-27, 30, 33, 36, 37, 39]. These

AD biomarkers emerged from a number of earlier studies as prime candidate analytes for

inclusion or exclusion criteria of demented or MCI patients in clinical trials of

investigational drugs for treatment of AD. These markers are also of potential interest for

use in stratification criteria for the assessment of treatment effects of investigational, disease

modifying therapies that target Aβ and tau AD neurodegeneration (for recent reviews see

[16, 17, 21, 35, 41, 43]). However, experience with a number of CSF tau and Aβ
immunoassays reported in the literature reveals significant measurement variability linked to
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the following: lack of strict consistent adherence to the assay method protocol; inconsistent

manufacture of reagents; differences in analytical test procedures; matrix effects

confounding spike recovery and linearity with sample dilutions. A host of pre-analytical

issues, including but not limited to patient preparation and CSF sample acquisition,

processing and storage also contribute to the variability of reported results [5, 8, 23, 24, 26,

34, 44]. Additionally, there is an overall measurement bias in all commercially available kits

because currently available calibrators are prepared in buffer matrixes, rather than authentic

CSF or artificial equivalents thereof that are free of matrix interactions.

To address these issues here, we evaluated the inter-laboratory performance achieved with

the Innogenetics AlzBio3 immunoassay on the xMAP Luminex platform in seven

participating laboratories. The samples tested included aliquots prepared from five pools of

human CSF in addition to aqueous controls. Each laboratory performed three analytical runs

using not previously thawed aliquots for each of the five CSF pools. Using mixed-effects

modeling to analyze precision across the seven participating laboratories for these five CSF

pools the mean within-laboratory %CV for these five CSF pools were 5.3% for Aβ1–42,

6.7% for t-tau and 10.8% for p-tau181, thereby demonstrating the level of reproducibility a

laboratory can expect, on average, for CSF analyses based on the AlzBio3 reagents and the

Luminex analytical platform. The UPenn ADNI Biomarker Core laboratory measurement of

CSF Aβ1–42, t-tau and p-tau181 in ADNI CSF sample aliquots was performed over a series

of analytical runs (n = 36 for CSF pool X-45 and n = 51 for CSF pool X-52) using three

different lots of manufactured reagent kits. These additional data demonstrated very good

within-laboratory inter-day precision, thereby confirming and expanding the within-

laboratory reproducibility initially demonstrated in the inter-laboratory study.

The average inter-laboratory precision for the five CSF pools was 17.9% for Aβ1–42, 13.1%

for t-tau and 14.6% for p-tau181. Further studies are required to fully explain the increased

variability between centers as compared to within-center reproducibility. Since this is a

multistep procedure, there are several manipulations in the procedure that could be a source

for variability in the biomarker test results either individually or in specific combinations.

Examples include sample handling, e.g., the time and temperature used for thawing CSF

aliquots and the mixing procedure intended to assure uniform sample composition;

composition of pipetting materials and pipetting technique; incubation conditions including

the time and temperature of the overnight incubation and the vacuum pressure utilized in

plate washing steps. We believe that certain factors, e.g., silanized pipet tip versus standard

polypropylene tip, are not likely a major factor for the Aβ1–42 measurement variability since

using three CSF pools we obtained a mean difference in results for Aβ1–42 of only 1% using

the silanized sample pipet tips versus polypropylene, thus precluding adsorption of Aβ1–42

to non-silanized pipet tips as a likely factor, and use of silanized sample tips did not give rise

to higher concentrations of either t-tau or p-tau181. The vacuum pressure for plate washing

steps varied among the seven participating laboratories from 2.2 to 9.0 in Hg. We tested for

the effect on results of varying plate washing vacuum pressure on aliquots from six CSF

pools in a series of experiments testing each of four plate washing vacuum pressures (2, 5, 6

and 9 in Hg) and found modest average differences that were within the run to run

variability of the method (unpublished results). The temperatures used for the overnight

incubation step by participating laboratories (19–24°C) were well within the acceptable

range specified by the manufacturer. Another potential source of variability is the type of

material used in the manufacture of aliquot tubes. Glass and polystyrene surfaces are prone

to adsorb Aβ1–42 and to a lesser degree t-tau in comparison to polypropylene [1, 24], but

recent studies have detected significant differences between polypropylene tubes made by

different manufacturers [3, 31]. However, since the polypropylene aliquot tubes used in this

study were the same lot number and manufacturer, the CSF aliquot tube type was not a

source of variability here, but other possible factors (e.g., pipetting technique, pipet tip
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manufacturer and materials) require further investigation to assess their possible effects on

these bio-marker measurements and were beyond the scope of this study.

Notwithstanding the multiple factors potentially impacting analytical performance of the

AlzBio3 on the Luminex platform, the results reported herein represent a significant

improvement in inter-laboratory reproducibility relative to previously reported multiple

center assessments of this commercially available assay kit and analytical platform

combination [23, 44]. The clinical implications of this are important. Diagnostic cutpoints

were developed using this analytically qualified immunoassay system and ante-mortem CSF

samples from non-ADNI patients with an autopsy confirmed diagnosis of AD and age-

matched NCs from a non-ADNI clinical cohort, e.g., Aβ1–42 was abnormal in 90% of ADNI

subjects with probable AD [36], and Aβ1–42 and t-tau/Aβ1–42 were abnormal in 90.2 or

92.7%, respectively, in ADNI MCI subjects who progressed to AD (unpublished

observation on ADNI data as of 6/30/2010) and differentiated progressors from non-

progressors in the ADNI MCI cohort as demonstrated in this investigation. The current

study is significant because it defines parameters that set the stage for further refinements of

CSF tau and Aβ assay performance, thereby offering the prospect of wider use of these

assays including the analysis of specimens from transgenic mouse models of AD-like tau

and Aβ pathologies and the analysis of specimens from AD patients, MCI patients and

cognitively normal subjects participating in clinical research studies to evaluate the

diagnostic utility of the methods themselves and the therapeutic impact of investigational

therapies for the treatment and prevention of AD. These promising findings together with

advances in standardizing AD imaging methods prompt us to speculate that ante-mortem

measures of CSF t-tau, p-tau181 and Aβ1–42, together with MRI and amyloid imaging

biomarkers in probable AD patients, could replace autopsy confirmation of AD plaque and

tangle pathology as the “gold standard” for the diagnosis of definite AD in the near future.

Acknowledgments

Data collection and sharing for this project was funded by the Alzheimer’s Disease Neuroimaging Initiative

(ADNI) (National Institutes of Health Grant U01 AG024904). ADNI is funded by the National Institute on Aging,

the National Institute of Biomedical Imaging and Bioengineering, and through generous contributions from the

following: Abbott, AstraZeneca AB, Bayer Schering Pharma AG, Bristol-Myers Squibb, Eisai Global Clinical

Development, Elan Corporation, Genentech, GE Healthcare, Glaxo-SmithKline, Innogenetics, Johnson and

Johnson, Eli Lilly and Co., Medpace, Inc., Merck and Co., Inc., Novartis AG, Pfizer Inc, F. Hoffman-La Roche,

Schering-Plough, Synarc, Inc., as well as non-profit partners the Alzheimer’s Association and Alzheimer’s Drug

Discovery Foundation, with participation from the U.S. Food and Drug Administration. Private sector contributions

to ADNI are facilitated by the Foundation for the National Institutes of Health (http://www.fnih.org). The grantee

organization is the Northern California Institute for Research and Education, and the study is coordinated by the

Alzheimer’s Disease Cooperative Study at the University of California, San Diego. ADNI data are disseminated by

the Laboratory for Neuro Imaging at the University of California, Los Angeles. This research was also supported by

NIH grants P30 AG010129, K01 AG030514, and the Dana Foundation., V. M-.Y. Lee is supported by the Marian S

Ware Alzheimer Program, the John H Ware 3rd Professorship for Alzheimer’s Disease Research and JQT is

supported by (AG10124) from the NIH (National Institute on Aging) and the William Maul Measy-Truman

Schnabel Jr MD Professorship of Geriatric Medicine and Gerontology. We are grateful to Drs. H. Arai, K.

Blennow, C. Clark, A. Fagan (provided by Wash U ADRC [through NIH grants P50AG005681, P01AG003991,

P01AG026276, John Morris PI]), and H. Soares for providing aliquots of non-ADNI CSF samples to prepare the

CSF quality control pools used in this investigation.

Data used in the preparation of this article were obtained through support from the Alzheimer’s Disease

Neuroimaging Initiative (ADNI), and the full data set is posted on the ADNI website

(http://www.loni.ucla.edu\ADNI) in compliance with NIH governance rules for ADNI. Although no ADNI

biosamples were used in this inter-laboratory performance study which was essential for studies of ADNI CSF

samples, we also report on data here from studies that were performed using ADNI CSF samples with the methods

defined here. As such, other ADNI investigators contributed to the design and implementation of ADNI and/or

provided samples, but did not participate in analysis or writing of this report. These other ADNI investigators are

listed at http://www.loni.ucla.edu\ADNI\Collaboration\ADNI.

Shaw et al. Page 10

Acta Neuropathol. Author manuscript; available in PMC 2011 September 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://www.fnih.org
http://www.loni.ucla.edu\ADNI
http://www.loni.ucla.edu\ADNI\Collaboration\ADNI


References

1. Andreasen N, Hesse C, Davidsson P, et al. Cerebrospinal fluid beta-amyloid(1–42) in Alzheimer

disease: differences between early- and late-onset Alzheimer disease and stability during the course

of disease. Arch Neurol. 1999; 56:673–680. [PubMed: 10369305]

2. Bates, D.; Maechler, M. lme4: Linear mixed-effects models using S4 classes. R package version

0.999375-34. 2010. http://CRAN.R-project.org/package=lme4

3. Bjerke M, Portelius E, Minthon L, et al. Confounding factors influencing amyloid beta

concentration in cerebrospinal fluid. Int J Alz Dis. 2010 in press.

4. Buerger K, Ewers M, Pirttila T, et al. CSF phosphorylated tau protein correlates with neocortical

neurofibrillary pathology in Alzheimer’s disease. Brain. 2006; 129:3035–3041. [PubMed:

17012293]

5. Buerger K, Frisoni G, Uspenskaya O, et al. Validation of Alzheimer’s disease CSF and plasma

biological markers: the multicentre reliability study of the pilot European Alzheimer’s Disease

Neuroimaging Initiative (E-ADNI). Exp Gerontol. 2009; 44:579–585. [PubMed: 19539742]

6. Clark CM, Xie S, Chittams J, et al. Cerebrospinal fluid tau and beta-amyloid: how well do these

biomarkers reflect autopsy-confirmed dementia diagnoses? Arch Neurol. 2003; 60:1696–1702.

[PubMed: 14676043]

7. Craig-Shapiro R, Fagan AM, Holtzman DM. Biomarkers of Alzheimer’s disease. Neurobiol Dis.

2009; 35:128–140. [PubMed: 19010417]

8. Dean RA, Shaw LM. Use of cerebrospinal fluid biomarkers for diagnosis of incipient Alzheimer

disease in patients with mild cognitive impairment. Clin Chem. 2010; 56:7–9. [PubMed: 19926774]

9. Fagan AM, Roe CM, Xiong C, et al. Cerebrospinal fluid tau/β-amyloid42 ratio as a prediction of

cognitive decline in non-demented older adults. Arch Neurol. 2007; 64:343–349. [PubMed:

17210801]

10. Fagan AM, et al. Decreased cerebrospinal fluid Aβ42 correlates with brain atrophy in cognitively

normal elderly. Ann Neurol. 2009; 65:176–183. [PubMed: 19260027]

11. Frank RA, Galasko D, Hampel H, et al. Biological markers for therapeutic trials in Alzheimer’s

disease. Proceedings of the biological markers working group: NIA initiative on neuroim-aging in

Alzheimer’s disease. Neurobiol Aging. 2003; 24:521–536. [PubMed: 12714109]

12. Galasko D, Chang L, Motter R, et al. High cerebrospinal fluid tau and low Aβ42 levels in the

clinical diagnosis of Alzheimer disease in relation to apolipoprotein E genotype. Arch Neurol.

1998; 55:937–945. [PubMed: 9678311]

13. Goedert M, Spillantini MG, Jakes R, Rutherford D, Crowther RA. Multiple isoforms of human

microtubule-associated protein tau: sequences and localization in neurofibrillary tangles of

Alzheimer’s disease. Neuron. 1989; 3:519–526. [PubMed: 2484340]

14. Gordon RF, McDade RL. Multiplexed quantification of human IgG, IgA, and IgM with the

FlowMetrix system. Clin Chem. 1997; 43:1799–1801. [PubMed: 9299987]

15. Grimmer T, Riemenschneider M, Forstl H, et al. Beta amyloid in Alzheimer’s disease: increased

deposition in brain is reflected in reduced concentration in cerebrospinal fluid. Biol Psychiatry.

2009; 65:927–934. [PubMed: 19268916]

16. Hampel H, Blennow K, Shaw LM, et al. Total and phosphorylated tau protein as biological

markers of Alzheimer’s disease. Exp Gerontol. 2010; 45:30–40. [PubMed: 19853650]

17. Hampel H, Shen Y, Walsh DM, et al. Biological markers of β-amyloid related mechanisms in

Alzheimer’s disease. Exp Neurol. 2010; 223:334–346. [PubMed: 19815015]

18. Hansson O, Zetterberg H, Buchhave P, et al. Association between CSF biomarkers and incipient

Alzheimer’s disease in patients with mild cognitive impairment: a follow-up study. Lancet Neurol.

2006; 5:228–234. [PubMed: 16488378]

19. Herukka SK, Helisalmi S, Hallikainen M, Tervo S, Soininen H, Pirttila T. CSF Abeta42, tau and

phosphorylated tau, APOE epsilon4 allele and MCI type in progressive MCI. Neurobiol Aging.

2007; 28:507–514. [PubMed: 16546302]

20. Hulstaert F, Blennow K, Ivanoiu A, et al. Improved discrimination of AD patients using beta-

amyloid(1–42) and tau levels in CSF. Neurology. 1999; 52:1555–1562. [PubMed: 10331678]

Shaw et al. Page 11

Acta Neuropathol. Author manuscript; available in PMC 2011 September 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://CRAN.R-project.org/package=lme4


21. Jack CR, Knopman DS, Jagust WJ, et al. Modeling dynamic markers of the Alzheimer’s

pathological cascade. Lancet Neurol. 2010; 9:119–128. [PubMed: 20083042]

22. Jagust WJ, Landau SM, Shaw LM, et al. Relationships between biomarkers in aging and dementia.

Neurology. 2009; 73:1193–1199. [PubMed: 19822868]

23. Lewczuk P, Beck G, Ganslandt O, et al. International quality control survey of neurochemical

dementia diagnostics. Neurosci Lett. 2006; 409:1–4. [PubMed: 17045397]

24. Lewczuk P, Beck G, Esselmann H, et al. Effect of sample collection tubes on cerebrospinal fluid

concentrations of tau proteins and amyloid beta peptides. Clin Chem. 2006; 52:332–334.

[PubMed: 16449222]

25. Li G, Sokal I, Quinn JF, et al. CSF tau/Aβ42 ratio for increased risk of mild cognitive impairment:

a follow-up study. Neurology. 2007; 69:631–639. [PubMed: 17698783]

26. Mattsson N, Zetterberg H, Hansson O, et al. CSF biomarkers and incipient Alzheimer disease in

patients with mild cognitive impairment. JAMA. 2009; 302:385–393. [PubMed: 19622817]

27. Motter R, et al. Reduction of β-amyloid peptide42 in the spinal fluid of patients with Alzheimer’s

disease. Ann Neurol. 1995; 38:643–648. [PubMed: 7574461]

28. Oliver KG, Kettman JR, Fulton RJ. Multiplexed analysis of human cytokines by use of the

FlowMetrix system. Clin Chem. 1998; 44:2057–2060. [PubMed: 9733011]

29. Olsson A, Vanderstichele H, Andreasen N, et al. Simultaneous measurement of β-amyloid(1–42),

total tau, and phosphorylated tau (Thr181) in cerebrospinal fluid by the xMAP technology. Clin

Chem. 2005; 51:336–345. [PubMed: 15563479]

30. Parnetti L, Lanari A, Silvestri G, Saggese E, Reboldi P. Diagnosing prodromal Alzheimer’s

disease: role of CSF biochemical markers. Mech Ageing Dev. 2006; 127:129–132. [PubMed:

16274728]

31. Pica-Mendez AM, Tanen M, Dallob A, Tanaka W, Laterza OF. Nonspecific binding of Aβ1–42 to

polypropylene tubes and the effect of Tween-20. Clin Chim Acta. 2010 in press.

32. R Development Core Team. R: a language and environment for statistical computing. R

Foundation for Statistical Computing; Vienna, Austria: 2010. ISBN 3-900051-07-0.

http://www.R-project.org

33. Schoonenboom NS, Pijnenburg YA, Mulder C, et al. Amyloid β(1–42) and phosphorylated tau in

CSF as markers for early-onset Alzheimer disease. Neurology. 2004; 62:1580–1584. [PubMed:

15136685]

34. Schoonenboom NS, Mulder C, Vanderstichele H, et al. Effects of processing and storage

conditions on amyloid β(1–42) and tau concentrations in cerebrospinal fluid: implications for use

in clinical practice. Clin Chem. 2005; 51:189–195. [PubMed: 15539465]

35. Shaw LM, Korecka M, Clark CM, Lee VM-Y, Trojanowski JQ. Biomarkers of neurodegeneration

for diagnosis and monitoring therapeutics. Nat Rev Drug Discov. 2007; 6:295–303. [PubMed:

17347655]

36. Shaw LM, Vanderstichele H, Knapik-Czajka M, et al. Cerebrospinal fluid biomarker signature in

Alzheimer’s Disease Neuroimaging Initiative subjects. Ann Neurol. 2009; 65:403–413. [PubMed:

19296504]

37. Snider BJ, Fagan AM, Roe C, et al. Cerebrospinal fluid biomarkers and rate of cognitive decline in

very mild dementia of the Alzheimer type. Arch Neurol. 2009; 66:638–645. [PubMed: 19433664]

38. Strozyk D, Blennow K, White LR, Launer LJ. CSF Aβ 42 levels correlate with amyloid-

neuropathology in a population-based autopsy study. Neurology. 2003; 60:652–656. [PubMed:

12601108]

39. Sunderland T, Linker G, Mirza N, et al. Decreased beta-amyloid1–42 and increased tau levels in

cerebrospinal fluid of patients with Alzheimer’s disease. JAMA. 2003; 289:2094–2103. [PubMed:

12709467]

40. Tapiola T, Alafuzoff I, Herukka S-K, et al. Cerebrospinal fluid β-amyloid 42 and tau proteins as

biomarkers of Alzheimer-type pathologic changes in the brain. Arch Neurol. 2009; 66:382–389.

[PubMed: 19273758]

41. Trojanowski JQ, Vanderstichele H, Korecka M, et al. Update on the biomarker core of the

Alzheimer’s Disease Neuroimaging Initiative subjects. Alzheimers Dement. 2010; 6:230–238.

[PubMed: 20451871]

Shaw et al. Page 12

Acta Neuropathol. Author manuscript; available in PMC 2011 September 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://www.R-project.org


42. Vanderstichele, H.; DeMeyer, L.; DeRoo, K., et al. Standardized multiparameter quantification of

biomarkers for Alzheimer’s disease in cerebrospinal fluid. In: Fisher, A.; Hanin, I.; Memo, M.;

Stocchi, F., editors. New trends in Alzheimer and Parkinson related disorders: ADPD 2005.

Medimond Srl; Bologna: 2005. p. 183-189.

43. Vanderstichele, H.; DeMeyer, G.; Shapiro, F., et al. Alzheimer’s disease biomarkers: from concept

to clinical utility. In: Galimberti, D.; Scarpini, E., editors. Biomarkers for early diagnosis of

Alzheimer’s Disease. Nova Science Publishers Inc.; Hauppauge, NY: 2008. p. 81-122.

44. Verwey NA, van der Flier WM, Blennow K, et al. A worldwide multicentre comparison of assays

for cerebrospinal fluid biomarkers in Alzheimer’s disease. Ann Clin Biochem. 2009; 46:235–240.

[PubMed: 19342441]

Shaw et al. Page 13

Acta Neuropathol. Author manuscript; available in PMC 2011 September 17.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 1.

Box plots of the within-center %CV for each of seven participating centers for a Aβ1–42, b t-

tau and c p-tau181 measured in two aqueous kit quality control samples, three aqueous run

validation samples and five CSF pools in three separate analytical runs using INNO-BIA

AlzBio3 reagents and the Luminex platform
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Fig. 2.

Plots of average % of grand mean values for each center and for each of five CSF pools for

a Aβ1–42, b t-tau and c p-tau181. The concentrations of Aβ1–42, t-tau and p-tau181 were

determined as described using pristine aliquots of each of five CSF pools in three analytical

runs, and the grand mean values for each biomarker were determined. For each of the seven

participating centers the % of the grand mean value was determined for each of the five CSF

pools by dividing the average value over the three analytical runs by the grand average value

and plotting the % of the grand mean value for each pool and each center
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Fig. 3.

Bar chart plots for the total, between-center and within-center %CV values derived for each

CSF pool from the Mixed Effects statistical model for the CSF pools data set for a Aβ1–42, b

t-tau and c p-tau181
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Fig. 4.

Longitudinal plots of Aβ1–42, t-tau and p-tau181 concentrations measured in never previously

thawed aliquots of a CSF pool #52 (n = 51) and b CSF pool #45 (n = 36)
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Fig. 5.

Linear regression plots of concentrations, measured in never previously thawed CSF

aliquots from 118 ADNI subjects, utilizing 2–3 subjects randomly selected from each of 38

analytical runs. For each randomly selected subject, a second never previously thawed

aliquot was included in the run following analysis of the first never previously thawed

aliquot. In plots a–c, the Aβ1–42, t-tau and p-tau181 concentration values obtained in the

second aliquot (retest) are plotted against the biomarker concentration value obtained in the

original analytical run (test) and linear regression analyses performed. In plots d–f, the %

difference between the test and retest values are plotted versus the average value for each

test/retest pair of concentrations. The shaded area around each linear regression line is the

95% confidence interval for the regression line. In plots d–f, the dotted lines are the 95%

confidence intervals for the mean difference lines (solid lines)
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Fig. 6.

Kaplan–Meier time to conversion to AD survival curves for ADNI subjects who had a

diagnosis of mild cognitive impairment at their baseline visit. The small vertical lines are

censored data, and the number of subjects at risk is noted at the bottom of the plot. In a, the

survival curves are shown for MCI subjects with CSF Aβ1–42 concentrations above or below

the threshold value of 192 pg/mL at their baseline. In b, the survival curves are shown for

MCI subjects with CSF t-tau/Aβ1–42 ratio values above or below the threshold value of 0.39
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Table 2

Reproducibilities for two CSF pools using one kit lot of reagents and across three kit lots of reagents

3-kit lots
b

1-kit lot
a

CSF pool 45 CSF pool 52 CSF pool 45 CSF pool 52

Aβ1–42

 Mean ± SD 97.0 ± 8.3 210 ± 19 96.6 ± 7.3 218 ± 17

 %CV 8.6 9.3 7.5 7.8

 95% CI 81–112 179–244 81–108 188–244

t-tau

 Mean ± SD 193.3 ± 14.3 47.5 ± 5.0 201.5 ± 10.1 47.4 ± 5.3

 %CV 7.4 10.5 5 11.2

 95% CI 169–220 37–54 188–224 36–55

p-tau181

 Mean ± SD 60.9 ± 10.1 12.2 ± 1.4 64.0 ± 6.7 11.5 ± 1.1

 %CV 16.6 11.8 10.4 9.5

 95% CI 39–77 10–14 55–75 10–13

The number of analytical runs was: n = 22, pool 45 1-kit lot; n = 34, pool 52 1-kit lot; n = 36, pool 45 3-kit lots; n = 51, pool 52 3-kit lots

a
For CSF pool 45, 1-kit lot, lot# 191113, and for pool 52, 1-kit lot, lot# 190841 was used

b
For CSF pool 45, 3-kit lots used were: lot #’s 191113, 176456 and 176496; for CSF pool 52, 3-kit lots used were: lot #’s 190841, 191113 and

197741
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