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Background—The cerebrospinal fluid (CSF) biomarkers amyloid beta 1–42, total tau, and
phosphorylated tau are used increasingly for Alzheimer’s disease (AD) research and patient
management. However, there are large variations in biomarker measurements among and within
laboratories.

Methods—Data from the first nine rounds of the Alzheimer’s Association quality control
program was used to define the extent and sources of analytical variability. In each round, three
CSF samples prepared at the Clinical Neurochemistry Laboratory (Mölndal, Sweden) were
analyzed by single-analyte enzyme-linked immunosorbent assay (ELISA), a multiplexing xMAP
assay, or an immunoassay with electrochemoluminescence detection.

Results—A total of 84 laboratories participated. Coefficients of variation (CVs) between
laboratories were around 20% to 30%; within-run CVs, less than 5% to 10%; and longitudinal
within-laboratory CVs, 5% to 19%. Interestingly, longitudinal within-laboratory CV differed
between biomarkers at individual laboratories, suggesting that a component of it was assay
dependent. Variability between kit lots and between laboratories both had a major influence on
amyloid beta 1–42 measurements, but for total tau and phosphorylated tau, between-kit lot effects
were much less than between-laboratory effects. Despite the measurement variability, the
between-laboratory consistency in classification of samples (using prehoc-derived cutoffs for AD)
was high (>90% in 15 of 18 samples for ELISA and in 12 of 18 samples for xMAP).

Conclusions—The overall variability remains too high to allow assignment of universal
biomarker cutoff values for a specific intended use. Each laboratory must ensure longitudinal
stability in its measurements and use internally qualified cutoff levels. Further standardization of
laboratory procedures and improvement of kit performance will likely increase the usefulness of
CSF AD biomarkers for researchers and clinicians.

Keywords
Alzheimer’s disease; Cerebrospinal fluid; Biomarkers; External assurance; Quality control;
Proficiency testing

1. Introduction
Cerebrospinal fluid (CSF) examination in Alzheimer’s disease (AD) typically shows
reduced levels of amyloid β 1–42 (Aβ42), and increased levels of total tau (T-tau) and
phosphorylated tau (P-tau) [1–3]. The presence of this CSF pattern has recently been
proposed for use in the research diagnostic criteria for AD [4–7]. Clinical diagnostic testing
of CSF samples is already available from several hospital laboratories as well as from
commercial laboratories. The measured biomarker levels, however, differ among studies,
which may be the result of a number of preanalytical, analytical, or assay-related factors [8–
10]. To overcome this situation, several standardization efforts have been initiated to
harmonize laboratory procedures [11], give guidelines on CSF collection and handling
procedures [12], define reference measurement procedures [13], and construct reference
materials for assay calibration [14].

The Alzheimer’s Association launched an international quality control (QC) program for
CSF biomarkers in 2009 [15]. The program was established to monitor total analytical
variability for Aβ and tau proteins in CSF, to provide a network where sources of variation
could be identified, and to implement actions originating from standardization efforts. There
are no requirements or obligations to become a participant for the QC program other than
using a commercially available assay for Aβ or tau. Three complete rounds of samples, each
including two round-specific samples and one longitudinal sample that remains the same
over years, are prepared at the Clinical Neurochemistry Laboratory in Mölndal, Sweden, and
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shipped yearly to participating laboratories. Moreover, five experienced laboratories that
process large numbers of samples routinely serve as reference laboratories and analyze the
samples multiple times. The results from the first two rounds, involving 40 laboratories,
have been described previously [15].

Herein, we report the development of the program during 2010 to 2012, and describe results
through to program round 9. During this time, the number of participating sites doubled, and
the large amount of data collected increased our capability to identify sources of
measurement variability, including differences between laboratories and between lots of
analytical kits.

2. Methods
2.1. CSF samples and laboratory procedures

As reported previously [15], human CSF pools were prepared in Mölndal, Sweden, from a
large number of fresh, de-identified samples obtained during routine clinical workflow (all
samples underwent one freeze/thaw cycle before pooling). No extra amount (spiking) of
analyte was added to the samples. The pools were prepared by experienced and certified
laboratory technicians during continuous mixing to ensure homogeneity of the pools. The
total volumes of the pools were 75 to 1500 mL. The pools were divided into 500-μL
aliquots in polypropylene screw-cap tubes (art. no. 72.692, 1.5 mL; Sarstedt AG & Co.,
Nümbrecht, Germany; except for samples 2011-6A, 2011-7A, 2012-8B, and 2012-9B, for
which we used art. no. 72.730.007, 0.5 mL; Sarstedt AG & Co.). The samples were refrozen
at −80°C, followed by distribution to the participating laboratories on dry ice by courier. All
shipments included three samples. Two (blinded challenge samples) were specific to the
round (designated 2009-1A, 2009-1B, 2010-2A, 2010-2B, and so forth), and one sample
(quality control longitudinal sample [QC-L]) was from a pool used to evaluate longitudinal
stability (used until round 7 [total shelf life of the sample, 26 months], when it was
discontinued because of a supply shortage and was exchanged for a new longitudinal
sample). The blinded challenge samples differed in their AD biomarker profiles (Fig. 1).

All laboratories verified that the samples had arrived frozen. The analyses were done by
each participant in duplicate as part of their routine laboratory activities. No extra freeze/
thawing of samples was allowed. The reference laboratories (located in Amsterdam,
Mölndal, Erlangen, Ghent, and Pennsylvania) analyzed the samples six times (with one
aliquot per run) using different plates to assess within-laboratory precision. All results were
reported back to Mölndal for data analysis together with a questionnaire that gave an
overview of the applied materials and handling procedures for the specific run for data
analysis on the reported results.

2.2. Participating laboratories and assay systems
The size and exposure of the Alzheimer’s Association QC program has grown continuously
since its start in 2009. The majority of the participants use INNOTEST enzyme-linked
immunosorbent assays (ELISAs; n = 61 in round 9) or bead-based xMAP platforms with the
INNO-BIA AlzBio3 (both Innogenetics, Gent, Belgium; www.innogenetics.com; n = 12 in
round 9) to quantify Aβ42, T-tau and P-tau (181P) (or simply P-tau). Meso Scale Discovery
(MSD; Gaithersburg, MD; www.mesoscale.com) technology was used by a smaller number
of laboratories (n = 8 in round 9) for AβN-42, AβN-40, and AβN-38 (Aβ triplex). MSD Aβ
triplex was used with either 4G8 (epitope Aβ17–24) or 6E10 (epitope Aβ9–12) as detection
antibodies. The volume of provided samples (500 μL) was sufficient to allow for duplicate
analyses of the sample with ELISA (T-tau, 2 × 25 μL; Aβ42, 2 × 25μL; and P-tau, 2 × 75
μL), xMAP (2 × 75 μL), MSD (Aβ triplex 2 ×25 μL), or combinations thereof. Several
laboratories (n = 9, 13% in round 9) used multiple techniques. Note that samples were
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analyzed as part of the laboratories’ routine activities, and a large total number of different
production lots of analytical kits were used throughout the program. The total numbers of
different kit lots used were 44 for ELISA Aβ42, 39 for ELISAT-tau, 33 for ELISA P-tau, 21
for xMAP, and 29 for MSD. However, some lots were overrepresented in the program
(about 50% of measurements for each analyte were done using only seven different kit lots
for ELISA Aβ42, seven for ELISA T-tau, five for ELISA P-tau, five for xMAP, and eight
for MSD).

2.3. Estimates of variability
The overall variability of attained results may be described by the coefficient of variation
(CV; standard deviation × 100 divided by the mean) for each sample and assay. Some of the
variables are the responsibility of the vendors of the assays, whereas other variables are
considered to be responsibility of the performing laboratory. The overall variability is
affected by several different factors, including within-assay run variability (between
duplicate samples), within-laboratory longitudinal variability, between-laboratory
variability, and within- and between-assay kit lot variability. Variability depends also on a
combination of trueness (bias, systematic deviation from a reference value) or precision
(imprecision, random deviation from a value). In this study, we aimed to estimate the size
and source of these different types of variability.

2.4. Statistical analysis
Biomarker results were analyzed statistically and grouped by rounds, samples, and analytical
techniques. Mean levels, standard deviations, and CVs were calculated. Between-group
differences were assessed using nonparametric tests (Mann-Whitney U or Kruskal-Wallis
tests). Analysis of variance was performed using restricted maximum likelihood estimation
of covariances (the estimated variance components were between-laboratory and between-
batch lot variability). SPSS version 20 (IBM Corporation, Armonk, NY, USA) and
GraphPad Prism 5 (Graph-Pad Software Inc., La Jolla, CA, USA) were used.

3. Results
3.1. Overall variability

The overall CV was 20% to 30% for most assays and samples. All mean levels, standard
deviations, and CVs for blinded test samples are presented in Fig. 1. For ELISAs, mean CV
was 23% (range, 17%–29%) for Aβ42, 18% (range, 12%–27%) for T-tau, and 19% (range,
12%–28%) for P-tau. For xMAP, mean CV was 28% (range, 17%–38%) for Aβ42, 20%
(range, 13%–28%, after removal of one significant outlier, see Fig. 1) for T-tau, and 21%
(range, 11%–30%) for P-tau. For MSD, mean CV was 24% (range, 13%–36%) for Aβ42,
26% (range, 16%–37%) for Aβ40, and 27% (range, 10%–60%) for Aβ38. These data
combined MSD assays using different Aβ detection antibodies (see Supplemental Fig. 1 for
MSD data stratified by antibody).

3.2. Within-run variability
In rounds 4 to 7, the laboratories reported within-run variability as CV of duplicate
measurements for the QC-L sample. Median within-run CV was less than 4% for ELISA,
1.9% to 7.4% for xMAP, and 1.5% to 17% for MSD assays (17% was an outlier for the
MSD assays, for which most within-run CVs were less than 10%; see Table 1). No trend in
the within-run variability over the study was noted, which could indicate that all
laboratories, independent from their experience level, have a comparable within-run
variability.
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3.3. Longitudinal variability
Longitudinal variability was estimated separately at the five reference laboratories (using
several different samples measured at six different time points) and at all laboratories (using
the QC-L sample at laboratories participating in at least three rounds; Fig. 2).

At the reference laboratories, the mean longitudinal within-laboratory CV was 8% to 13%
for ELISA (n = 4) and 5% to 17% for xMAP measurements (n = 3). There were differences
in CVs between the reference laboratories and also between analytes at the same laboratory.
For example, the variability for xMAP P-tau was very high at reference laboratory 3 (Fig.
2B). The cause for this is unknown, but we verified that it did not depend on single outliers,
or errors in reporting results, and that the CVs for simultaneous measurements of xMAP
Aβ42 and T-tau were not elevated, the latter suggesting that assay-dependent factors rather
than factors related to laboratory procedures were important.

The within-laboratory longitudinal CVs at all participating laboratories were often higher
than the CVs at the reference laboratories (12%–19%, Fig. 2), with the highest CV seen for
Aβ42. The overall variability for the QC-L samples was approximately 20% to 30%
(comparable with the blinded test sample results described earlier, Fig. 1), with no
significant change over time in mean concentrations (Fig. 3). This result supports that the
QC-L samples were stable during storage at −80°C for 26 months. However, we noted that
the variability was lower among the reference laboratories than among all laboratories,
especially for Aβ42 (Fig. 3A, B).

3.4. Between-laboratory vs between-lot variability
It is important to establish how much of the overall variability is caused by differences
between laboratories vs differences between manufactured lots. Analysis of variance was
used to estimate the separate contributions of these components. For ELISA measurements
of Aβ42, between-laboratory and between-kit lot components demonstrated approximately
equal contributions, but for T-tau and P-tau the between-laboratory component was much
larger than the between-lot component (Fig. 4). For xMAP measurements, both components
contributed to the Aβ42 variability, but for T-tau and P-tau the between-lot component was
redundant, suggesting that its contribution was very small. Because of the unbalanced design
and limited amount of data per assay lot and laboratory, variance components were
estimated with large uncertainties. The results should therefore be interpreted as rankings of
the different factors rather than exact calculations of their contributions.

3.5. Bias vs imprecision
We next examined bias and imprecision, which are descriptions of systematic and random
deviations from a reference value, respectively. As expected [15], there was a large bias in
analyte concentrations when evaluated against the different assay formats (see Fig. 1, but for
measurements correlated between assay formats, see Supplemental Fig. 2). All subsequent
statistical analyses were therefore performed by comparing laboratories using identical
instrument platforms. Because there are no available standardized reference methods for
CSF AD biomarker measurements, mean concentrations were used as reference values. For
each measurement, the relative difference from the corresponding reference value (mean of
measurements in all laboratories) was calculated. For each laboratory, the average of those
relative differences was used to calculate the bias, whereas the variance of the differences
was used to calculate the imprecision. For example, if a laboratory systematically reported
higher than average concentrations, it had a positive bias; if a laboratory had a large
variability in reported concentrations, it had a high imprecision. The bias and imprecision
were plotted for each individual analyte and assay format (Fig. 5). This depiction revealed
differences between the technologies. Low imprecision (defined prehoc as less than 10%)
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was common among laboratories using ELISA measurements (n = 50 [72%] for at least one
analyte, n = 10 [15%] for all analytes), but not among laboratories using xMAP
measurements (n = 7 [37%] for at least one analyte, n = 0 [0%] for all analytes).

Last, we tested the laboratories against prehoc-defined criteria for high bias (>30% or
≤30%) and imprecision (>20%). These limits were broken (called “events”) 46 times for all
laboratories (n = 82) and analytes (the maximum number of possible events was 264: 63
[laboratories using only ELISA] × 3 [analytes] + 13 [laboratories using only xMAP] × 3
[analytes] + 6 [laboratories using both ELISA and xMAP] × 6 [analytes]). We noted that a
small number of laboratories was overrepresented among the events. In all, events were seen
at 32 (39%) laboratories, but most of these (n = 20) had single events only. The majority of
events were seen at a small minority of laboratories (n = 12, 15%), with two to three events
each (Fig. 5). These laboratories may have a significant influence on the overall variability
of a testing program. Excluding these 12 laboratories reduced the average between-
laboratory CV by 3.3% to 21% for the different analytes (relative reductions; absolute
reductions, 0.7%–3.9%; see Supplemental Table 1).

3.6. Influence of experience
With the possible exception of ELISA P-tau (Fig. 1C), there was no general trend for lower
CV during the program, notwithstanding the gradual increasing experience obtained by the
participants. However, the fact that the different laboratories have joined the program at
different times might be a confounding factor in this respect. To test for this, we compared
variability at round 9 among all laboratories vs variability among those who had participated
in at least six rounds in the program, but there were no significant differences between these
groups in CV (data not shown). Because we did not have access to detailed data about the
amount of samples handled at each participating laboratory, we were not able to do a more
specific analysis of variability in relation to laboratory experience.

3.7. Laboratory procedures as confounding factors
It is known that laboratory procedures differ among centers, even when using commercially
available assays [11]. To monitor these differences and to estimate their importance for the
overall variability in the QC program, all participants were asked to complete an extensive
checklist of laboratory procedures (see the QC program homepage at http://
neurochem.gu.se/TheAlzAssQCProgram for full contents). At round 9, 54 laboratories using
ELISA had provided answers. On most questions, they answered very uniformly. Questions
for which answers varied noticeably (<85% agreement) were considered potential
confounding factors for measurements and included the use of automatic plate washing (21
yes, 32 no); the duration of QC sample thawing at room temperature (5–150 min); the use of
internal QC samples (21 used pooled CSF samples, 26 used other samples, and seven did not
use internal QC samples); the use of polypropylene plates for preincubation (38 yes, 8 no)
and, if yes, the use of polypropylene plates for preincubation of both standards and CSF
samples (28 yes, 6 no); and last, the use of a four-parameter logistic equation to calculate the
standard curve (37 yes, 11 no). However, no significant influence of any of these parameters
on measurement results was found, either for accuracy (determined by testing for differences
in measurements by the Mann-Whitney U test or the Kruskal-Wallis test) or precision
(determined by testing for differences in variances by Levene statistics). Too few
laboratories provided checklist data for xMAP (n = 12) or MSD (n = 5) to evaluate the
responses.

3.8. Testing universal cutoffs
A key issue is to what extent the variability in biomarker measurement influences
interpretation consistency between centers and hinders the introduction of universal cutoffs
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for putative AD. To test issue, we carried out a pilot experiment using previously reported
biomarker cutoffs on ELISA and xMAP measurements of the blinded challenge samples in
rounds 1 through 9 (18 samples). For ELISA, we used cutoffs from Buchhave and
colleagues [16], in which the combination of the reduced Aβ42-to-P-tau ratio (<6.16) and
elevated T-tau (>350 ng/L) had a positive predictive value of 94%, a negative predictive
value of 82%, sensitivity of 82%, and specificity of 94% for early-stage AD (patients with
mild cognitive impairment developing AD dementia during a median of 9.2 years of follow-
up). For xMAP, we used cutoffs from Shaw and colleagues [17], in which the elevated T-
tau-to-Aβ42 ratio (>0.39) had a positive predictive value of 86%, a negative predictive value
of 85%, a sensitivity of 86%, and a specificity of 85% for (autopsy-confirmed) AD patients
vs control subjects. Using these cutoff values, we classified the reported results from the QC
laboratories, the results of which are presented in Table 2. We were surprised to find that
despite the large variability described earlier, the consistency between laboratories was
remarkably high. This was true especially for ELISA measurements, for which the common
cutoff resulted in a more than 90% between-laboratory consistency in 15 of 18 samples. The
consistency was lower for xMAP (>90% consistency in 12 of 18 samples). For most
samples, there was a high consistency between ELISA and xMAP interpretations.
Exceptions included samples with reduced Aβ42 and elevated T-tau levels, but not elevated
P-tau (which were more likely to be classified as AD by the xMAP algorithm than by the
ELISA algorithm because the xMAP algorithm tested here did not use P-tau measurements).

4. Discussion
As the largest international network for CSF AD biomarker measurements, the Alzheimer’s
Association QC program is a valuable tool for identifying sources of global measurement
variability. In this study of QC program data encompassing rounds 1 through 9
(corresponding to a time period of 3 years), the overall variability was generally around 20%
to 30%, with lower numbers for ELISA than for xMAP and MSD measurements. This result
is comparable with what has been observed in a previous QC program report (including only
the first two rounds [15]), and with other QC monitoring initiatives [18–20]. A small part of
the overall variability was caused by within-run variability (CV, <5%–10%, which is in
agreement with previous reports and information from kit vendors regarding assay
performance [21–23]). The within-laboratory longitudinal variability was larger (CV, 5%–
19%), which is also in agreement with previous reports [8,24]. In analysis of variance,
between-laboratory variability was a major contributor (19%–28%) to the overall variability.
Despite using checklists for laboratory procedures, we could not identify any single factor
causing the variability (but, all the information regarding laboratory procedures was
supplied by the participants, and was not validated externally). However, we did note that a
small number of labs (n = 12, 15%) were overrepresented among those with high bias
(systematic deviations) and imprecision (random deviations). We propose that laboratories
follow published guidelines more strictly [11] and product inserts to harmonize test
performance. Studies examining the impact of uniform standardized operating procedures
for CSF biomarker analyses and assays are ongoing in the Joint Program for
Neurodegenerative Diseases project. For some of the analytes, especially Aβ42 analyzed by
ELISA or xMAP, there was a significant impact from between-lot dependent variability
(22% and 10%, respectively). Therefore, it is critically important that kit manufacturers
improve the quality of their products to minimize lot-to-lot variations (caused by matrix
effects, variations in production of different kit components, and so on) to facilitate wider
use of these assays in the clinical setting.

Commonly used clinical CSF biomarkers such as levels of albumin or immunoglobulin G
may achieve an overall variability of less than 10% in external QC programs, and this is a
reasonable ultimate goal for CSF AD biomarkers as well. Despite the high measurement
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variability described here, a test using prehoc-derived cutoff levels for AD showed
surprisingly high consistency between laboratories in sample classification. This result is
encouraging for the development of validated universal biomarker cutoffs. Also, we would
like to emphasize that our results should not delay the implementation of CSF biomarkers
for evaluation of patients with AD symptoms in clinical practice at individual centers,
because the clinical value of these biomarkers has been established in multiple, independent
studies [25]. Rather, the variability stresses (i) the need for all laboratories to strive for
longitudinal stability and to use validated internal cutoff levels, and (ii) the need for vendors
to deliver more robust assays. More important, although this study was conducted on pooled
CSF samples handled and delivered under strict controlled conditions, in the daily execution
of CSF analyses in the different laboratories there are additional factors that may affect
measurement results—in particular, the sampling, handling, and delivery of CSF to the
laboratory—factors that are not under the direct responsibility of the performing laboratory.
Also important is the need to collect the CSF into polypropylene tubes (especially critical
for Aβ42). To aid this situation, recommendations on preanalytical aspects of AD biomarker
testing in CSF were recently published [12,26]. Relevant International Organization for
Standardization norms were reviewed recently in this context [27].

In parallel with the QC work, several researchers are developing new methods for absolute
quantification of CSF biomarkers (especially Aβ42) that may serve as reference
measurement procedures (assays available at this point in time must be considered as
relative quantitative immunoassays) [13]. This movement toward CSF biomarker
standardization also includes the creation of a certified reference material, which is being
carried out as a collaborative effort between the Alzheimer’s Association, the International
Federation of Clinical Chemistry and Laboratory Medicine, and the Institute for Reference
Materials & Measurements [28]. Another possibility may be the development of a certified
proficiency panel to evaluate the (analytical) performance characteristics of CSF
immunoassays to obtain an objective, measurable quality label from a regulatory agency. In
combination, these efforts may increase the availability and usefulness of CSFAD
biomarkers as tools for researchers and clinicians.

In conclusion, in the current study, we demonstrate that the most significant source of the
observed variability for CSF biomarkers is between-laboratory factors. Each laboratory
procedure potentially contributing to variation needs to be examined in a specifically
designed experimental study with a sufficiently large number of samples. In the end, the
transfer of assays to fully automated instruments, and the reduction of kit lot-to-lot
variability, may eventually reduce both within- and between-laboratory variations. The QC
program continues with multiple test rounds each year and is still open for enrollment.
Inquiries regarding participation can be made to the coordinator at
NeurochemistryLab@neuro.gu.se (see http://neurochem.gu.se/TheAlzAssQCProgram for
more information). Several future program extensions are possible, such as evaluation of
new assays or assay concepts, if there is enough evidence that patient care may be improved
by using the new tools. A recently added feature of the QC program is the monitoring of
how biomarker results are interpreted at the individual laboratories. Future analyses may
also examine whether the variability between certified clinical laboratories is low enough to
allow introduction of AD cutoffs that are shared between designated sites that fulfill QC
requirements (the current analysis included several different types of laboratories, spanning
from certified clinical laboratories to laboratories at pharmaceutical companies, as well as
small and large research laboratories). Such analyses of certified clinical laboratories may
clarify the potential clinical implications of the measurement variability described in this
study.
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RESEARCH IN CONTEXT

1. Systematic review: Cerebrospinal fluid (CSF) biomarkers are used increasingly
in Alzheimer’s disease (AD) research, but there is an active discussion about
measurement variability. We searched PubMed for published studies on
biomarker variability and also reviewed specific studies of which we were
previously aware.

2. Interpretation: To our knowledge, this is the most extensive study ever
published on CSF AD biomarker variability. We provide new data on different
sources of variability, including between- and within-laboratory, and between-
kit lot variability for several different assay systems. We show that a minority of
laboratories are overrepresented among those with high bias and/or imprecision,
and that excluding them improves the overall results. Last, we demonstrate that,
despite the variability, the consistency among laboratories in sample
classification is relatively high.

3. Future directions: Critical steps are development of certified reference methods
and standardization of laboratory procedures. Ultimately, this may lead to
development of universal biomarker cutoffs.
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Fig. 1.
Measurements of blinded quality control test samples. Dots with error bars show mean
measured concentrations and standard deviation from all participating sites (the samples
were made from different pools of cerebrospinal fluid [CSF], so constant concentrations
were not expected). Connected lines show the coefficient of variation (CV; right-hand y-
axes). (A–C) INNOTEST Enzyme-linked immunosorbent assay (ELISA). (D–F) INNO-BIA
xMAP. (G–I) Meso Scale Discovery (MSD) amyloid beta (Aβ) triplex. The CV for xMAP
total tau (T-tau) sample 7B (E) was very high (64%) because of a single extreme outlier (the
CV was 22% after removal of this outlier). P-tau, phosphorylated tau.
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Fig. 2.
(A, B) Within-laboratory longitudinal coefficients of variation (CVs) were calculated by
repeated measurements at reference laboratories (Refx; using six measurements per sample,
varying number of samples per laboratory) and in the whole program (using the quality
control longitudinal sample at laboratories measuring the sample at least three times during
rounds 1 through 7). Data are means of CV (error bars are standard deviations) for each
biomarker, ordered by laboratory (x-axes). Enzyme-linked immunosorbent assay (ELISA)
reference laboratory 4 (Ref 4) only used two lots of analytical kits for each analyte, which
limits the influence of lot-dependent variability. Meso Scale Discovery (MSD) data are not
included in the figure, since only one reference laboratory reported data for MSD within-
laboratory longitudinal CV (mean CV at that laboratory was 11% to 17% (standard
deviation, 4%–8%) for all amyloid beta (Aβ) triplex measurements using either 6E10 or
4G8 as the detection antibody. T-tau, total tau; P-tau, phosphorylated tau.
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Fig. 3.
Measurements of longitudinal quality control samples. Bars show mean measured
concentrations (error bars are standard deviations) for the quality control longitudinal
sample (constant concentrations expected). Connected lines show the coefficient of variation
CV (right-hand y-axes) for all laboratories (blue) and reference laboratories (red). ELISA,
enzyme-linked immunosorbent assay; Aβ, amyloid beta; T-tau, total tau; P-tau,
phosphorylated tau.
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Fig. 4.
Between-kit lot and between-laboratory contributions to variability. Bars show the
contribution from the different components to the overall variability according to variance
component analysis for enzyme-linked immunosorbent assay (ELISA) (A) and xMAP (B).
The bars are stacked. Note that the components do not sum to 100% because there is also an
influence of within-laboratory and within-kit lot variability that contributes to the total. Aβ,
amyloid beta; T-tau, total tau; P-tau, phosphorylated tau.
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Fig. 5.
Bias and imprecision plots. Bias (systematic variation) at a particular laboratory was
estimated by comparing the measurement at that laboratory with the mean of all reported
measurements for that particular sample. Imprecision (random variation) was estimated by
calculating the variance of the results. Laboratories with high bias (defined as > 30% or ≤
30% from the mean) or high imprecision (defined as > 20%) for at least two analytes are
indicated by special symbols. Three of these laboratories (■, ◆, and ✖) only provided data
for one to two rounds, which make their estimates uncertain. Laboratory  provided data for
three rounds, but on review it was found that they were all analyzed at the same time point,
which may contribute to a strong bias. The remaining laboratories, indicated by special
symbols, provided data for five to nine rounds. ELISA, enzyme-linked immunosorbent
assay; Aβ, amyloid beta; T-tau, total tau; P-tau, phosphorylated tau.
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