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Abstract

INTRODUCTION—The best established cerebrospinal fluid (CSF) biomarkers for Alzheimer’s
disease (AD) are levels of amyloid-p 42 (Ap42), total tau (tau) and phosphorylated tau-181 (ptau).
We examined whether a widely used commercial immunoassay for CSF AB42, tau and ptau
provided stable measurements over ~10 years.

METHODS—INNOTEST assay values for CSF Ap42, tau and ptau from Washington University
in St. Louis and VU Medical Center, Amsterdam, were evaluated.

RESULTS—AR42 values as measured by the INNOTEST assay drifted upward by approximately
3% per year over the last decade. Tau values remained relatively stable, while results for ptau were
mixed.
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DISCUSSION—Assay drift may reduce statistical power or even confound analyses. The drift in
INNOTEST AP42 values may reduce diagnostic accuracy for AD in the clinic. We recommend
methods to account for assay drift in existing datasets and to reduce assay drift in future studies.
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Alzheimer disease; assay drift; biomarker; cerebrospinal fluid; cut-off; INNOTEST; quality
control; amyloid

1. Introduction

Alzheimer disease (AD), a fatal neurodegenerative disease, is the most common cause of
dementia in older adults and affects an estimated 5.4 million individuals in the United States
alone [1]. Clinicopathologic studies demonstrate that AD pathology—amyloid plaques
comprised of amyloid-f peptide (Ap) and neurofibrillary tangles comprised of tau—starts
accumulating in the brain many years prior to the onset of dementia, during the preclinical
phase of AD [2-7]. Cerebrospinal fluid (CSF) biomarkers have shown great promise in
identifying individuals with both preclinical AD and symptomatic AD (i.e., mild cognitive
impairment [MCI] due to AD or AD dementia) [8-10]. The best established CSF biomarkers
for AD are the concentrations of amyloid-B 42 (Ap42), total tau, and phosphorylated tau181
(ptau) [11]. Low levels of CSF Ap42 consistent with brain amyloid deposition are evident
~10-20 years before the onset of dementia due to AD [9, 10]. Individuals with symptomatic
AD have low levels of CSF Ap42 and elevated levels of CSF tau and ptau, which are thought
to reflect tau-related neuronal injury downstream of amyloid deposition [12, 13].

Levels of CSF Ap42, tau, and ptau are currently used in the clinic to evaluate for AD brain
pathology when patients have an unclear cause of their cognitive problems, as often occurs
in early-onset dementia and atypical dementia syndromes [14]. CSF biomarkers and brain
molecular imaging are now being utilized as enrollment criteria for clinical prevention trials
in cognitively normal individuals as well as for treatment trials in patients with MCI or very
mild dementia [15-19]. Biomarkers are also being used as endpoints in clinical trials to
demonstrate that drugs are effectively engaging their therapeutic targets [18]. Once effective
therapies for AD are developed, it is likely that testing for preclinical AD will become
routine and guide medical decision making.

Given the importance of CSF biomarkers in AD research, clinical practice, and clinical
trials, it is critical that biomarker assays provide valid and stable results over time. A variety
of pre-analytical and analytical factors are known to affect assay results [20]. One limitation
of commercial immunoassays is a typical shelf life of approximately one year, so
biorepositories that collect samples over many years typically generate data from many
different assay lots. The absence of certified reference materials and reference methods
contributes to assay variability and makes lot bridging difficult [21]. In the current study we
examined the stability of Ap42, tau and ptau measurements as assessed by the widely used
INNOTEST assay over approximately one decade on CSF samples collected, stored and
analyzed at the Knight Alzheimer Disease Research Center at Washington University in St.
Louis (WUSTL). We then confirmed our major results using independent data from the
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Neurochemistry Laboratory at VU Medical Center in Amsterdam, the Netherlands (VUMC).
We found evidence of upward drift in INNOTEST Ap42 measurements that could have
significant implications for the use of CSF biomarkers.

2. Materials and methods

2.1 Participants, standard protocol approvals and consents

The majority of the study utilized CSF biomarker and amyloid positron emission
tomography (PET) imaging data obtained from participants enrolled in research studies of
normal aging and dementia at the Knight Alzheimer Disease Research Center at WUSTL
from December of 2003 to February of 2015. The Washington University Human Research
Protection Office approved the study and written informed consent was obtained from all
participants.

An independent set of analyses utilized INNOTEST data on two pooled CSF samples used
for quality control (QC) purposes in the Neurochemistry Laboratory at VUMC in the
Netherlands. The two pools were formed from left-over diagnostic samples in agreement
with the Dutch Code of Conduct of use of Human Material. The first pool had biomarker
levels that were typical for AD (low Ap42 and high ptau), and the second had a typical
control profile with high AB42 and low ptau.

2.2 CSF collection, processing and analysis

CSF obtained from participants at WUSTL was collected under standardized operating
procedures that have not changed over time. CSF was collected, gently inverted to disrupt
potential gradient effects, centrifuged at low speed to pellet any cellular debris, aliquoted
into polypropylene tubes and stored at —80°C as previously described [22]. All assays used
freshly thawed aliquots of CSF that had only been frozen once and had been stored
continuously at —80°C after sample processing the day of collection. Ap42, total tau, and
ptau were measured by enzyme-linked immunosorbent assay using INNOTEST assays
(Fujirebio [formerly Innogenetics], Ghent, Belgium) at two different times: 1) batched-
analyzed as samples were obtained (referred to as the “multi-run” dataset) and 2) all samples
assayed together in 2013 using a single assay lot (“single-run” dataset).

At VUMC, CSF samples were centrifuged at 1800-2100 x g for 10 minutes at 4°C within 2
hours of collection. Left-over samples used for diagnostic purposes were pooled based on
their CSF biomarker profile determined by INNOTEST ELISA and aliquots were stored at
—80°C for use as QC samples during routine biomarker analyses.

2.3 Amyloid Positron Emission Tomography (PET) imaging

Participants at WUSTL underwent amyloid PET imaging with Pittsburgh Compound B
(PiB) within one year of CSF collection as previously described [23]. The mean cortical
standardized uptake value ratio (SUVR) was calculated from FreeSurfer regions within the
prefrontal cortex, precuneus, and temporal cortex, with partial volume correction [24, 25].
PiB-positivity was defined as an SUVR>1.42, commensurate with a mean cortical binding
potential of 0.18 defined previously for PiB positivity [24].
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2.4 Statistical analyses

3. Results

Multi- and single-run INNOTEST values were compared using Spearman correlations.
Bland-Altman plots demonstrated the difference in multi- and single-run assay values over
the assay concentration range. Linear regression analyses tested for significant changes in
values over time. Receiver operating characteristic (ROC) analyses were performed to
identify the Ap42 cut-off value with the highest sensitivity and specificity for amyloid PET
positivity. These analyses were performed with GraphPad Prism version 6.07 (GraphPad
Software, La Jolla, CA).

Passing-Bablock comparisons between the multi- and single-run INNOTEST values were
performed with MedCalc Statistical Software version 17 (MedCalc Software, Ostend,
Belgium). The within-subject longitudinal change in analyte concentrations was evaluated
using general linear mixed models, with random intercepts and slopes at the subject level,
which is a mixed hierarchical model for longitudinal/repeated measurements [26]. The
model assumes a subject-specific linear growth or decline pattern over time, in addition to
the within-subject random errors measuring deviations from the linear pattern. The models
were estimated using restricted maximum likelihood estimation, with the approximate ~test
denominator degrees-of-freedom based on the Satterthwaite method [27]. Linear mixed
model analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC,
USA).

3.1. Comparison of multi-run and single-run INNOTEST values

CSF samples from 163 individuals were evaluated (see Table 1 for participant
characteristics). For the comparison of multi- and single-run data, one CSF sample was
chosen with a random number generator to represent each of the 163 individuals. We
compared values for AB42, tau and ptau measured in CSF samples that were initially
assayed with multiple lots of INNOTEST assays between 2003 and 2015 (multi-run dataset)
with values obtained with a single lot of assays in 2013 (single-run dataset) [26]. The CSF
samples were initially assayed for Ap42, tau and ptau 7.2 = 15.6 months following LP using
INNOTEST lots that were available and within their expiration date. Some of the initial
measurements failed strict quality control guidelines so the samples were re-run with later
assays, which contributed to the wide range of time intervals for LP to initial assay. The
multi-run dataset included more than 38 different runs of INNOTEST assays for Ap42.
Before 2011, the lot number was not always recorded, so the total number of lots used is not
known. The mean time between the multi-run INNOTEST assay and single-run INNOTEST
assay was 5.8 + 2.2 years.

The multi- and single-run values for both tau and ptau were strongly positively correlated
(tau, Spearman r=0.94, p<0.0001; ptau, r=0.85, p<0.001), but less so for Ap42 (r=0.74
p<0.0001) (Figs. 1A-C). The slopes for the multi-run INNOTEST versus single-run
INNOTEST values, which should ideally be 1, were significantly lower than 1 for both
AB42 and ptau (p<0.0001), indicating that the single-run values were higher. To further
evaluate whether the multi- and single-run INNOTEST values were in agreement, we
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compared the two measurements using Bland-Altman plots (Figs. 1D-F). For Ap42
measurements, the multi-run values were an average of 482 pg/ml lower than single-run
values (95% ClI, —444 to =519 pg/ml) (Fig. 1D). This difference was more pronounced in
samples with high Ap42 (p<0.0001). For tau, multi-run values were an average of 27 pg/ml
lower (95% CI —38 to —16 pg/ml), but this difference did not vary by tau concentration (Fig.
1E). There was no significant difference in ptau levels by Bland-Altman analysis (Fig. 1F).

Passing-Bablock regression analyses were also performed. For AB42, there were large and
significant systematic and proportional differences (parameter a=189, 95% CI 83 to 315,
parameter b=1.4, 95% CI 1.2 to 1.6), which were consistent with the Bland-Altman
analyses. For tau, there were small but significant proportional differences (parameter
b=1.16, 95% CI 1.04 to 1.23) but not systematic differences (parameter a=-9, 95% CI -21
to 6), which were consistent with the Bland-Altman analyses. For ptau, there were small but
significant systematic (parameter a=—4.3, 95% CI —8.7 to —0.8) and proportional differences
(1.14, 95% CI 1.05 to 1.23), which were not apparent in Bland-Altman analyses. Passing-
Bablock analyses are non-parametric, which may explain why these analyses were
somewhat different than Bland-Altman analyses.

To evaluate potential lot-specific effects, we plotted the ratio of multi- to single-run values
for each of the three analytes as a function of the date of the initial (multi-run) assay from
2003 to 2015. This ratio would be 1 if the values were the same. As expected from Bland-
Altman analyses, multi-run values for both Ap42 and tau were lower than single-run values,
resulting in a ratio <1 for most samples (Figs. 1G, 1H). Importantly, the Ap42 values
increased as a function of assay date, with values drifting upward over time at 2.7% per year
(p<0.0001) (Fig. 1G). Tau values did not vary as a function of assay date (Fig. 1H), whereas
ptau values drifted upward at 2.2% per year (p<0.05, Fig. 11).

The potential scientific impact of the upward drift in AB42 values, especially in study of
within-individual change, is illustrated in Fig. 2. For these analyses, we used the same cohort
that was represented by a single CSF sample in the multi-run versus single-run analyses
(Fig. 1, Table 1). 139 of the 163 individuals underwent multiple LPs and contributed a total
of 317 samples to our biorepository that were analyzed for Fig. 2. Ap42 values for
individuals who had undergone more than one CSF collection were plotted as a function of
age at time of LP. When the multi-run values were analyzed, Ap42 values did not change
significantly within individuals as they aged (the decrease of 0.34 pg/ml/year was not
significantly different from no change, p>0.05, Fig. 2A). However, analysis of the single-run
values revealed a highly significant decline in Ap42 levels within individuals as they aged
(decrease of 16.05 pg/ml/year, p<0.0001, Fig. 2B), reflecting amyloid deposition in some of
these middle- and older-aged individuals. For tau, the rate of intra-individual change was
comparable: an increase of 4.18 pg/ml/year (p<0.0001) for the multi-run dataset and 4.46
pg/ml/year (p<0.0001) for the single-run dataset. There was no significant change with age
in ptau levels in the multi-run dataset (2.99 pg/ml/year, p>0.05), but there was a small but
significant increase with age in ptau levels in the single-run dataset (0.84 pg/ml/year,
p<0.0001). These analyses demonstrate that assay drift, assay lot-to-lot variability, and
potentially plate-to-plate technical variability, can completely mask robust biological effects.
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3.2. Examination of lot-to-lot variability using a dataset from VUMC Amsterdam

To examine whether drift in INNOTEST Ap42 measurements was an issue only at
Washington University, or present in other datasets and therefore suggestive of an issue with
the INNOTEST assay, we obtained an independent dataset from VUMC. Aliquots of two
pooled quality control (QC) samples had been included on all INNOTEST assay plates from
2009 to 2014 as part of VUMC'’s internal QC program. The date of kit manufacture was
obtained from Fujirebio (the maker of INNOTEST) for each assay lot and was used as the
proxy for “time” in evaluating for potential assay drift. Notably, there was a significant
amount of variability in the measurements of the same sample, even when performed with
the same lot of assays, which is consistent with prior reports [27].

Strikingly similar to what was observed in the WUSTL cohort, analyses revealed an upward
drift in AB42 values by ~3% per year over 5 years (Fig. 3A). Tau values for the pooled
VUMC samples remained stable (Fig. 3B), whereas ptau levels showed a decline of ~3% per
year (Fig. 3C), opposite of what was estimated in the WUSTL samples (i.e., increase of ~2%
per year, Fig. 11). We examined whether the drift in assay values over five years was better
described by a single regression line or two regression lines. Ap42, tau and pau
measurements were subdivided into segments representing three or more assay lots to
evaluate for sustained assay drift. Segments with only two assay lots would have simply
represented lot-to-lot variability. We found that only ptau had two segments with slopes that
were significantly different from one another. Ptau levels initially decreased over the first
five assay lots (manufactured in November 2009 until May 2012), then increased over the
last three assay lots (manufactured December 2012-August 2014, Fig. 3D).

3.3. AB42 cut-off values that correspond to a positive amyloid PET scan

To further evaluate whether INNOTEST Ap42 values were changing over time due to assay
drift, we compared multi-run INNOTEST Ap42 values to amyloid PiB PET results. We
reasoned that if INNOTEST Ap42 values were stable, the CSF AB42 value that corresponds
to a positive amyloid PET scan should not change over time. The WUSTL cohort used for
our earlier analyses (Table 1, Figs. 1-2) did not have sufficient PiB PET data, so we used a
different cohort that is described in Table 2. Each individual was represented by a single PiB
PET scan that occurred within one year of CSF collection. AB42 levels were measured by
INNOTEST an average of 4.7 + 4.7 months following LP. The time interval between LP and
PiB PET was an average of 1.1 + 3.6 months. The cohort was divided into three relatively
equal-sized groups representing three assay periods. A subset of the March 2013-February
2015 group, which was assayed with the “New INNOTEST” with lot numbers beginning
with the number “4,” was also analyzed separately. The New INNOTEST assay utilized
ready-to-use standards as compared to the previous assays which required dilution of a
single standard to create the standard curve.

ROC analyses were performed and cut-off values for Ap42 that provided the best sensitivity
and specificity for distinguishing between amyloid PET-positive (PiB SUVR > 1.42) and
amyloid PET-negative (PiB SUVR < 1.42) status were determined. The Ap42 cut-off that
corresponded best to a positive PiB PET scan varied markedly among the different assay
periods: <459 pg/ml for December 2003-September 2009, <594 pg/ml for October 2009-
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November 2012, <750 pg/ml for March 2013-February 2015 and <940 pg/ml for the March
2013-February 2015 subset of samples assayed with the New INNOTEST (Fig. 4).
Importantly, CSF Ap42 was a good predictor of PiB status in all groups: the area under the
ROC curve (AUC) was high and comparable among all the groups (0.88-0.94). We
considered the possibility that PiB PET values could be changing over time, so we examined
PiB PET values as a function of the date of the scan. We found that PiB PET values did not
change over time (Fig. 41). Since older individuals are more likely to be PiB positive, we
also examined whether the age of individuals in our cohort changed over time. We found
that the average age did not change significantly across the PET scan period (Fig. 41).

4. Discussion

Our results indicate that CSF AB42 values, as measured by the INNOTEST assay in two
independent datasets (WUSTL and VUMC), drifted upward by approximately 3% per year
over the last decade. In contrast, INNOTEST tau measurements were relatively stable.
Changes in INNOTEST ptau measurements were more complex: ptau slightly drifted
upward in the WUSTL sample from 2003-2015, but drifted downward in the VUMC sample
from 2009-2012 and upward from 2012-2014. We cannot rule out that storing CSF samples
at —80°C for more than 10 years affected analyte levels and contributed to assay drift.
However, we compared AB42 levels measured shortly after CSF collection to amyloid PiB
PET and obtained a consistent result: Ap42 levels corresponding to a positive PiB PET scan
increased markedly over time, from <459 pg/ml in 2003-2009 to <940 pg/ml in the latest
assays.

While an upward drift in AB42 of ~3% per year may seem small, recent values are
approximately 30% higher than values obtained one decade ago, which could have a major
effect on whether a given value is above or below a cut-off value. For example, if the cut-off
of <459 pg/ml Ap42 (obtained with the December 2003-September 2009 data) is applied to
the most recent New INNOTEST data, 9 of 10 PiB positive individuals would be incorrectly
classified as normal based on their CSF AB42 values. It is unclear whether drift in CSF
AB42 values is a problem in clinical testing for AD dementia, as the quality control process
for diagnostic laboratories using the INNOTEST kit is rigorous. However, INNOTEST
APA42 assays are used in some clinical settings to establish the presence of p-amyloid
pathology, and if AB42 assay drift is present and cut-off values are not adjusted, patients
could falsely test negative for amyloid pathology.

Our findings have important implications for centers that use INNOTEST AB42 data from
many assay lots and/or collected over many years. Methods to minimize the impact of assay
drift include the following: 1) Assay lot/date can be included as a co-variate; 2) Studies can
select data from samples that have been assayed by a single assay lot; 3) Different cut-off
values (e.g. for amyloid positivity) for different assay lots/dates can be defined; 4) Samples
can be re-run using a single lot of assays (recommended for evaluation of longitudinal CSF
biomarker changes); and 5) Existing datasets that include common samples that are run on
every assay plate can undergo post-hoc lot bridging if measurement variability within a lot is
small. Using these methods to account for assay drift can improve the statistical power and
ultimate validity of biomarker analyses.
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To reduce assay drift in the future, we recommend limiting the number of lots used,
performing a priori formal lot bridging, and including biological QC samples on every plate.
New, high-throughput automated platforms (e.g., Roche Elecsys and Fujirebio Lumipulse)
may decrease measurement variability [28], but it will still be important to continually
evaluate the stability of measurements obtained with different lots of reagents over time. The
Alzheimer’s Association Global Consortium for Biomarker Standardization has been
developing international reference materials and methods for CSF AD biomarkers [21].
Such efforts are expected to play a critical role in improving the reliability of biomarker
measurements in the future [20, 27]. Furthermore, development of much needed certified
reference materials could substantially reduce variability introduced by the use of different
lots of standards both within a given assay and between assays.
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HIGHLIGHTS
. INNOTEST AB42 values have drifted upward by ~3% per year over the past
decade
. INNOTEST tau values have remained fairly stable over the past decade

. Upward drift in INNOTEST AB42 values could lead to under-diagnosis of
AD

. There are strategies to control for assay drift in research datasets
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RESEARCH IN CONTEXT

1. Systematic review: Cerebrospinal fluid (CSF) biomarkers for Alzheimer
disease (AD) are increasingly being used in clinical diagnosis, clinical trials
and research. The stability of widely used CSF biomarker assays over many
years has not previously been published.

2. Interpretation: We found that Ap42 values as measured by the widely used
INNOTEST immunoassay have been drifting upward over the past decade.
We suggest research design strategies to control for assay drift that may
improve the power and validity of existing CSF biomarker datasets.

3. Future directions: Our findings emphasize the need for rigorous quality
controls procedures for biomarker assays including certified reference
materials.
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Fig. 1. Comparison of multi-run and single-run INNOTEST values
Multi-run values were positively correlated with single-run INNOTEST values for (A)

AB42, (B) tau and (C) ptau. Bland-Altman plots were used to compare multi-run and single-
run values for (D) Ap42, (E) tau and (F) ptau. Multi-run values, as compared to single-run
values, increased over time for (G) AB42 and (I) ptau but not (H) tau. Each point represents
one CSF sample from one individual. The black solid line represents the best fit regression
line. The grey region surrounding the regression line represents the 95% confidence intervals
for the regression line. The dashed red line represents identity, which would occur if the
multi-run value equaled the single-run value. For D-I, the black dashed line represents the
mean of all the values and the dashed grey lines represent the 95% confidence intervals of
the mean. The Spearman correlation coefficient (r), number of individuals (n), and slope (m)
is represented. The p value indicates whether the slope of the regression line is significantly
different from the slope of the identity line (the slope of the identity line is 1 for A-C and 0
for D-1). August 5, 2015 refers to the last assay date in the multi-run dataset.

Alzheimers Dement. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Schindler et al.

AB42 (pg/ml)
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Single-run INNOTEST

m=-16.05 pg/ml/year
/ p<0.0001

Age (years)

Multi-run (A) and single-run INNOTEST AP42 values (B) are plotted as a function of age at
time of CSF collection. Each point represents one CSF sample, and samples from a single
individual are connected with a line. The overall group change in AB42 as a function of age
(m) was calculated using linear mixed models and is represented by a dashed red line.
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m=+8.3%/year
+9.4 pg/ml/year

p<0.0001

n=42

m=+6.3%/year
+3.4 pg/mllyear

p<0.01

n=40

Fig. 3. Values for two samples measured with multiple INNOTEST assay lots manufactured over

5 years

Values for (A) AB42, (B) tau and (C-D) ptau for aliquots of two pooled CSF samples from
VUMC. Black points represent values for one sample; grey points represent values for a
second sample. The lot number is listed below the X-axis, and the distance along the X-axis
corresponds to the relative date of kit manufacture. The dashed red line represents the
average value for the sample including all measurements. The change in assay values over
time (m), whether the values change significantly over time (p) and the total number of
measurements for each sample (n) are represented. For D, the information corresponding to
the first five assay lots is listed on the left and the information corresponding to the last three
assay lots is listed on the right.
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Fig. 4. AB 42 cut-off value corresponding to a positive PiB PET scan for different assay periods
The WUSTL cohort was split into similarly sized groups representing three different assay

periods: (A, E) December 2003-September 2009, (B, F) October 2009-November 2012 and
(CIG) March 2013-February 2015. A subset of the group in (C, G) that was measured with
the New INNOTEST assay was also analyzed (D, H). ROC analyses comparing AB42 levels
with cortical PiB PET positivity were performed for the different groups, and the ROC
curves are shown in E-H with the area under the curve (AUC) and the number of individuals
(n) represented. Ap42 cut-offs that corresponded to PiB PET positivity (SUVR>1.42) were
determined. The sensitivity and specificity of the cut-offs are shown by red dashed lines in
E—-H. The cut-offs were applied to the groups in A-D and are represented by dashed red
lines. I demonstrates the stability of PiB PET standardized uptake value ratio (SUVR) over
time. Black points are age (right Y-axis) at the time of scan, and grey points are PiB PET
SUVR (left Y-axis). The dashed red line represents the cut-off for a positive SUVR (>1.42).
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Characteristics of participants who contributed CSF samples used for the single-run and multi-run INNOTEST

comparisons

Single-run pTau (pg/ml) t

n= 163
CDR 0/0.5/1/2/3 (n)* 159/4/0/0/0
Age at LP (years)” 626+85
Gender (% female) 67%
LP until initial assay (months)” | 7-2+15.6
Inter-assay interval (years)* 58+22
APOE &4 frequency 0.20
Multi-run Ag42 (pg/ml) 7 686 + 265
Single-run AB42 (pg/ml)” 1168 + 362
Multi-run Tau (pg/ml) 7 269+ 178
Single-run Tau (pg/ml) 7 298 £177
Multi-run pTau (pg/ml) 7 53+28
55+ 29

Clinical Dementia Rating (CDR): cognitively normal 0, very mild dementia 0.5, mild dementia 1, moderate dementia 2, severe dementia 3;

7‘mean + standard deviation;

L . .
time interval between single-run and multi-run assays
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