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Abstract

Introduction: We aimed to provide cut points for the automated Elecsys Alzheimer’s
disease (AD) cerebrospinal fluid (CSF) biomarkers.

Methods: Cut points for Elecsys amyloid beta 42 (AB42), total tau (t-tau), hyperphos-
phorylated tau (p-tau), and t-tau/AB42 and p-tau/AB42 ratios were evaluated in Mayo
Clinic Study of Aging (n = 804) and Mayo Clinic Alzheimer’s Disease Research Center
(n = 70) participants.

Results: The t-tau/AB42 and p-tau/ApB42 ratios had a higher percent agreement with
normal/abnormal amyloid positron emission tomography (PET) than the individual CSF
markers. Reciever Operating Characteristic (ROC)-based cut points were 0.26 (0.24-
0.27) for t-tau/AB42 and 0.023 (0.020-0.025) for p-tau/AB42. Ratio cut points derived
from other cohorts performed as well in our cohort as our own did. Individual biomark-
ers had worse diagnostic properties and more variable results in terms of positive and
negative percent agreement (PPA and NPA).

Conclusion: CSF t-tau/AB42 and p-tau/AB42 ratios are very robust indicators of AD.
For individual biomarkers, the intended use should determine which cut point is cho-

sen.
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laboratory variation.® Automated assays, such as the Elecsys assays by

Roche, aim to standardize and control the analytic process and thus

Cerebrospinal fluid (CSF) amyloid beta 1-42 (Aj342), total tau (t-tau),
and hyperphosphorylated tau (p-tau) are well-established biomark-
ers for Alzheimer’s disease (AD).! They measure soluble forms of the
proteins that are the pathological hallmarks of AD. Despite ample
research, use of CSF biomarkers is still hampered by technical issues,
mainly between-laboratory variation and lot-to-lot variation.? Dif-

ferences in analytical procedures are a major cause of between-

provide more reliable measurements.*~¢

Although the AD pathophysiological process is a continuum, both
clinicians and researchers use cut points to define who has AD and
who does not. The gold standard for this classification should be
pathologic evidence of AD, but this is often insufficiently available
and has its own challenges.” Arguably, the best alternative is to define

cut points based on their utility in different situations. For example,
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RESEARCH IN CONTEXT

1. Systematic review: Using PubMed, we found seven prior
publications in which cut points for the Elecsys amy-
loid beta 42 (AB42), t-tau, p-tau, t-tau/AB42 ratio, or p-
tau/AB42 ratio were determined. None of these studies
focused on defining cut points for use in various contexts.

2. Interpretation: We defined cut points for various clin-
ical and scientific uses. Best overall agreement with
normal/abnormal amyloid positron emission tomography
(PET) was reached by using either the t-tau/AB42 or p-
tau/AB42 ratio (Youden index: 0.26 and 0.023). When
assessing abnormality using individual cerebrospinal fluid
(CSF) biomarkers, we propose a dynamic biomarker view
is best implemented by using a combination of a mix-
ture modeling cut point for AB42 (1026 pg/mL) and
the cut points from an Reciever Operating Characteris-
tic (ROC) curve-based analysis discriminating cognitively
impaired abnormal amyloid PET versus cognitively unim-
paired normal amyloid PET for t-tau and p-tau (Youden
index: 238 and 22 pg/mL, respectively).

3. Futuredirections: The cut points provided need to be fur-
ther evaluated for their diagnostic and prognostic perfor-

mances.

HIGHLIGHTS

* Agreement between amyloid positron emission tomog-
raphy (PET) and cerebrospinal fluid (CSF) ratios of p-
tau/amyloid beta 42 (AB42) and t-tau/AB42 ratios is excel-
lent.

* Ratio cut points derived from other cohorts perform as
well in our cohort as our own ratio cut points.

* For individual biomarkers, positive precent agreement
(PPA) and negative percent agreement (NPA) are more

variable between different cut points.

therapeutic trials that select participants based on the presence of
amyloid pathophysiology may want to use a more sensitive cut point,
thus ensuring inclusion of every person who might have AD. However,
a clinician seeing a patient may want a more conservative (specific) cut
point to ensure that a diagnosis of AD is only communicated when one
can be certain this is the true cause of the clinical syndrome.

Several prior publications have reported cut points for the Elecsys
assays. Three used amyloid positron emission tomography (PET) bind-
ing as the reference standard,® 19 one used Innotest enzyme-linked
immunosorbent assay (ELISA) (Fujirebio, Gent) in CSF, and one used
both.1%12 More recently, p-tau and t-tau cut points were determined

based on the distinction between high- and low-risk mild cognitive

impairment (MCI).13 However, none of these studies examined the util-
ity of multiple references to tailor their results to different uses of the
proposed cut points.

In this study, we aimed to define cut points for Elecsys AB42, t-tau,
and p-tau, and the t-tau/AB42 and p-tau/AB42 ratios. We used multiple
approaches to assess how sensitive cut points were to different statis-
tical methodologies and to facilitate using these cut points in various
ways. In addition, we integrated previously published cut-points into

our results for comparison.

2 | METHODS

2.1 | Participants

We included participants from the Mayo Clinic Study of Aging (MCSA,
n = 804) and the Mayo Clinic Alzheimer Disease Research Center
(ADRC, n = 70), both in Rochester, Minnesota. The MCSA is a longi-
tudinal, population-based study of residents of Olmsted County, Min-
nesota that was established in 2004. Details of the study design and
conduct of the study are reported elsewhere.'*1> Briefly, MCSA par-
ticipants are evaluated clinically every 15 months. Each evaluation
includes separate assessments by a study coordinator, a physician, and
a psychometrist. Final clinical diagnoses were established by consen-
sus using previously published criteria.2é17 Starting November 2007,
MCSA participants were recruited to undergo a lumbar puncture.
The ADRC is a clinic-based study in which patients who present to
a behavioral neurologist are invited to participate. The present anal-
yses included MCSA and ADRC participants who underwent lumbar
puncture and were either cognitively unimpaired (CU, n = 727), had
mild cognitive impairment (MCI, n = 105), or had AD dementia (AD
dementia, n = 42). These individuals make up the CSF cohort. A sub-
set (n = 524) also underwent 1€ Pittsburgh Compound B PET imaging
(*1€ PiB PET) within 1 year of the lumbar puncture and are labeled the
CSF + PET subset.

2.2 | Standard protocol approvals, registrations,
and patient consents

The institutional review boards of the Mayo Clinic and the Olmsted
Medical Center approved all study protocols, and written informed

consent was obtained from all participants.

2.3 | CSF analyses

CSF samples were obtained by lumbar puncture from the L3 and
L4 intervertebral space. Lumbar puncture was performed early in
the morning after fasting. CSF was collected and transported to
the lab in polypropylene tubes where it was aliquoted in 0.5 mL
polypropylene tubes and stored at —80°C until use without any addi-
tional freeze-thaw cycles. AB42, t-tau, and hyperphosphorylated tau-
181 (p-tau) were analyzed using Elecsys p-amyloid(1-42) CSF, Elecsys
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Total-Tau CSF, and Elecsys Phospho-Tau (181P) CSF electrochemi-
luminescence immunoassays (Roche Diagnostics International Ltd,
Rotkreuz, Switzerland)*-¢; these assays are approved for clinical use
in countries accepting the Conformité Européenne (CE) mark. In the
United States, these immunoassays are for investigational purposes
and are not yet approved for clinical use. The quality control pro-
cess consisted of an initial method validation including precision and
accuracy analysis prior to starting the analysis and the use of Elecsys
PreciControl samples to monitor quality during the trial as described

previously.18

24 | PET imaging

In the CSF + PET subset, amyloid PET imaging was performed with 11¢
Pittsburg Compound B (or PiB). Imaging consisted of four, 5-minute
dynamic frames acquired from 40-60 minutes after injection. Amyloid
PET was analyzed using an in-house fully automated image process-
ing pipeline.l? Image voxel values were extracted from automatically
labeled regions of interest (ROIs). A “global” amyloid PET standard-
ized uptake value ratio (SUVR) was calculated as the voxel-number
weighted average of the median uptake across the following target
regions: prefrontal, orbitofrontal, parietal, temporal, anterior cingu-
late, and posterior cingulate/precuneus divided by the median uptake
in a cerebellar crus reference region. Target regions were white mat-
ter and gray matter sharpened to exclude CSF voxels; the reference
region was gray matter sharpened. Partial volume correction was not
used. Centiloid values were converted from the SUVR values as recom-
mended in Klunk et al.20-21

2.5 | Statistical analyses

Associations between individual CSF biomarkers and the t-tau/Ag42
and p-tau/ApB42 ratios versus amyloid PET were assessed using Spear-
man rank correlations, which are non-parametric and do not assume an
underlying linear relationship.

We used mixture modeling and Receiver Operating Characteristic
(ROC) methods to define multiple cut points for each CSF biomarker to
be applied in different contexts and evaluated the performance of each.
Univariate mixture modeling was based on the premise that our sample
consisted of two subgroups: one with AD and one without. CSF values
were log-transformed for the mixture modeling. These mixture model
cut points were defined as the point where the posterior probability
was 50% assuming equal prior prevalence.

Using the CSF + PET subset, ROC curves were generated with nor-
mal versus abnormal amyloid PET (A— vs A+) as the primary reference
for AB42 and the t-tau/AB42 and p-tau/AB42 ratios. ROC cut points
were defined based on both the Youden index, which maximizes sen-
sitivity plus specificity, and also on the cut point that would result in
90% positive percent agreement (PPA). A— versus A+ was determined
using mixture modeling of log-transformed SUVR values in the CSF +
PET subset.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Because ample evidence suggests CSF p-tau and t-tau change later
in the disease course of AD than amyloid, the most appropriate refer-
ence for creating cut points for t-tau and p-tau is arguably not A— ver-
sus A+. Nor is a purely clinically defined reference that does not take
into account amyloid abnormality appropriate. Therefore, for p-tau and
t-tau we used a reference of CU A— versus cognitively impaired (Cl)
participants (those with MCl or AD dementia) A+ as the primary ref-
erence. ROC cut points were again defined based on the Youden index
and 90% PPA from these curves. Bootstrapping was used to estimate
95% confidence intervals for all of the mixture modeling and ROC-
based cut points.

For each biomarker, we performed a sensitivity analysis using the
alternative (non-primary) reference. In this sensitivity analysis for
AB42,t-tau/AB42, and p-tau/AB42 ratios, the reference was CU A— ver-
sus Cl A+, and for t-tau and p-tau, it was A— versus A+. The samples,
methods, and references used for defining the different cut points are
summarized in the Supplemental Table 1.

For the mixture model cut points and the cut points derived from
the ROC analyses with A+ versus A— as the reference, we summarized
the agreement between normal/abnormal CSF and normal/abnormal
amyloid PET. For the cut points derived from the ROC analyses with
Cl A+ versus CU A—, we summarized the agreement between nor-
mal/abnormal CSF and CU A—/Cl A+. In addition, we summarized the
agreement for previously published cut-points in the same manner, tak-
ing our primary reference for each of the biomarkers as outcome (A+
vs A— for AB42 and the ratios and CU A— vs Cl A+ for p-tau and t-tau).

Although amyloid PET is the best surrogate marker we have for
pathological evidence of AD during life, pathology itself is the real gold
standard. In view of this difference, we use the terms overall percent
agreement (OPA) instead of concordance, positive percent agreement
(PPA) instead of sensitivity, and negative percent agreement (NPA)
instead of specificity. We also report Cohen’s kappa, which can be inter-
preted as a measure of percent agreement adjusted for agreement due
to chance.

All statistical analyses were done using the R language and environ-
ment for statistical computing version 3.6.2.

3 | RESULTS

Participants in the CSF cohort had a median age of 73 (interquartile
range 64-79). Males (502, 57%) were slightly overrepresented. The age
and sex distribution was similar for the CSF + PET subset (71 [63-78]

years, 56% male). For further descriptions of the cohort see Table 1.

3.1 | Correlations

We found moderate correlations between amyloid PET and CSF Ag42
(rank correlation [rho] = —0.53, P < .001), and t-tau (rho = 0.43,
P < .001), and p-tau (rho = 0.48, P < .001) (Figure 1). Correlation
between amyloid PET and t-tau/AB42 and p-tau/AB42 was higher
(rho =0.70, P < .001 for both).
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TABLE 1 Demographic characteristics by clinical diagnosis within the CSF cohort and CSF + PET subset
CSF cohort CSF + PET subset

Characteristic All CcuU MCI AD dementia All CcuU MCI AD dementia

Number of 874 727 105 42 524 416 69 39
participants

Cohort study, no. (%)

MCSA 804 (92%) 715 (98%) 84 (80%) 5(12%) 475 (91%) 414 (100%) 54 (78%) 7 (18%)

ADRC 70 (8%) 12 (2%) 21 (20%) 37 (88%) 49 (9%) 2 (0%) 15 (22%) 32 (82%)

Age (years)

Median (IQR) 73(64,79) 72(63,79) 77 (71,83) 72 (65, 80) 71(63,78) 70(61,77) 77 (68,83) 72 (64,80)

Range 32t0 95 32t0 95 51t092 50t0 91 32t0 95 32t0 95 51to 94 51to 88

Male sex, no. (%) 502 (57%) 410 (56%) 66 (63%) 26 (62%) 296 (56%) 229 (55%) 43 (62%) 24 (62%)

Education (years), 14(12,16)  14(12,16) 14(12,16) 16 (12, 16) 14 (12, 16) 14 (12, 16) 14(12,17) 16 (12, 16)
median (IQR)

APOE ¢4 carrier,no. 262 (30%) 191 (26%) 41 (39%) 30 (71%) 171 (33%) 117 (28%) 27 (39%) 27 (69%)
(%)

Short Test of Mental  35(33,37) 36(34,37) 32(29,33) 26(21,28) 35(33,37) 36(34,37) 32(29,34) 25(20, 28)
Status, Median
(IQR)

AB42 (pg/mL), 1050 (716, 1107(792, 847(602, 479 (351, 1026 (676, 1099 (794, 764 (490, 510 (4083, 607)
median (IQR) 1493) 1538) 1223) 585) 1444) 1515) 1183)

t-tau (pg/mL), 220 (168, 213 (166, 246 (190, 318 (254, 217 (168, 208 (163,266) 244(187,302) 361(265,530)
median (IQR) 289) 270) 345) 467) 284)

p-tau (pg/mL) 19(14,25) 18(14,23) 22(16,31) 29(25,41) 19 (14, 25) 18(14,23) 21(16,27) 32(26,47)
median (IQR)

t-tau/AB42, median  0.18(0.14, 0.17(0.14, 0.25(0.16, 0.79(0.53, 0.19(0.14, 0.17(0.14, 0.26(0.17, 0.81(0.52,
(IQR) 0.31) 0.25) 0.54) 1.08) 0.34) 0.25) 0.58) 1.07)

p-tau/AB42,Median  0.015 0.015 0.021(0.014, 0.069(0.049, 0.016 0.015(0.012, 0.021(0.015, 0.071(0.049,
(IQR) (0.012, (0.012, 0.049) 0.108) (0.012, 0.021) 0.054) 0.111)

0.027) 0.021) 0.030)
Amyloid PET
SUVR, median (IQR) 1.40(1.33, 1.38(1.32, 1.60(1.37, 2.43(2.23,
1.69) 1.50) 2.24) 2.63)
Abnormal, no. (%) 146 (28%) 75(18%) 35(51%) 36 (92%)

CU = Cognitively Unimpaired, MCI = Mild Cognitive Impairment, AD = Alzheimer’s Disease, MSCA = Mayo Clinic Study of Aging, ADRC = Alzheimer’s
Disease Research Center, IQR = Inter-quartile Range, AB42 = amyloid-beta42, t-tau = total tau, p-tau = hyperphosphorylated tau, SUVR = Standard Uptake

Value Ratio.

3.2 | Gaussian mixture modeling for amyloid PET
Amyloid PET was amenable to mixture modeling in our cohort (Sup-
plemental Figure 1). The mixture-based cut point between the two
groups based on equal prior prevalence was an SUVR of 1.60 (95% con-
fidence interval [ 1.55-1.67) or centiloid of 32 (95% confidence inter-
val 28-38). A+ was therefore defined as an SUVR >1.60 and A— as an
SUVR < 1.60.

3.3 | CSF Ag42
The CSF AB42 distribution was unimodal, roughly symmetric, and did
not clearly suggest a mixture of two underlying groups. However, mix-

ture modeling is not necessarily inappropriate in this context, since a

unimodal distribution may result from a mixture of two groups whose
modes are relatively close. The cut point resulting from this method
was 1026 pg/mL (95% confidence interval 952-1542) (Figure 2). The
ROC curve with amyloid PET-based A+ versus A— as the reference had
an area under the curve (AUC) of 0.89. The cut point at which 90% PPA
was reached was 954 (95% confidence interval 883-1185). The Youden
index resulted in a cut point of 893 (95% confidence interval 791-953).
The OPA ranged from 73% (for the mixture model) to 79% (for the
Youden index) and the PPA was higher than NPA for each cut point.
These cut points did not indicate strong agreement with the amyloid
PET cut point (kappa 0.46-0.54). All previously published cut points for
AB42 had very similar PPA compared to our results (91-92% vs 86-
92%). However, most of the published cut points were a little higher
at ~1100 pg/mL. Those had lower NPAs (58-59%) compared to our
results (66-76%).
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FIGURE 1 Scatter plots of the cerebrospinal fluid (CSF)
biomarkers versus amyloid Positron Emission Tomography (PET) with
rank correlations. Individual points are colored by clinical diagnosis
CU = cognitively unimpaired, MCI = Mild Cognitive Impairment). The
gray vertical line represents the amyloid PET cut point of 1.6 Standard
Uptake Value Ratio (SUVR, 32 centiloid)

Alzheimer’s Disease Neuroimaging Initiative (ADNI), 1054 pg/mL for
the Australian Imaging, Biomarker & Lifestyle Flagship Study of Ageing
(AIBL), 1100 pg/mL for Biomarkers For Identifying Neurodegenerative
Disorders Early and Reliably (BioFINDER), 1100 pg/mL for the
EXPEDITION trials, and 1098 pg/mL for the Knight Alzheimer’s
Disease Research Center (ADRC).8-12 Kappa, overall percent
agreement (OPA), positive percent agreement (PPA), and negative
percent agreement (NPA) are reported with amyloid PET (A+ vs A—)
as reference.
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FIGURE 3 CSF T-tau/AB42 and P-tau/AB42 cut points. Panels A and D show the histograms of t-tau/AB42 and p-tau/AB42 in the CSF cohort
with estimated probability density curves of the two groups identified through univariate mixture modeling (blue). The optimal cut point with 95%
bootstrap confidence interval is shown in red. Panels B and E show the positive percent agreement (PPA, black line) and negative percent
agreement (NPA, gray line) for t-tau/AB42 and p-tau/AB42, respectively, from an ROC analysis using A+ versus A— as the reference within the CSF
+ PET subset. A+ was defined as amyloid PET >1.60 SUVR (32 centiloid). The cut point (95% bootstrap confidence interval) that results in 90%
PPA is shown in orange and the Youden method cut point is shown in blue. RUG plots at the bottom of each panel indicate CSF values for A+ (red)
and A— (black) individuals. Panels C and F summarize the t-tau/AB42 and p-tau/Ag cut points, respectively, from the previous panels and the
performance of previously published cut-points in our cohort.8-19 For t-tau/AB42, these cut points were 0.27 for ADNI, 0.258 for AIBL, 0.26 for
BioFINDER, and 0.211 for the Knight ADRC.8-10 For p-tau/AB42, these cut points were 0.025 for ADNI, 0.0183 for AIBL, 0.022 for BioFINDER,
and 0.0198 for the Knight ADRC. Kappa, overall percent agreement (OPA), PPA, and NPA with amyloid PET as reference (A+ vs A—) are reported.

We also show the ROC cut points for CSF AB42 using the non-
primary reference of Cl A+ participants and CU A— participants (Sup-
plemental Figure 1), The 90% PPA cut point was 820 (95% CI| 743-979)
and the Youden cut point was 817 (95% Cl 676-906); both reached an
OPA of 84%.

3.4 | CSF t-tau/AB42 ratio

The t-tau/AB42 ratio suggested a mixture distribution and its general
shape was similar to that of amyloid PET (Figure 3). The mixture model
indicated a cut point of 0.23 (95% confidence interval 0.21-0.24). The
PET based A+ versus A— ROC curve had an AUC of 0.97. The 90% PPA
cut point based on this curve was 0.28 (95% confidence interval 0.25-
0.30). The Youden-index resulted in a cut point of 0.26 (95% confidence
interval 0.24-0.27). The mixture model-based cut point had exception-
ally high PPA (97%), but somewhat lower NPA (86%), with an OPA of
89%. More balanced results were reached with the 0.26 and 0.28 cut

points (OPA 92% with PPA and NPA > 90% for both). The t-tau/Ap42
ratio cut points provided comparatively good agreement with the amy-
loid PET cut point (kappa 0.75-0.81). Three of four previously pub-
lished cut points performed the same as our ROC-based cut points,?10
whereas the Knight ADRC cut point performed similar to our mixture
modeling cut point.®

The analyses using the non-primary reference (Cl A+ vs CU A—) are
shown in Supplemental Figure 2 and resulted in higher cut points. The
90% PPA cut point was 0.35 (95% confidence interval 0.26-0.42, OPA
95%). The Youden-based cut point was 0.32 (95% confidence interval
0.26-0.40, OPA 94%).

3.5 | CSF p-tau/AB42 ratio

The p-tau/AB42 ratio distribution was similar to that of t-tau/Ag42
and resulted in a mixture model cut point of 0.020 (95% confidence
interval 0.019-0.022) (Figure 3). The amyloid PET based A+ versus
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FIGURE 4 CSF t-tau and p-tau cut points. Panels A and D show the histograms of t-tau and p-tau in the cerebrospinal fluid (CSF) cohort with
estimated probability density curves of the two groups identified through univariate mixture modeling (blue). The optimal cut point with 95%
bootstrap confidence interval is shown in red. Panels B and E show the positive percent agreement (PPA, black line) and negative percent
agreement (NPA, gray line) for t-tau and p-tau, respectively, from an receiver-operating characteristic (ROC) analysis using cognitively impaired
(CI) A+ versus cognitively unimpaired (CU) A— as the reference within the CSF + PET subset (see Methods - Statistical Analysis for more
information). A+ was defined as amyloid PET >1.60 SUVR (32 centiloid). The cut point (95% bootstrap confidence interval) that results in 90% PPA
is shown in orange and the Youden method cut point is shown in blue. RUG plots at the bottom of each panel indicate CSF values for Cl A+ (red)
and CU A— (black) individuals. Panels C and F summarize the t-tau and p-tau cut points, respectively, from the previous panels as well as
performance of previously published cut points in our cohort. For t-tau, these cut points were 235 pg/mL for ABIDE, 266 pg/mL for ADNI, 213
pg/mL for AIBL, 307 pg/mL for BioFINDER, and 242 pg/mL for the Knight ADRC.819.12.13 For p-tau, these were 24 pg/mL for ABIDE, 24 pg/mL for
ADNI, 21.3 pg/mL for AIBL, 28 pg/mL for BioFINDER, and 19.2 pg/mL for the Knight ADRC.810.12.13 Kappa, overall percent agreement (OPA), PPA,

and NPA with Cl A+ versus CU A— as the reference are reported.

A— ROC curve resulted in an AUC of 0.97. The resulting 90% PPA cut
point was 0.024 (95% confidence interval 0.021-0.027) and the cut
point based on the Youden index was 0.023 (95% Cl 0.020-0.025).
OPAs for all cut points were between 90% and 92%. Similar to results
for the t-tau/AB42 ratio, the mixture model resulted in a high PPA
(97%) but somewhat lower NPA (87%). The most balanced result
was reached when using the Youden index: PPA and NPA were both
92% for the 0.023 cut point. Kappas for the p-tau/AB42 ratio cut
points ranged from 0.77 to 0.81. Cut points from other cohorts varied
some but performed very similar to either our mixture model or the
ROC-based cut points.8-10

Cut points based on the non-primary reference of Cl A+ and CU A—
are also shown in Supplemental Figure 2 and resulted in higher (more
conservative) cut points with excellent agreement: OPA was 95% and
94% for the 90% PPA and Youden index based cut points of 0.031 (95%

confidence interval 0.023-0.038) and 0.026 (95% confidence interval
0.023-0.030), respectively.

3.6 | CSF t-tau

Figure 4 depicts our primary analyses for t-tau and p-tau. Like CSF
AB42, the t-tau and p-tau distributions were roughly unimodal and
symmetric. Mixture modeling resulted in a cut point of 258 pg/mL (95%
confidence interval 227-350) for t-tau. The Cl A+ versus CU A— anal-
ysis had an AUC of 0.84 and resulted in a 90% PPA cut point of 213
(95% confidence interval 191-230) and the Youden cut point was 238
(95% confidence interval 214-265). OPAs were between 64% and 76%
for these methods. The mixture model cut point resulted in the high-
est NPA (78%, PPA 70%), whereas the 90% PPA cut point resulted in
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the highest PPA (90% by definition, NPA 59%). Kappa values were low
(0.28-0.37). Kappa values and OPAs of previously published cut points
were in the same range as those resulting from our analyses. How-
ever, we found large differences in PPA (ranging from 51% to 90%) and
NPA (ranging from 59% to 87%) when individual cut points from other
cohorts were evaluated.

When using the non-primary reference of A+ versus A—, the 90%
PPA cut point was 185 (95% confidence interval 169-202) and the
Youden index resulted in a cut point of 223 (95% confidence interval
207-257). Agreement between these cut points and PET based A+ ver-
sus A— classification was poor with OPAs of 56% and 68%, respectively

(Supplemental Figure 2).

3.7 | CSF p-tau

Mixture modeling resulted in a cut point for p-tau of 25 pg/mL (95%
confidence interval 21-33) (Figure 4). From the ROC CI A+ versus CU
A— analysis, the AUC was 0.88, the 90% PPA cut point was 19 pg/mL
(95% confidence interval 16-21), and the Youden index resulted in a
cut point of 22 (95% confidence interval 20-23). OPAs for the mixture
model (78%) and the Youden index (79%) were very similar, with the
mixture model favoring NPA (86% with a PPA of 58%) and the Youden
index giving a more balanced result (PPA 79%, NPA 79%). Kappa values
were also low for p-tau (0.35-0.44). As was the case for t-tau, kappa
values and OPAs of previously published cut points were similar to
those from our primary analyses, but individual cut points covered a
wide range of PPA (ranging from 49% to 96%) and NPA (from 65% to
91%) values.

When using A+ versus A— as the non-primary reference, the cut
point using 90% PPA was 17 pg/mL (95% confidence interval 15-18,
OPA 64%) (Supplemental Figure 2). The cut point based on the Youden
index was 21 (95% confidence interval 18-23, OPA 74%).

4 | DISCUSSION

In the current study, we provide several possible cut points for the CSF
Elecsys AD markers. We confirm prior evidence that when the goal
of using this assay is in high agreement with normal/abnormal amy-
loid PET imaging, the t-tau/AB42 or p-tau/AjB42 ratios clearly provide
better results than any of the individual CSF biomarkers.2? All of the
ratio cut points provide good to very good agreement with very lit-
tle difference between the different results. Based on the theoreti-
cal basis of the Youden index, cut points resulting from this method
may be preferred (0.26 for the t-tau/AB42 ratio and 0.023 for the
p-tau/AB42 ratio). Notably, ratio cut-points from other large cohorts
(especially ADNI, AIBL, and BioFINDER for t-tau/AB42 and ADNI and
BioFINDER for p-tau/AB42) perform as well in our cohort as our own
Youden index-based cut points.?1° These findings strongly support the
generalizability of the ratio cut-off points defined in this study.

Many factors could have induced larger differences. The most

important of these is pre-analytical variability. Automated assays

like the Elecsys assays aim to reduce analytical variability. However,
despite efforts to promote uniform sample handling, considerable pre-
analytical variability still exists.2223 Aside from a few key elements
that were consistent across all studies mentioned above and our own
(use of polypropylene tubes, fewer than two freeze-thaw cycles), pre-
analytical factors do not seem to influence results in such a way that
they lead to greatly different cut points. Another factor worth mention-
ing that could have influenced cut points when taking amyloid PET as
the reference is the manner in which the amyloid PET cut point is deter-
mined. For the current study, we used mixture modeling to determine
an amyloid PET cut point, whereas in both ADNI and BioFINDER, amy-
loid PET visual read was used. In addition, the amyloid PET cut point we
used in the current manuscript corresponds to a centiloid value of 32
(95% CI1 28-38), which is higher than the centiloid values that were pre-
viously published for the MCSA and those that were suggested based
on a comparison between amyloid PET and neuropathology in a multi-
center study.2425 Using a lower (centiloid) value may have resulted in
different cut point recommendations. However, the similarity between
our cut points for the CSF ratios with amyloid PET A+ versus A— as the
reference and those from other cohorts is striking.8~1° The method-
ological differences described appear to have little effect on the cut
points found, indicating their robustness across a variety of factors.

Any CSF assay measures concentrations present in the CSF at a sin-
gle time point. This is the result of release in, and clearance from, CSF
of that specific protein, but likely also from more general CSF dynam-
ics (such as CSF production and clearance).’® This is different from
PET imaging, which measures cumulative deposition of the protein of
interest. Using CSF ratios may effectively correct for the effect that
CSF dynamics have on inter-individual biomarker concentration differ-
ences. This may be one of the factors that contribute to the ratios per-
forming better than AB42 alone when amyloid PET is used as reference.
Another factor may be that CSF AB42 becomes abnormal prior to amy-
loid PET imaging, whereas CSF p-tau and t-tau become abnormal later.
The ratio could be reflecting these disparate dynamics and therefore
have better overall agreement with amyloid PET imaging.

Creating reliable cut points for individual CSF biomarkers is more
challenging as indicated by the considerably worse diagnostic prop-
erties. Still, unique information may be provided by each individual

biomarker,26:27

which may be lost when using the ratios. In addition,
staging according to a dynamic biomarker view, such as the one most
recently incorporated in the AT(N) framework requires separate use
of the individual biomarkers.282? However, going forward, it will be
important to carefully assess how well the CSF biomarkers conform to
the AT(N) framework.

For CSF AB42, our cut points varied between 893 pg/mL for the
ROC-based Youden index and 1026 pg/mL for the Gaussian mixture
modeling. Mixture models do not require a reference group and pro-
vide a cut-off that corresponds to a post-test probability of 50%, which
can be thought of as rather lenient. Others have shown that AB42 cut
points based on mixture modeling have better prognostic performance
than lower ones derived from categorical comparisons between CU
and AD dementia subjects, likely due to the increased detection of early

amyloid pathology.3° With this purpose in mind, 1026 pg/mL would be
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the optimal choice in our cohort. However, in a diagnostic setting one
might want to minimize the risk of false-positive results and ensure a
higher NPA (at the cost of lower PPA). For example, a cut point of 893
pg/mL would correctly classify an additional 10% of those with a nor-
mal amyloid PET result as normal (a 10% increase in NPA to 76%) at the
cost of wrongly classifying an additional 6% of those with an abnormal
amyloid PET as normal (a 6% reduction in PPA to 86%).

Some of the previously published cut points for AB42 (977 pg/mL
for ADNI and 1054 pg/mL for AIBL) are so similar to our own that
they could be used interchangeably.”*° For cut points closer to 1100
pg/mL (ABIDE, BioFINDER, EXPEDITION trials, and Knight ADRC),
NPA decreases somewhat without any increase in PPA making such cut
points a less optimal choice based on our data.??12

Prior evidence from the MCSA and another publication consider-
ing multiple cohorts suggests that there are two types of individu-
als with elevated tau in CSF within the normal aging/preclinical AD
population.’831 One type appears to be part of a group of participants
in which t-tau and p-tau are highly positively correlated with A342. The
other type of individuals with elevated tau is associated with low AB42
and may thus be more likely to be part of the AD pathophysiological
spectrum. With these findings in mind, and for the purpose of identi-
fying useful cut points for individual biomarkers, we aimed to create
a cut point that would most accurately reflect the difference between
normal and abnormal p-tau or t-tau within the second type by com-
paring amyloid PET-based CU A— with Cl A+ (MCI/AD dementia) par-
ticipants. The resulting cut points were somewhat lower than those
resulting from Gaussian mixture modeling, but similar to the cut points
resulting from the A+ versus A— analysis (without taking cognitive sta-
tus into account). A dynamic biomarker model may be best served by
using the ROC (Youden-index) based cut points of 238 pg/mL for t-tau
and 22 pg/mL for p-tau.

Diagnostic properties of cut points for Elecsys t-tau and p-tau are
generally worse and vary more greatly than those for the ratios. This
finding is emphasized when comparing our results to previously pub-
lished cut points.210.1213 For p-tau, cut points from ABIDE and ADNI
performed similarly to our mixture model cut point and the AIBL cut
point to our Youden-index based cut point.”1%.12 These similarities are
striking, because each of these studies used different reference stan-
dards. A high PPA (96%) is reached by using either our 90% PPA cut
point or the cut point from the Knight ADRC, but NPAs are quite low for
both (64% and 65%). Conversely, the cut point from BioFINDER results
in a very high NPA (91%) with very low PPA (49%), meaning 51% of
Cl participants with abnormal amyloid PET in our cohort would not be
classified as having abnormal p-tau if this cut point were to be imple-
mented. Similar phenomena are seen for t-tau. Here, cut points from
ABIDE, ADNI, and the Knight ADRC perform similarly to either our
Gaussian mixture modeling or Youden index-based cut points, whereas
those from AIBL and BioFINDER either favor higher PPA or NPA at
the expense of a considerably lower NPA or PPA, respectively.8-10.12
Specifically for t-tau and p-tau, considering the “trade-offs” between
false positives and false negatives is important.

The strengths of the current study include the large sample size

with a large subset of participants who had amyloid PET data avail-
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able. In addition, CSF analyses were done using a single reagent lot in
samples that were stored in polypropylene tubes and thawed no more
than once. The small number of AD dementia cases should be consid-
ered a limitation of the study. Black and Latino participants are under-
represented in the MCSA. This could have influenced results, espe-
cially for the individual biomarkers. However, using the more robust
p-tau/AB42 may ameliorate differences between ethnic groups.®? In
addition, 16% of our samples were above the prescribed upper detec-
tion limit of 1700 pg/mL for the AB42 assay. Although this is well within
the normal range, extrapolated values above this limit could have influ-
enced the parameter estimates in the Gaussian mixture models. Other

methods were rank based and unaffected by this truncation.
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