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Abstract

INTRODUCTION: Plasma biomarkers sensitive to Alzheimer’s disease (AD) pro-
teinopathy prior to the onset of dementia have significant implications for early
detection.

METHODS: In 304 individuals without dementia, we investigated whether C,N Diag-
nostics’ mass spectrometry (MS)-based plasma biomarkers (amyloid beta 42/40,
%phosphorylated tau [p-tau]181, and %p-tau217) and amyloid probability scores (APS,
PrecivityAD and APS2, PrecivityAD2) are associated with brain amyloid, brain tau, or
preclinical cognitive decline.

RESULTS: In this cohort study, %p-tau217 and the APS2 had high discriminative accu-
racy (area under the curve > 0.93) for identifying elevated brain amyloid and tau
and were associated with faster preclinical cognitive decline. Using %p-tau217 or the
APS2 in a theoretical AD trial screening scenario reduced amyloid positron emission
tomography imaging costs up to 41% or 45%, respectively.

DISCUSSION: These findings suggest that C,N Diagnostics'’ MS-based plasma
biomarkers can detect brain amyloid and tau with high accuracy prior to dementia and
could aid in identifying candidates for clinical trials or therapeutic intervention.

KEYWORDS
biomarkers, mass spectrometry, plasma, positron emission tomography, preclinical Alzheimer’s
disease

Highlights
* C,N plasma biomarkers differentiated Alzheimer’s disease proteinopathy status
prior to dementia.
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1 | BACKGROUND

Three disease-modifying therapies!~2 targeting amyloid plaques have
recently received US Food and Drug Administration (FDA) approval
for use in symptomatic Alzheimer’s disease (AD). Emerging evidence?3
from clinical trials suggest that these anti-amyloid therapeutics may be
more effective when administered at the earliest stages of AD. Cor-
respondingly, future clinical trials are likely to shift toward recruiting
individuals with preclinical or prodromal AD based on their levels of
brain amyloid and brain tau. While positron emission tomography (PET)
imaging and cerebrospinal fluid (CSF) biomarkers are the current gold
standards®~¢ for detecting AD proteinopathy, more accessible and less
resource-intensive methods, like blood-based biomarkers, are needed
for broad scalability and widespread implementation in clinical trials
and routine clinical practice.”

Advances in mass spectrometry (MS) and immunodetection assays
have allowed for the reliable assessment of soluble amyloid beta
(AB) and phosphorylated tau (p-tau) and have provided a promis-
ing alternative for detecting AD proteinopathy. Numerous studies®~13
have demonstrated that plasma biomarkers can detect brain amy-
loid in presymptomatic and symptomatic AD. Head-to-head plasma
biomarker comparisons*1> have indicated that high-precision MS
assays of plasma AB42, AB40, and p-tau217 are superior to other
candidate immunoassays for distinguishing brain amyloid in preclin-
ical and prodromal AD and for predicting progression to dementia
in individuals with mild cognitive impairment (MCI). Further, recent
studies'316-1% have demonstrated that the combination of MS-based
plasma AB42, AB40, and p-tau217 as well as the integration of these
biomarkers into diagnostic algorithms (e.g., C,N Diagnostics Preciv-
ityAD and PrecivityAD2) improves diagnostic accuracy for detecting
brain amyloid in presymptomatic and symptomatic AD.

Beyond brain amyloid, there is a growing recognition of the
importance of brain tau for AD diagnosis and prognosis.® Sev-
eral studies?1%20-22 have demonstrated that immunodetection-based
assays can accurately identify brain tau across the AD clinical contin-
uum; however, considerably less is known about the utility of MS-based
plasma biomarkers, individually or in combination, for detecting brain
tau. Given that recently approved anti-amyloid therapeutics have been
shown?3 to be most effective in individuals with low-to-moderate
brain tau, future clinical trial screening and enrollment will depend on
inexpensive and scalable plasma biomarkers that can accurately detect
brain tau in addition to brain amyloid. Thus, it is critical to investi-
gate the accuracy of MS-based plasma biomarkers for identifying brain

amyloid and brain tau in the predementia timeframe.

* Plasma %phosphorylated tau (p-tau)217 and the C,N Diagnostics PrecivityAD2
(APS2) were concordant with amyloid and tau positron emission tomography status.
* Plasma %p-tau217 and the APS2 were associated with preclinical cognitive decline.

Here, we describe the utility of AD plasma biomarkers measured
using C,N Diagnostics’ high-throughput MS-based assays in a sam-
ple of predominantly cognitively unimpaired (CU) individuals spanning
middle and late age (48-85 years). We assessed the accuracy of amy-
loid and tau plasma biomarkers, individually and in combination, to
detect elevated levels of brain amyloid and brain tau ascertained using
11C-Pittsburgh compound B (PiB) and 18F-MK-6240 PET imaging,
respectively. Findings from this analysis were used to determine how
a plasma biomarker screening approach would affect PET imaging
requirements in a theoretical anti-amyloid therapeutic trial. Finally,
we investigated the associations of these AD plasma biomarkers with

retrospective preclinical cognitive trajectories.

2 | METHODS

2.1 | Participants

Participants were drawn from the Wisconsin Registry for Alzheimer’s
Prevention (WRAP)2% and Wisconsin Alzheimer’s Disease Research
Center (WADRC), two longitudinal observational cohorts in which par-
ticipants undergo serial neuropsychological and health assessments
(cohort details are provided in eMethods in supporting information).
For both cohorts, participant cognitive status (e.g., CU, MCl, or demen-
tia) was determined at each study visit by consensus diagnosis in
accordance with the National Institute on Aging-Alzheimer’s Associ-
ation criteria, without reference to biomarkers.2425 For the current
study, participants were required to be without dementia and have an
amyloid PET scan within 1 year of their plasma assessment (n = 304;
complete inclusion criteria are detailed in Figure S1 in supporting infor-
mation). All subjects provided informed consent and study procedures
were approved by the University of Wisconsin-Madison Institutional
Review Board and conducted in accordance with the Declaration of
Helsinki.

2.2 | Plasma biomarkers

Participants in WADRC and WRAP undergo the same venipuncture
procedure and sample processing (detailed in eMethods). A total of
342 participants’ plasma samples, selected based on having recently
completed or being scheduled to complete an amyloid PET scan,
were sent to C,N Diagnostics (who were blinded to participant
metadata) for plasma biomarker quantification in Spring 2022. Plasma



CODY ET AL.

Alzheimer’s &Dementia® | sors

concentrations for AB42, AB40, p-taul81, non-p-tau (np-tau)181,
p-tau217, and np-tau217 (all pg/mL) were quantified by C,N Diag-
nostics using a novel liquid chromatography-tandem MS analytical
platform.1316-18.26-28 After quantification, plasma data were trans-
ferred to the WADRC for statistical analysis. Of the 342 plasma
samples processed by C,N Diagnostics, a total of 304 individuals
without dementia with an amyloid scan within 1 year of their plasma
assessment were included in the current study.

As previously described,1316-1826-28 the following concentration
ratios were calculated and used for analyses: AB42/40; %p-taul81
(p-tau181/np-taul81, [%]); and %p-tau217 (p-tau217/np-tau217, [%]).
Two proprietary amyloid probability scores (APS) generated by C,N
were also investigated: (1) APS (C,N Diagnostics PrecivityAD), an
algorithmic score accounting for plasma AB42/40, apolipoprotein E
(APOE) genotype, and age (where APOE genotype was determined
using isoform-specific peptides by C,N Diagnostics2%) and (2) APS2
(C5N Diagnostics PrecivityAD2), an algorithmic score accounting for
plasma AB42/40 and %p-tau217.1318 Additional details regarding

plasma biomarkers and algorithmic scores are provided in eMethods.

2.3 | PET biomarkers

Participants underwent magnetic resonance imaging (MRI) and amy-
loid ([11C]-PiB) and tau ([18F]-MK-6240) PET imaging at the University
of Wisconsin-Madison. PET and MRI acquisition, processing, and
quantification were identical across cohorts and implemented as pre-
viously reported.2?-31 Amyloid and tau PET scans within 1 year of
the plasma assessment were used for this study. Brain amyloid bur-
den was assessed as a global average [11C]-PiB distribution volume
ratio (DVR; cerebellum gray matter reference region), taken across
eight bilateral cortical regions of interest;32 elevated brain amyloid was
defined using a previously established®® global DVR threshold ([11C]-
PiB DVR > 1.19; i.e., PiB +). For translatability, in plots, DVR values
were linearly translated to Centiloids (CLs) as previously described.3*
[18F]-MK-6240 standardized uptake value ratio (SUVR; 70-90 min-
utes; cerebellum gray matter reference region) was used to assess
tau burden in a temporal meta region of interest (ROI) encompass-
ing the entorhinal cortex, amygdala, parahippocampal gyrus, fusiform
gyrus, inferior and middle temporal gyri.3® [18F]-MK-6240 positiv-
ity (i.e., MK +) was ascertained using a previously defined threshold
(temporal meta ROl MK-6240 SUVR > 1.30; MK +).31

2.4 | Neuropsychological assessment

WRAP and WADRC participants undergo overlapping neuropsycho-
logical batteries at each study visit. Given the selection and analysis of
plasma samples from the most recent study visit, most neuropsycho-
logical assessments occurred before or concurrently with the plasma
visit. To examine preclinical cognitive decline, we assessed retrospec-
tive longitudinal (> 1 cognitive assessment concurrent with or prior to

the plasma assessment) neuropsychological data in the subset of indi-
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RESEARCH IN CONTEXT

1. Systematic review: The authors used PubMed to con-
duct a literature search. Studies indicate that individual
mass spectrometry (MS)-based plasma biomarkers accu-
rately predict amyloid positron emission tomography
(PET) status. The utility of MS-based plasma biomarkers
individually and in combination to predict both amyloid
and tau PET status in the preclinical and predementia
timeframe remain lacking.

2. Interpretation: Our cohort study of 304 mostly unim-
paired individuals found that plasma %phosphorylated
tau (p-tau)217 (p-tau217/np-tau217) and the C,N Diag-
nostics PrecivityAD2, an algorithmic score accounting for
plasma amyloid beta 42/40 and %p-tau217, had high dis-
criminative accuracy for predicting amyloid and tau PET
status in the predementia and preclinical timeframe and
were associated with preclinical cognitive decline. These
data complement previous MS-based plasma biomarker
studies.

3. Future directions: These findings highlight the potential
utility of MS-based plasma biomarkers for early detec-
tion, research, and clinical trial applications. Future stud-
ies are needed to understand longitudinal changes in

plasma biomarker accumulation.

viduals with available plasma data and who were CU at their baseline
cognitive assessment (n = 300). Longitudinal cognitive performance
was assessed using a modified three-test Preclinical Alzheimer’s Cog-
nitive Composite (PACC-3), created as the average of memory (Rey
Auditory Verbal Learning Test3¢ [sum of learning trials] and Logical
Memory 11A%7), and executive functioning (Trail Making Test Trial B38)
z scored tests. The delayed story recall measures differed between
cohorts (WADRC-Craft Story and WRAP-Logical Memory II-A) and

were harmonized using a previously validated crosswalk.37-41

2.5 | Statistical analyses

For descriptive purposes, correlations between plasma biomarkers and
PET imaging biomarkers were examined with a Spearman correlation
test. All correlations were adjusted for multiple comparisons using the
Bonferroni-Holm method. Group differences in plasma levels between
PET positive (e.g., PiB + or MK =) were tested using independent
samples t tests.

Diagnostic accuracy of plasma biomarkers, individually and in com-
bination, for predicting elevated brain amyloid (i.e., PiB positivity)
and elevated brain tau (i.e., MK positivity) was assessed using area
under the curve (AUC) from receiver operating characteristic (ROC)
curve analyses and compared using Akaike information criterion (AIC),

Bayesian information criterion (BIC), and likelihood ratio tests (c2). To
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optimize correspondence between plasma biomarker positivity with
PiB and MK positivity, plasma biomarker cutoffs were selected to
maximize Youden index.*? Differences in AUCs were evaluated using
the Delong test.*> All plasma biomarker models were fit in the non-
demented samples with PiB (n = 304) and MK (n = 286) imaging, and
secondarily in the CU only subsamples (PiB, n = 281; MK, n = 264). In
sensitivity analyses, we examined model performance when adjusting
for age and APOE ¢4 status (except for the APS, which incorporates age
and APOE). Additionally, in the subset with available health factor data,
we examined whether plasma biomarker accuracy for predicting PET
positivity was improved when adjusting for body mass index (BMI) and
kidney function (i.e., estimated glomerular filtration rate [PiB, N = 283;
MK, n=253]).

Findings from the AUC-ROC analyses were used to calculate the
reduction in amyloid PET scans needed to obtain 500 amyloid PET pos-
itive (A +) individuals in an AD clinical trial screening scenario for the
best performing individual plasma biomarker (e.g., plasma %p-tau217)
and algorithmic score (e.g., APS2). We estimated the prevalence of
amyloid PET positivity to be that observed in this sample. Using the
positive predictive value and negative predictive value at the Youden-
based threshold and hypothetical costs** of $6500 per PET scan and
$1450 per plasma assay, we estimated potential cost savings associ-
ated with screening with plasma %p-tau217 or APS2 prior to imaging to
reduce the number of amyloid PET scans needed to enroll 500 amyloid
PET-positive individuals.

In the subset of individuals with C,N plasma data who were CU at
their baseline cognitive assessment (n = 300), we assessed longitudi-
nal PACC-3 performance over 8.1 (2.5) (mean [standard deviation(SD)])
years of retrospective cognitive follow-up. Linear mixed-effects (LME)
models (random intercept and slope; unstructured covariance) were
used to investigate whether plasma biomarkers were associated with
preclinical PACC-3 trajectories. Five models were compared: a base
model, including age (mean-centered), age?, sex, education, cohort, and
number of prior cognitive battery exposures (i.e., practice); and the
base model plus one of each of the plasma biomarkers (e.g., AB42/40,
%p-tau181, %p-tau217, or APS2) and its interactions with age and
age2. The APS incorporates age and was excluded from these anal-
yses. LME models (maximum likelihood estimation) were compared
using corrected AIC (AlCc) and likelihood ratio tests. In post hoc anal-
yses, for each LME model, we extracted and compared the age at
which PACC-3 trajectories diverged (i.e., when the confidence inter-
vals of estimated PACC-3 trajectories no longer overlapped) between
the average plasma biomarker positive and negative participant, with
plasma positivity for each plasma biomarker determined using the
Youden-based cutoff for amyloid PET positivity. All analyses were

performed using R v4.3.1. Statistical significance was set at p < 0.05.

3 | RESULTS

Demographic, clinical, and neuroimaging characteristics are detailed in

Table 1. Among 304 included participants, mean (SD) age was 67.69

(7.01) years, 206 (68%) were female, and 281 (92%) were CU at their
plasma assessment.

3.1 | Associations between plasma and PET
biomarkers

Lower levels of plasma AB42/40 and higher levels of %p-tau217,
%p-tau181, APS, and APS2 were positively (p < 0.05) correlated
with global brain amyloid burden and meta-temporal tau burden
(Figure S2 in supporting information). The PiB+ group had signif-
icantly lower levels of plasma AB42/40 and higher levels of %p-
tau181 and %p-tau217 compared to the PiB- group (Table 1; Figure
S3A-E in supporting information). Similarly, the PiB+ group had sig-
nificantly higher APS and APS2 than the PiB- group (Table 1). In
the subset with tau PET (n = 286), 22 (7.7%) had elevated brain
tau (MK+; Table 1). Significantly lower levels of plasma AB42/40,
higher levels of %p-taul81 and %p-tau217, and higher APS and
APS2 were observed in the MK+ group compared to the MK- group
(Figure S3F-J).

3.2 | Accuracy of plasma biomarkers for predicting
amyloid PET positivity

Among individual plasma biomarkers and algorithmic scores, %p-
tau217 (AUC [95% confidence interval (Cl)]: 0.95 [0.93-0.98]) and
the APS2 (AUC [95% Cl]: 0.96 [0.94-0.98]) showed the highest dis-
criminative accuracy for predicting PiB+ (Figure 1A, Table 2). Adding
plasma AB42/40 to the %p-tau217 model marginally increased the
AUC (AAUC = 0.011, p = 0.08) and significantly improved model fit
(c2=12.0, p < 0.001; AAIC = -10.0; Table S1 in supporting informa-
tion). Adding %p-tau181 to the %p-tau217 model or to the combined
AB42/40 and %p-tau217 model did not improve model fit (AAICs < 2)
or accuracy (AAUCs < 0.001). AUCs for models incorporating %p-
tau217, including the APS2, were significantly higher than models
without %p-tau217 but were not significantly different from one
another (Table 2).

The APS2 had the highest overall accuracy such that 92% of par-
ticipants (n = 279) had concordant APS2 and PiB statuses, as either
APS2- and PiB- (i.e., true negative, n = 215) or APS2+ and PiB+ (i.e.,
true positive, n = 64; Figure 2A-E). Similar concordance and overall
accuracy (89%) were observed with %p-tau217. While plasma %p-
tau217 and the APS2 demonstrated equivalent sensitivity (~ 88%;
Table 2), the APS2 demonstrated higher specificity for brain amyloid
and fewer false positive cases (i.e., plasma+PiB-; n = 16) compared
to %p-tau217 (n = 25) at the optimal threshold. ROC analyses in the
CU subset (CU, n = 281; PiB+ CU, n = 56) demonstrated that %p-
tau217 and the APS2 also had high diagnostic accuracy for amyloid
PET in the preclinical timeframe (AUC [95% Cllyp-tau217: 0.94 [0.91-
0.97]; AUC [95% Cl]apso: 0.96 [0.93-0.98]; Table S2 in supporting

information).
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TABLE 1 Participant characteristics by amyloid PET status.
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Characteristic

Age at plasma, y, median [IQR], Range

Age at amyloid PiB PET, y, Median [IQR], Range

Age at tau MK-6240 PET, y¢, Median [IQR], Range

Female

Education,y

Race
Black
American Indian
Asian
White
Other

Ethnicity
Hispanic
Non-Hispanic
Unknown

APOE &4 carriers

Clinical diagnosis
Cognitively unimpaired
MCI

Global *1C-PiB DVR, median [IQR]

Meta-temporal 8F-MK-6240 SUVR, median [IQR]°
MK+¢

Plasma biomarkers
AB42/40, median [IQR]
%p-taul81, median [IQR]
%p-tau217, median [IQR]
APS, median [IQR]
APS2, median [IQR]

Amyloid PET positivity?
Overall PiB- PiB+
(N =304) (n=231) (n=73) p°
67.6(62.7,72.6] 66.9[61.6,71.6] 71.2[66.9,76.0] <0.001
Range: 48.3-84.8 Range: 48.3-81.8 Range: 54.4-84.8
67.6[62.7,72.5] 67.0[61.8,71.5] 71.0[67.2,76.0] <0.001
Range: 48.1-85.4 Range: 48.1-81.9 Range: 54.4-85.4
67.63[63.2,72.6] 67.0[61.9,71.6] 69.9[67.1,75.5] <0.001
Range: 48.1-85.4 Range: 48.1-81.9 Range: 54.4-85.4
206 (68%) 160 (69%) 46 (63%) 0.3
16.3(2.6) 16.1(2.2) 16.3(2.2) 0.5
0.7
13 (4%) 8 (4%) 5(7%)
9 (3%) 7 (3%) 2 (3%)
1 (< 1%) 1(< 1%) 0(0%)
278 (91%) 212(92%) 66 (90%)
3(1%) 3(1%) 0(0%)
0.5
5(2%) 5(2%) 0(0%)
298 (98%) 225(97%) 73(100%)
1(<1%) 1(< 1%) 0(0%)
125 (41%) 75 (32%) 50 (68%) <0.001
<0.001
281(92%) 225(97%) 56 (77%)
23 (8%) 6(2.6%) 17 (23%)
1.08[1.04, 1.18] 1.06[1.03, 1.09] 1.54[1.31,1.72] <0.001
1.07[0.99, 1.16] 1.06[0.99,1.13] 1.14[1.03, 1.34] <0.001
22 (8%) 2(0.9%) 20 (29%) <0.001
0.098[0.091,0.105] 0.101[0.095,0.107] 0.089[0.085,0.092] <0.001
16.71[14.13, 19.30] 15.90[13.86, 18.15] 19.30[17.45,23.67] <0.001
1.62[0.61, 3.05] 1.30[0.36, 2.00] 5.64[3.57,8.04] <0.001
11.50[3.00, 44.00] 6.00[2.00, 19.50] 60.00[43.00, 82.00] <0.001
10.00[5.00, 25.00] 7.00[5.00, 11.50] 59.00[31.00, 83.00] <0.001

Note: Values are present as mean (SD) or No. (%) unless otherwise indicated.

Abbreviations: APOE, apolipoprotein E; APS, amyloid probability score; A3, amyloid beta; DVR, distribution volume ratio; IQR, interquartile range; MCI, mild
cognitive impairment; PET, positron emission tomography; PiB, Pittsburgh compound B; p-tau, phosphorylated tau; ROI, region of interest; SD, standard

deviation; SUVR, standardized uptake value ratio.

aPiB positivity was determined as a global PiB DVR > 1.19 (equivalent Centiloids > 21.6).
bStatistical tests: y2 for categorical variables, independent samples t test for continuous variables; p value for difference between PiB- and PiB+ groups.
CA total of 286 individuals had available PiB and F-MK-6240 PET imaging. Tau PET positivity (MK+/-) was determined as temporal meta-ROl MK-6240

SUVR > 1.30.

3.3 | Accuracy of plasma biomarkers for predicting
tau PET positivity

The APS2 (AUC [95% CIl]): 0.94 [0.89-0.99]) and %p-tau217 (AUC
[95% CI]: 0.93 [0.87-1.00]) had the highest AUCs for predicting
MK positivity and were not significantly different from one another
(AAUCs < 0.01, p=0.30; Figure 1B; Table 2). Models investigating com-

binations of plasma biomarkers for predicting tau PET indicated that
no other biomarker or combination of biomarkers were significantly
better than %p-tau217 or the APS2 (Table 2; Table S3 in supporting
information).

At the Youden-based plasma cutoffs, plasma %p-tau217 had
the highest overall accuracy (91%) followed by the APS2 (85%;
Figure 2F-J). While %p-tau217 and APS2 demonstrated similar
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(A) Performance of plasma biomarkers for distinguishing brain amyloid

PiB- (n=231) vs PiB+ (n=73)
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.*§ rAPS2
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(B) Performance of plasma biomarkers for distinguishing brain tau
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FIGURE 1

ROC analysis of plasma biomarkers for distinguishing brain amyloid and brain tau. The diagnostic performance for predicting

amyloid PiB PET positivity (A) and tau MK-6240 PET positivity (B) is shown as ROC curves for plasma biomarkers, individually and in combination,
with the inset showing the corresponding AUC and 95% confidence intervals for each plasma biomarker. AB, amyloid beta; APS, amyloid probability
score; AUC, area under the curve; Cl, confidence interval; MCI, mild cognitive impairment; PET, positron emission tomography; PiB, Pittsburgh

compound B, p-tau, phosphorylated tau; ROC, receiver operating characteristic; SUVR, standardized uptake value ratio; TMR, temporal meta-ROI.

sensitivity at the Youden-based cutoff, %p-tau217 demonstrated
higher specificity for brain tau and classified fewer false positive
cases (i.e, plasma+MK-; n = 25) compared to APS2 (n = 29) at
the optimal cutoff. Notably, the false positive quadrants for APS2
and %p-tau217 were each largely comprised of PiB+ individuals (e.g.,
APS2+PiB+ = 81%; %p-tau217+PiB+ = 91%), indicating that optimal
plasma biomarker thresholds for tau PET also capture amyloid PET
positive individuals. In the CU subset (CU, n = 264; CU MK+, n = 12)
%p-tau217 and the APS2 also showed high diagnostic accuracy for
predicting preclinical tau PET accumulation (AUC [95% Cllyp-tau217:
0.91 [0.79-1.00]; AUC [95% Cl]apsp: 0.92 [0.83-1.00]; Table S4 in

supporting information).

3.4 | Sensitivity analyses

In sensitivity analyses, adding age and APOE ¢4 status to the plasma

biomarker models significantly improved the accuracy and fit of all

models for predicting PiB positivity (AAUC, 0.01-0.07; Table S5 in sup-
porting information) and marginally improved models for predicting
MK positivity (AAUC, 0.00-0.04; Table Sé in supporting information).
Finally, sensitivity analyses adjusting for BMI and kidney function did
not significantly improve model accuracy or fit for predicting amyloid
or tau PET positivity (Tables S7,58 in supporting information).

3.5 | Clinical trial implications

We next assessed how pre-screening with the best-performing individ-
ual plasma biomarker (e.g., %p-tau217) or algorithmic score (e.g., APS2)
might reduce the screening sample size and cost of a theoretical clinical
trial aimed at enrolling 500 non-demented amyloid PET-positive indi-
viduals. Using the observed PiB+ prevalence (24%) in the current study,
we found that pre-screening with %p-tau217 or the APS2 reduced
the number of PET scans by ~ 67% or 70%, respectively. With hypo-
thetical costs of $6500 per PET scan and $1450 per plasma assay,



CODY ET AL.

Alzheimer’s &Dementia® | 7ot

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

TABLE 2 Performance of plasma biomarker models for detecting brain amyloid and brain tau.

Plasma biomarkers Cutoff? AUC (95% CI)P
Models predicting amyloid PET status

APS 325 0.91(0.87-0.94)"**
APS2 225 0.96(0.94-0.98)
AB42/40 0.093 0.89(0.85-0.93)***
%p-tau181 18.68 0.76 (0.69-0.82)***
%p-tau217 2.66 0.95(0.93-0.98)
%p-taul81 + %p-tau217 0.19 0.95(0.93-0.98)
AB42/40 + %p-taul8l 0.20 0.90(0.86-0.94)**
AB42/40 + %p-tau217 0.21 0.96 (0.94-0.98)
AB4A2/40 + %p-taul81+ %p-tau217 0.17 0.96(0.95-0.98)

Models predicting tau PET status

APS 47.5 0.87(0.81-0.92)**
APS2 315 0.94(0.89-0.99)
AB42/40 0.092 0.85(0.79-0.91)***
%p-taul81 18.36 0.84(0.78-0.91) ***
%p-tau217 4.90 0.93(0.87-1.00)
%p-taul81 + %p-tau217 0.09 0.93(0.87-1.00)
AB42/40 + %p-taul8l 0.11 0.89(0.83-0.94)**
AB42/40 + %p-tau217 0.05 0.94(0.89-0.99)

AB42/40 + %p-taul81+ %p-tau217 0.06 0.94(0.89-0.99)

SPEC SENS PPV NPV ACC AIC BIC
0.86 0.85 0.65 0.95 0.86 214 221
0.93 0.88 0.80 0.96 0.92 157 165
0.82 0.86 0.60 0.95 0.83 232 240
0.80 0.66 0.51 0.88 0.77 299 306
0.89 0.88 0.72 0.96 0.89 154 161
0.89 0.88 0.72 0.96 0.89 156 167
0.76 0.92 0.54 0.97 0.80 222 234
0.91 0.90 0.76 0.97 0.91 144 155
0.88 0.93 0.72 0.98 0.89 146 160
0.82 0.86 0.29 0.99 0.83 122 130
0.84 0.95 0.33 1.00 0.85 86 94

0.78 0.86 0.24 0.99 0.78 134 141
0.71 0.86 0.20 0.98 0.72 136 143
0.91 0.91 0.44 0.99 0.91 90 97

0.92 0.91 0.49 0.99 0.92 92 103
0.85 0.82 0.32 0.98 0.85 126 137
0.84 0.95 0.33 1.00 0.85 90 101
0.86 0.95 0.36 1.00 0.86 91 106

Abbreviations: AB, amyloid beta; ACC, accuracy; AIC, Akaike information criterion; APS, amyloid probability score; AUC, area under the curve; A3, amyloid
beta; BIC, Bayesian information criterion; Cl, confidence interval; NPV, negative predictive value; PET, positron emission tomography; PPV, positive predictive

value; p-tau, phosphorylated tau; SENS, sensitivity; SPEC, specificity.

aCutoffs were determined based on the highest Youden index for amyloid PET positivity (Global PIB DVR > 1.19; Equivalent Centiloids > 22) or tau PET
positivity (Temporal meta-ROI MK-6240 SUVR > 1.30). SPEC, SENS, PPV, NPV, and ACC at the Youden-based cutoff are shown. For individual biomarkers (e.g.,
AB42/40, %p-taul81, %p-tau217) and algorithmic scores (APS and APS2), cutoffs constitute the actual ratio of the biomarker or score levels. For combined
biomarker models, cutoffs are from the probabilities from the corresponding logistic regression models.

b AUCs were compared with Delong tests and corrected for multiple comparisons using the Benjamini-Hochberg method.

*p < 0.05 compared to %p-tau217.
**p < 0.05 compared to APS2.

pre-screening with %p-tau217 or the APS2 lowered the amyloid PET
imaging costs by ~ $5.6 to $6.0 million, respectively, from a total cost
of $13.5 million (Table 3).

3.6 |
decline

Plasma biomarkers and preclinical cognitive

Finally, we examined whether AD plasma biomarkers were associ-
ated with preclinical cognitive decline among participants unimpaired
at their baseline cognitive assessment (n = 300). Participants were
on average (SD) 58.7 (6.5) years of age at their baseline cognitive
assessment with an average of four assessments over 8.9 (6.6-10.2)
(median [interquartile range]) years of cognitive follow-up prior to
their plasma assessment. All plasma biomarker models significantly
improved prediction of longitudinal PACC-3 compared to the base
model (AICc = 2599). In terms of AlICc, %p-tau217 predicted longitu-
dinal PACC-3 decline best (AICcA = -68 vs. base model) followed by

the APS2 (AICcA = -44 vs. base model; Table S9 in supporting infor-
mation). Higher levels of plasma %p-tau217, APS2, and %p-tau181
were each significantly associated with faster PACC-3 decline. Mod-
eled PACC-3 trajectories of the average plasma biomarker-positive
and biomarker-negative participant diverged at an estimated age of
71.3 for APS2, 72.6 for %p-tau217, 77.1 for %p-tau181, and 75.2 for
AB42/40 (Figure 3).

4 | DISCUSSION

In middle- and late-aged individuals without dementia, we assessed
the accuracy of MS-based plasma biomarkers and algorithmic scores
to detect elevated brain amyloid and brain tau and examined the dif-
ferential associations of plasma biomarkers with preclinical cognitive
decline. We showed that in the predementia and preclinical timeframe,
p-tau217-centric plasma measures (%p-tau217 and APS2) were each

highly concordant with amyloid and tau PET positivity and significantly
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FIGURE 2 Concordance between plasma biomarkers and PET biomarkers of amyloid and tau. Quadrant plots illustrating the association
between plasma biomarkers and brain amyloid as measured by equivalent Centiloids (CL; A-E) and meta-temporal tau as measured by MK-6240
SUVR (F-J) with the Youden-based thresholds for each plasma marker shown as vertical dotted lines and the thresholds for amyloid PET positivity
(PiB DVR > 1.19, Equivalent CL > 21.6) and tau PET positivity (TMR MK-6240 SUVR > 1.30) shown as horizontal dashed lines. Individual scatter
points are shaped by the diagnosis at the plasma assessment (cognitively unimpaired = circles; MCI = triangles) and shaded by amyloid PET
positivity (PiB+ filled shape; PiB- empty shape). Youden-based thresholds for each plasma biomarker predicting amyloid PET positivity

(AB42/40 > 0.093, p-tau181 ratio > 18.68, p-tau217 ratio > 2.66, APS > 32.5, APS2 > 22.5; vertical dotted lines, A-E) and tau PET positivity
(AB42/40 > 0.092, p-tau181 ratio > 18.36, p-tau217 ratio > 4.90, APS > 47.5, APS2 > 31.5; vertical dotted lines, F-J). A, amyloid beta; APS,
amyloid probability score; CU, cognitively unimpaired; DVR, distribution volume ratio; MCI, mild cognitive impairment; PET, positron emission
tomography; PiB, Pittsburgh compound B; p-tau, phosphorylated tau; SUVR, standardized uptake value ratio; TMR, temporal meta-ROI.

TABLE 3

Implementation of plasma biomarkers for enriching amyloid PET positivity in an AD clinical trial screening scenario.

Enrollment target: N = 500 who are pre-dementia and have elevated amyloid PET

Amyloid PET only
73/304 = 24% A+

Prevalence of biomarker positivity

Positive predictive value for A+ -

No. of PET scans needed to identify 500 A+ 2083

No. of plasma screens 0
Theoretical cost ($6500 per PET scan; $13,539,500
$1450 per plasma assay)?

Pre-PET Pre-PET
%p-tau217 screening APS2 screening
89/304 =29.3% 80/304 =26.3%
%p-tau217+ APS2+

0.72 0.80

695 625

2372 2376
$7,956,900 $7,507,700

Abbreviations: APOE, apolipoprotein E; APS, amyloid probability score; PET, positron emission tomography; p-tau, phosphorylated tau.
aThese are simplified calculations to illustrate cost savings using one set of parameters; in a real-world trial application, additional factors such as ranges of
prevalence estimates, refusal rate estimates, age at screening, and APOE genotype may be included in design planning.

associated with retrospective cognitive decline. Moreover, we demon-
strated that the use of %p-tau217 or the APS2 as a screening measure
for brain amyloid greatly reduced the number of screening PET scans
as well as lowered overall screening costs in a preclinical AD trial sce-
nario. Together, these results support the utility of MS-based plasma
biomarkers for early detection of brain amyloid and brain tau in AD
prior to dementia.

Several studies!® 18264546 have demonstrated that plasma
AB42/40, p-tau217, the APS, and APS2 can each be used to detect

amyloid PET positivity in symptomatic individuals; however, few stud-
ies have examined the utility of plasma biomarkers in presymptomatic
individuals,11:12.2046-48 and fewer yet have examined the accuracy
of MS-based plasma biomarkers in the predementia timeframe,34?
particularly for predicting brain tau.'? Here, we build on these previous
studies and demonstrate the utility of C,N Diagnostics’ MS-based
plasma biomarkers for detecting amyloid and tau PET positivity in
predominantly presymptomatic individuals. We found that %p-tau217
had high discriminative accuracy (AUC = 0.95) for predicting brain
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FIGURE 3 Associations of plasma biomarkers with longitudinal cognitive decline. This figure shows retrospective longitudinal PACC-3
trajectories derived from linear mixed-effects models with longitudinal PACC-3 as the outcome and age, age?, sex, education, cohort, practice, plus
each plasma biomarker and it’s interactions with age and age? included separately from each other as predictors. Each plot shows the estimated
PACC-3 trajectory for a plasma biomarker-negative (gray) or biomarker-positive (pink/purple/green/blue) initially cognitively unimpaired
participant with average education, average practice, and female sex. Vertical dotted lines indicate the estimated age when PACC-3 trajectories
diverged between the average plasma biomarker-negative and biomarker-positive individual for each plasma biomarker. Plasma biomarker
positivity was determined using the optimal Youden-based cutoffs for predicting amyloid PET positivity. Shaded areas represent 95% confidence
intervals of the regression lines. AS, amyloid beta; APS, amyloid probability score; PACC-3, three test Preclinical Alzheimer’s Cognitive Composite,

PET, positron emission tomography; p-tau, phosphorylated tau.

amyloid in the predementia timeframe. In agreement with previous
studies, 13184650 the combination of AB42/40 and %p-tau217 pro-
vided a slightly higher AUC (0.96) and a significantly better model
fit (AAIC = -10) with no added value of plasma %p-tau181. The
APS2, an algorithmic combination of plasma AB42/40 and %p-tau217,
detected amyloid PET status with comparable accuracy (AUC = 0.96).
Importantly, similar results and accuracy across plasma biomarkers
were observed in the preclinical CU subsample. These findings agree

13,46,49,50

with previous studies of optimal biomarker combinations

to predict preclinical amyloid PET positivity and add to a growing

literature>0-°6

of biofluid biomarker dynamics suggesting that MS-
based plasma AB42/40 may capture individuals in the earliest stages of
disease and p-tau217 may capture individuals throughout the disease
course by showing that the combination of the two improves detection
of brain amyloid in the preclinical and predementia phase of AD.

In addition to detecting brain amyloid, the APS2 and %p-tau217
each showed high discriminative accuracy for predicting brain tau in
the predementia (AUCppsy = 0.94; AUCyp.tay217 = 0.93) and preclinical
(AUCppsy = 0.92; AUCyp.au217 = 0.91) timeframe. The optimal cutoffs
at which the APS2 and %p-tau217 were congruent with tau PET were
higher than those for detecting amyloid PET, suggesting that increas-
ing plasma biomarker burden is associated with increasing pathological
disease severity. Accordingly, these findings agree with studies indicat-

ing that cerebral amyloid accumulation occurs first>/~>?

and temporal
tau deposition®® represents a more advanced stage of the disease spec-
trum. Critically, we demonstrated that a single plasma biomarker (e.g.,
%p-tau217) can accurately detect both brain amyloid and brain tau,
underscoring the efficiency and scalability of this plasma biomarker
in clinical and research settings. Further, similar accuracy of plasma

%p-tau217 for predicting brain amyloid and brain tau was recently

reported? in the BioFINDER-2 and Knight ADRC cohorts, where the
performance of plasma %p-tau217 was shown to be clinically equiv-
alent or superior to FDA-approved CSF measures, highlighting the
consistency and generalizability of the diagnostic accuracy of plasma
%p-tau217 across cohorts.

More, we showed that pre-screening with %p-tau217 or the APS2
greatly reduced the number of amyloid PET scans needed to enroll non-
demented amyloid-positive individuals into a theoretical clinical trial,
highlighting the potential of plasma %p-tau217 or the APS2 to accel-
erate participant enrollment, lower costs, and improve timelines for
anti-amyloid therapeutic interventions. Notably, the combined model
of plasma AB42/40 and %p-tau217 and the APS2 had similar perfor-
mance for predicting amyloid PET positivity (AAUC < 0.001) and tau
PET positivity (AAUC < 0.001), indicating that the two models were
ostensibly testing the same construct. This is expected as the APS2 was
derived by C,N Diagnostics using a combined model of A42/40 and
%p-tau217 in the MissionAD and PARIS cohorts.'8 Here, we show that
the APS2 is robust to cohort differences and has utility for predicting
amyloid and tau PET positivity in the predementia timeframe.

Overall, we observed substantial agreement between plasma
biomarker positivity (at the optimal threshold) and PET positivity,
with %ptau217 and APS2 showing the highest agreement (amyloid
PET agreement: %ptau217 = 89%, APS2 = 92%; tau PET agree-
ment: %ptau217 = 91%, APS2 = 85%). However, we also observed
a consistent pattern of discordance: across all plasma biomarkers,
there were more plasma+PET- (e.g., false positive) participants than
plasma-PET+ (e.g., false negative) participants (Figure 2A-J). This pat-
tern of discordance aligns with findings®1¢ from previous MS-based
plasma biomarker studies. A study by Schindler et al. showed that indi-

viduals classified as plasma amyloid+ but PET amyloid- were more
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likely to convert to PET amyloid+ over a 4-year follow-up compared
to biomarker-negative individuals, suggesting that MS-based plasma
amyloid may become abnormal earlier than detectable changes in
amyloid PET imaging.® While plasma+PET- classification may indicate
early changes in plasma biomarkers, it also remains possible that some
plasma+PET- participants may have abnormal brain amyloid or tau but
are below the threshold for PET positivity. Thus, additional longitudi-
nal plasma and PET follow-up will be necessary to further elucidate the
timing of AD-related changes in plasma relative to PET imaging.

81316174661 e found that

Similar to recently published studies,
adjusting for age and APOE ¢4 status significantly improved model
accuracy and fit when predicting amyloid PET positivity, while only
marginally improving model performance for predicting tau PET pos-
itivity. As APOE isoforms are mechanistically involved in beta-amyloid
metabolism, aggregation, and deposition, it is unsurprising that APOE
¢4 status more strongly improved plasma biomarker performance for
predicting amyloid versus tau PET. By contrast, no significant improve-
ments in model fit or accuracy for predicting amyloid or tau PET were
observed when additionally adjusting for kidney function and BMI,
although the sample was slightly smaller given inconsistent reporting.
While these findings are inconsistent with previous plasma biomarker
studies®243 using Quanterix Simoa and Lilly MSD platforms demon-
strating an effect of kidney disease and BMI on assay performance,
they align with a recent study using MS-based plasma which showed a
minimal effect of creatinine or BMI on the association between plasma
AB42/40 and CSF AB42/40. The lack of impact of these comorbidities
on the performance of plasma biomarkers in the current study could
be due to cohort composition (e.g., limited number of participants with
kidney disease in this sample) or plasma assay differences.

While several of the plasma biomarkers reported in this study
were associated with cognitive decline, plasma %p-tau217 and the
APS2 exhibited the strongest associations with preclinical decline dur-
ing the ~ 8 years of retrospective cognitive follow-up. Across those
unimpaired at their baseline cognitive assessment, the cognitive trajec-
tories of the APS2 positive and negative biomarker groupings diverged
earliest, around age 71, followed by plasma %p-tau217, where %p-
tau217 positive and negative groupings began to diverge closer to
age 73. These results build on our plasma to amyloid PET findings
and suggest that the combination of plasma AB42/40 and plasma %p-
tau217 as used in the APS2 is not only most sensitive to elevated
brain amyloid, but also sensitive to subtle preclinical cognitive decline.
These cognitive effects, using longitudinal “run-in” data in this other-
wise cross-sectional study, demonstrate that AD-associated cognitive
change is slow and continuous but also observably different from non-
AD change in the preclinical timeframe. Together, our findings help
elucidate the early cognitive time course in AD and demonstrate the
broad applicability of MS-based plasma biomarkers to both identify AD
pathology and detect AD-related cognitive decline before the onset of
dementia.

Several factors limit the generalizability of our findings. The plasma
measures were cross-sectional and the cohort, though well character-

ized with cognitive, genetic, and imaging data, was highly educated

and predominantly non-Hispanic White. Therefore, it is important that
these plasma assays continue to be examined in more diverse cohorts.
Ongoing work will need to evaluate how these plasma biomarkers
change over time. Additionally, given the retrospective nature of the
cognitive follow-up, our data do not lend themselves to inference
about future cognitive decline. However, due to the longitudinal nature
of the source studies the samples and data were drawn from, our
retrospective cognitive analyses provide unique insight on cognitive
trajectories spanning back to late midlife. Finally, to further character-
ize the specificity for AD, plasma analysis from individuals with other
neurodegenerative age-related pathologies (i.e., Lewy bodies, TAR

DNA-binding protein 43, vascular disease, etc.) should be conducted.

5 | CONCLUSION

We showed that plasma %p-tau217 and APS2 detected brain amyloid
and tau with high accuracy and were each strongly associated with
cognitive decline in the predementia timeframe. Together, our findings
demonstrate the utility of MS-based plasma biomarkers for detect-
ing AD brain pathology, for predicting preclinical cognitive trajectories,
and for their potential to improve the screening process for future AD
clinical trials. Ongoing work is needed to evaluate how these plasma
biomarkers perform longitudinally and in individuals from more diverse

populations.
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