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RESULTS: In the CU, amyloid-negative (A-) subset, plasma p-tau217 levels increased
modestly with age but were unaffected by body mass index and kidney function. In the
whole sample, average p-tau217 change rates were higher in those who were A+ (e.g.,
simple slopes(se) for A+ and A- at age 60 were 0.232(0.028) and 0.038(0.013))). High
baseline p-tau217 levels predicted faster preclinical cognitive decline.

DISCUSSION: p-tau217 stands out among markers for its strong association with
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1 | INTRODUCTION

Early detection of Alzheimer’s disease (AD) is a research and clinical
priority, especially with the emergence of potential new treatments
like lecanemab? and donanemab,? which rely on an early molecular AD
diagnosis. Blood-based biomarkers (BBMs) have emerged as a promis-
ing avenue for accurately detecting AD proteinopathy.®* Compared
to positron emission tomography (PET) or cerebrospinal fluid (CSF)-
based biomarkers, the scalability of BBMs including cost-effectiveness
and ease of collection,”~” will make them attractive front-line tools for
assessing AD proteinopathy and progression, addressing the urgent
need for early detection.®?

Several BBMs including phosphorylated tau (p-tau), amyloid beta
(AB)42/40 ratio, glial fibrillary acidic protein (GFAP), and neurofila-
ment light (NfL) detect AD pathological changes or their downstream
effects. However, (p-tau217 has consistently shown high performance
in differentiating AD from other neurodegenerative disorders!® and
detecting AD pathology in patients with mild cognitive impairment
(MCI), and has detected plaques and tangles in cognitively normal
adults.’>-14 |ts high discriminative validity, with areas under the
curve (AUCs) exceeding 90%, makes it a promising tool.31015.16 |
addition, p-tau217 appears to exhibit an AD-specific longitudinal tra-
jectory, showing increases over time significantly associated with
worsening cortical atrophy and declining cognitive performance in
amyloid-positive (A+) individuals.2>13 There are multiple plasma p-tau
immunoassays currently available with different assay configurations
and analytical detection. A novel single-molecule array (Simoa) assay,

monitoring progression.

disease and cognitive decline, indicating its potential for early AD detection and

ALZpath, biomarkers, BMI, cognitive composite, plasma, preclinical Alzheimer’s disease

* Phosphorylated-tau217 (p-tau217) trajectories were significantly different in peo-
ple who were known to be amyloid positive.

* Subtle age-related trajectories were seen for all the plasma markers in amyloid-
negative cognitively unimpaired.

* Kidney function and body mass index were not associated with plasma p-tau217

* Higher plasma p-tau217 was associated with faster preclinical cognitive decline.

ALZpath pTau217, demonstrates high accuracy in identifying abnor-
mal AB and tau pathologies, comparable to CSF measures and superior
to brain atrophy assessments, and significantly outperforms other
putative plasma biomarkers and their optimal combinations.3
Although, plasma p-tau217 has emerged as a viable candidate AD
biomarker, less is known about the trajectories of plasma p-tau217
alongside other biomarkers in late middle-aged cognitively unimpaired
(CU) individuals at baseline. Previous studies have indicated that
factors such as age, sex, apolipoprotein E (APOE) genotype, and health
risk factors including body mass index (BMI) and kidney function can
influence the trajectories or accuracy of biomarkers.’’~23 By investi-
gating these modifiable risk factors alongside plasma biomarkers in
cognitively healthy, amyloid-negative (A-) adults, we can gain insight
into potential age-related or other modifiable changes in plasma
biomarkers that separate from amyloid pathology. Our study’s three
aims addressed the overall goals of understanding longitudinal pat-
terns of plasma p-tau217 in individuals without and with evidence of
brain amyloid proteinopathy (Aims 1 and 2) and investigating the clin-
ical and research implications of elevated levels of p-tau217 (Aim 3).
Specifically, the aims were: (1) characterize plasma biomarker trajecto-
ries in CU, amyloid PET-negative healthy controls to assess potential
moderators of trajectories (e.g., sex, APOE, or selected baseline health
risk factors) and estimate within-person variability; (2) examine these
same potential modifiers of longitudinal plasma trajectories before and
after adding A status determined from PET or CSF in the sample with
available A status (n = 382); and (3) determine whether plasma p-

tau217 or other plasma biomarkers modified longitudinal cognitive
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trajectories across a set of outcomes representing multiple cognitive
domains.

2 | METHODS

2.1 | Participants

Longitudinal plasma samples were selected from a subset of the Wis-
consin Registry for Alzheimer’s Prevention (WRAP)2* participants who
met the following criteria: at least one ethylenediaminetetraacetic acid
(EDTA) plasma sample, and non-demented status at the time of the
first eligible blood sample collection. All participants return approx-
imately biennially for neuropsychological and health assessments. A
total of 424 participants satisfied these criteria (detailed in Table 1;
399 [94.1%] had more than two plasma samples). For Aim 1, we fur-
ther refined the subset to 226 A- individuals from PET scans, who
remained CU across all sample collections. The remaining 198 partic-
ipants, excluded from Aim 1, included 29 with cognitive impairment at
one or more visits, 91 without an amyloid PET scan, 70 who were A+,
and 8 reporting neurological disorders (6 with epilepsy, 1 with stroke,
and 1 with multiple sclerosis). Aim 2 included all participants (n = 382)
with assayed plasma biomarkers and at least one PET scan or CSF result
if a PET scan was not available (PET: n = 326; CSF: n = 56). Aim 3
included 404 to 412 participants based on the cognitive outcome who
were CU at their baseline cognitive assessment and had longitudinal
cognitive assessments. A flowchart in Figure S1 details the inclusion
criteria for each aim.

2.2 | Neuropsychological assessment protocol
WRAP includes cognitive measurement at ~2-year intervals, and the
comprehensive battery is described elsewhere.?* For the analyses
reported herein, longitudinal cognitive performance was assessed
using a three-test modified Preclinical Alzheimer’s Cognitive Compos-
ite (PACC3) after Donohue et al.?> and described in Jonaitis et al.?
The component tests included the Rey Auditory Verbal Learning Test
(RAVLT: sum of trials 1-5),27 Logical Memory 11,28 and the Digit Sym-
bol Substitution test.2? In addition, three domain-specific cognitive
composites were also examined including executive function (EF),
immediate memory, and delayed memory.3° The tests contributing to
each composite are described in.3%3! Finally, the Clinical Dementia
Rating-Sum of Boxes (CDR-SB) was also examined whenever available
using the CDR scale?? itself or an analogous CDR-SB derived from the
Quick Dementia Rating Scale (QDRS3334).

2.3 | Cognitive status determination

Participant cognitive categories included CU, MCI based on National
Institute on Aging-Alzheimer’'s Association [NIA-AA] criteria
described in Albert et al.3°), or dementia (based on criteria described
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RESEARCH IN CONTEXT

1. Systematic review: The authors searched PubMed using
the terms: plasma biomarkers, Alzheimer’s disease, and
amyloid positron emission tomography (PET). Increas-
ing studies show that plasma phosphorylated-tau217
(p-tau217) matches cerebrospinal fluid (CSF) biomark-
ers and PET imaging in identifying amyloid pathology and
offering diagnostic/prognostic insights. Recently, Ashton
et al. (2024) confirmed plasma p-tau217’s effectiveness
in detecting amyloid and tau pathology, highlighting the
need for further study on its long-term trends and influ-
encing factors.

2. Interpretation: The study identified distinct trajectories
for p-tau217 in amyloid-positive individuals, showing its
potential in early AD detection. It is notable that its tra-
jectories were not influenced by kidney function or body
mass index (BMI). The link between p-tau217 and faster
preclinical cognitive decline is especially significant.

3. Future directions: Future research should explore the
utility of p-tau217 across broader demographics, inves-
tigate underlying biology in AD, and assess its clinical
application for early screening and monitoring.

in McKhann et al.3¢). Cognitive status was determined at each visit
through a multi-disciplinary consensus process as reported previously
for WRAP participants.®” Participants who had impairments but
did not meet the preceding criteria were classified as having “Other

Cognitive Impairment” cognitive statuses.

2.4 | PET neuroimaging

Amyloid burden was assessed with [C-11] Pittsburgh Compound B
(PiB) PET imaging. Details for PET acquisition, processing, quantifi-
cation, and analysis methods have been described elsewhere.38:5?
T1-weighted MRI were used for tissue class and anatomic segmenta-
tion using Statistical Parametric Mapping version 12 (SPM12). Amyloid
burden was quantified using the average PiB distribution volume
ratio (DVR, 0-70 min dynamic scan, cerebellum gray matter reference
region, t* = 35 min, k,’ = 0.149 min~1) across eight bilateral cortical
regions of interest (ROIs*°). Amyloid positivity (A+/-) was defined as
DVR >1.19 based on the last available scan, using a previously vali-
dated threshold (Equivalent to ~21.6 Centiloids*%#2). Based on local
data*? and recent publications indicating a subthreshold stage of amy-
loid accumulation,*34* we used a threshold of PiB DVR <1.14 (~14.1
CL) to identify the healthy control subset for Aim 1 analyses (i.e., CU at

all visits and PET A- at all scans).



siss | Alzheimer’s &Dementia®

Baseline p-tau217, pg/mL, median [IQR]

Last p-tau217, pg/mL, median [IQR]
Baseline AB42/40, median [IQR]
Last AB42/40, median [IQR]

Baseline p-tau181, pg/mL, median [IQR]

Last p-tau181, pg/mL, median [IQR]

Baseline p-tau231, pg/mL, median [IQR]

Last p-tau231, pg/mL, median [IQR]
Baseline GFAP, pg/mL, median [IQR]
Last GFAP, pg/mL, median [IQR]
Baseline NfL, pg/mL, median [IQR]
Last NfL, pg/mL, median [IQR]
Amyloid CL, median [IQR]

Overall A+, n (%)

0.33[0.24,0.45]
0.37[0.28,0.59]

0.07 [0.06,0.08]
0.07[0.06,0.08]
2.31[1.81,3.06]
2.41[1.83,3.12]
10.92[8.15, 13.90]
11.50[8.71, 14.30]
102.00[75.33, 139.00]
103.50([74.88, 144.25]
15.65[11.60,21.72]
19.25[14.30, 26.02]
3.75[-0.70, 12.65]
71(18.6)

0.33[0.24,0.45]
0.37[0.28,0.59]
0.07[0.06,0.08]
0.07[0.06,0.08]
2.32[1.81,3.04]
2.41[1.84,3.11]
10.94[8.31, 13.80]
11.50[8.78, 14.30]
102.00[76.60, 140.75]
105.00(75.30, 146.75]
15.85[12.10, 21.78]
19.30[14.62,26.08]
3.75[-0.70, 12.65]
71(18.6)

DUETAL.
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TABLE 1 Demographic and summary statistics.
Overall Sample with known A status Amyloid neg CU subset
(N =424) (Aim 2: N = 382) (Aim 1: N = 226)

Age at first plasma, mean (SD) 61.79 (6.89) 62.01(6.77) 60.94 (6.95)
Age at last plasma, mean (SD) 66.59 (6.86) 66.84(6.71) 64.50(6.95)
Years between visits, mean (SD) 2.48 (0.54) 2.48 (0.54) 2.50(0.55)
Number of plasma samples, median 3[3,3] 3[3,3] 3[3,3]
[IQR]
Age at last amyloid PET, mean (SD) 65.90(6.91) 65.82 (6.90) 65.87 (6.87)
Female, n (%) 286 (67.45) 256 (67.02) 156 (69.0)
Non-Hispanic White, n (%) 402 (94.8) 364 (95.3) 214(94.7)
APOE ¢4 carrier, n (%)* 163(39.5) 143(38.1) 68(30.6)
APOE risk score, mean (SD)* 0.63(1.07) 0.60(1.05) 0.43(0.97)
Education, mean (SD) 16.13(2.66) 16.13(2.65) 16.03(2.69)
Baseline cognitive status, n (%)

CU-S 337(79.3) 301(78.8) 186 (82.3)

CU-D 75(17.6) 69(18.1) 40(17.7)

MCI 9(2.1) 9(2.4)

Other 3(0.7) 3(0.8)
Last cognitive status, n (%)

CU-S 367 (86.6) 331(86.6) 206 (91.2)

CU-D 42(9.9) 38(9.9) 20(8.8)

MCI 14(3.3) 12(3.1)

Dementia 1(0.2) 1(0.3)

0.30[0.23,0.40]
0.34[0.26,0.44]
0.07[0.06,0.08]
0.07[0.06,0.08]
2.22[1.75,2.92]
2.21[1.74,2.85]
10.60[8.08, 13.15]
10.89[8.52,13.40]
97.60(75.17,130.75]
101.00(72.25,137.75]
15.00[11.53,20.48]
18.40[14.05,25.53]
2.27[-2.18,5.24]

0

*n =4 is missing in healthy control data set, n = 7 is missing in sample with known A status, n = 12 is missing in overall data set.
Abbreviation: CL, Centiloid; CU-S, cognitively unimpaired-stable; CU-D, CU-declining; MCI, mild cognitive impairment; Other, other cognitive impairment.

2.5 | CSF measurements

The CSF levels of AB42% and p-tau181* were measured at the
Clinical Neurochemistry Laboratory, University of Gothenburg,
Sweden. This was achieved using the Elecsys S-Amyloid (1-42) and
Phospho-Tau(181P) CSF electrochemiluminescence immunoassays
on a fully automated cobas e 601 analyzer (Roche Diagnostics Inter-

national Ltd., Rotkreuz, Switzerland). The board-certified laboratory

technicians performing these measurements were blinded to diag-
nostic and other clinical data. Subsequently, the last available CSF
p-taul81/AB42 ratio was calculated and included in this study. This
ratio has been included in the study as it may represent a reliable
alternative to amyloid PET#/ and has been found to be sufficient
for predicting progression in AD with very high accuracy.*® CSF
p-tau/ApB42 ratio >0.038 was defined as A+ when amyloid PET was
missing.*?
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2.6 | Plasma biomarkers

Plasma samples were processed and analyzed at the University
of Gothenburg Department of Psychiatry and Neurochemistry. The
plasma biomarker of primary interest was p-tau217. To measure
p-tau217, a novel commercially available assay from ALZpath (ALZ-
pathDX, Carlsbad, CA) was used. The assay has a low limit of detection
(0.0052-0.0074 pg/mL), a dynamic range of 0.007-30 pg/mL (min-
imal required dilution of 3), and satisfactory spike recovery (80%),
along with acceptable intra- and inter-run precision (0.5%-13%, 9.2%-
15.7%, respectively). The assay has demonstrated good repeatability
and intermediate precision in WRAP and other cohorts using three
internal plasma quality control samples from the University of Gothen-
burg and two quality controls provided with the ALZpath assay kit.>
p-tau217 was measured in duplicate, as it does provide extra strength
to the experimental process.

Several other plasma biomarkers were quantified from the same
aliquots, including AB42/40, p-tau181, p-tau231, GFAP, and NfL. Quan-
tification of plasma ApB42/40, GFAP, and NfL was performed using
the commercial Neurology 4-plex E kit (#103670, Quanterix).® In
addition, plasma p-tau231 was assessed using in-house Simoa assays
developed at the University of Gothenburg,’® and plasma p-tau181
was quantified using the commercial Advantage V2.1 kit (#104111,
Quanterix).!!

Each plasma biomarker was standardized (i.e., transformed to a
z-scale) relative to the AD disease-negative healthy control subset
described in Section 2.4 as follows: biomarker z-score = (Observed
value - Mean value of CU, PET A-)/(Standard deviation of CU, PET A-).
The means (SDs) of each biomarker used for standardizing are shown
in Table S1.

2.7 | Genotyping and scoring

APOE genotyping was described previously.?* A derived APOE score®!
that accounts for non-linear AD risk from the combination of €2, 3,
and ¢4 alleles was used. The APOE-npscore, a logarithmically trans-
formed measure of APOE genotype’s odds ratio (OR) in relation to
AD neuropathology case-control status, was derived from APOE £2/¢2,
€2/¢3, €3/e3, €2/¢4, €3/¢4, and ¢4/¢4 genotypes, adjusted for age and
sex, with negative values indicating reduced AD risk compared to
£3/¢3. The APOE-npscore values for specific genotypes were as follows:
262 =-1.833,62e3=-0.916,c3:3 =0, e2¢4 = 0.904,3c4 = 1.742, and
ede4 = 3.293.52

2.8 | Health factors

A subset of participants (n = 411) had the following health and medical
history available for their baseline plasma assessment. BMI was calcu-
lated as (kg/m2) using height (cm) and weight (kg). Obese was defined
as a BMI >30 kg/m? (Not obese: reference group). We also calculated

the estimated glomerular filtration rate (eGFR) from serum creatinine
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and other clinical parameters®® using the 2021 Chronic Kidney Dis-
ease Epidemiology Collaboration equation (2021 CKD-EPI*#). CKD
was defined as an eGFR below 90 mL/min/1.73 m?2 using the described
equations in accordance with guideline-recommended GFR stages
(Stage 1 [reference group]: GFR >90; Stage 2: GFR = 60-89; Stage 3:
GFR = 30-59; Stage 4: GFR = 15-29; Stage 5: GFR = <15).%>> A ques-
tionnaire assessing modifiable health and lifestyle factors of dementia,
the Lifestyle for Brain Health (LIBRA) index, was created based on clin-
ical data from physical examination or self-reported questions,’® with
lower scores indicating healthier lifestyle and lower lifestyle-based
dementia risk. Three LIBRA risk groups were defined based on LIBRA
tertiles (low risk [reference group]: LIBRA scores between —4.2 and
0; moderate risk: LIBRA scores between 0.1 and 2.0; High risk: LIBRA
scores between 2.1 and 8.1.5¢

2.9 | Statistical analyses

Analyses were conducted in R v4.0.2 (R Core Team, 2020). Descrip-
tive statistics of all participants with assayed plasma biomarkers
and healthy control subset are presented as mean (SD) for normally
distributed and median (25th, 75th percentile) for non-normally dis-
tributed continuous data; n (%) for categorical variable. Spearman rank
correlations were used to assess the relation between the plasma
biomarkers closest to PiB PET, PiB DVR, and baseline healthy factors
(BMI, CDK_EPI, LIBRA Index).

2.9.1 | Aim 1: Characterizing plasma biomarker
trajectories in healthy controls (CU, A-)

To test the hypothesis that there is no age-related trend and the
modifiable factors are not associated with plasma biomarkers in
presumably healthy controls, for each plasma biomarker z-score
(p-tau217; AB42/40, p-tau181, p-tau231, GFAP, and NfL) in the CU/A-
subset (n = 226), we examined a series of mixed-effects models (all
models included a random intercept; random slopes were retained
only when significant prior to adding fixed effects). Time was modeled
as age inyears, centered at age 60. After identifying significant random
slopes, we ran a model (base model) with age (up to cubic polynomial,
if significant) as the only fixed effect and removed non-significant (NS),
highest-order age terms sequentially. Models 1-5 added one predictor
(sex, APOE-npscore, BMI, CKD_EPI, LIBRA index)*age included to the
base model; if the interaction was NS, it was removed—leaving the base
model plus predictor. Model 6 incorporated significant main effects
and interactions from Models 1-5; we sequentially removed NS inter-
actions (least significant out first) until only significant interactions
(and their supporting main effects) or significant main effects (if no
corresponding interactions were significant) remained. We compared
model fits of Models 1-6 with the base model Akaike’s information
criterion-corrected (AlCc) and with the model with lowest/best AlCc;
we report results for the best-fitting model and any others with

AAICc <2 for each biomarker, as these models represent similarly
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adequate fit.>” The A values for any given model are linked to the
evidence ratio for the best model as exp{—(1/2)A}.>” For example, if
a model in question has a A value of 11, its evidence ratio compared
to the best model is ~245. That is, the evidence is 245 times stronger
for the best model relative to the model in question. People might
often judge this evidence to be very strong. Other people might choose
another word; however, both judgments are based on the same quan-
titative evidence, an evidence ratio of 245 to 1. AICc was calculated
using the “AlCcmodavg” R package.’® The methods and results about
estimating within-person variability are in the supplement.

In this and subsequent aims, when we depicted significant interac-
tions for each biomarker, we used simple slope estimates. Moreover,
when an interaction with quadratic age was significant, we compared
the simple slopes of each plasma biomarker trajectories at specific age

values using the “emmeans” R package.”?

2.9.2 | Aim 2: Characterizing plasma biomarker
trajectories in the full baseline nondemented sample

To test the hypothesis that trajectories of plasma biomarkers would
differ based on amyloid status, we again used mixed-effects models for
plasma biomarker z-scores. First we ran a base model with age (up to
cubic polynomial, if significant) as the only fixed effect, removed NS
highest-order age terms sequentially, and examined the same potential
modifiers of longitudinal plasma trajectories as in Aim 1, using the
plasmadataset with at least one available amyloid PET or CSF (n=382),
both before and after adjusting for A status. A+ status was categorized
using PET A status (A+: DVR >1.19; ~21.6 Equivalent Centiloids*1%2),
or CSF p-tau/ApB42 ratio binary variable (A+: p-tau/AB42 ratio >0.038)
when PET A was missing. For each plasma biomarker, we ran the sets
of mixed-effects models (1-5) used in Aim 1, and we again reported
the best-fitting model (Model 6) for each biomarker and any others
with AAICc <2. We then added A status*age (up to cubic polynomial,
if significant) to the best-fitting model to characterize whether and
how age-related plasma trajectories differ by PET A status across
biomarkers; if the interaction and/or the main effect was NS, it was
removed sequentially leaving significant interactions (and their sup-
porting main effects) or significant main effects (if no corresponding
interactions are significant) remained (Model 7). Subsequently, we
compared the best-fitting model before and after adding PET A
status. (The details of the sensitivity analyses are presented in the

supplement.)

2.9.3 | Aim 3: Plasma biomarkers and longitudinal
cognitive trajectories

To test the hypothesis that a higher baseline level of plasma biomarkers
is predictive of faster preclinical cognitive decline, in Aim 3 analyses, we
again used mixed-effects models to examine whether baseline levels of
plasma biomarkers modified longitudinal cognitive trajectories for the

following cognitive outcomes: PACC3 (primary outcome), EF, Immedi-

ate Memory, Delayed Memory and CDR-SB in participants who were
CU at their baseline plasma assessment. We first ran a base model for
each cognitive outcome including random effects, age (retaining sig-
nificant polynomial terms up to a cubic polynomial, centered at age
60), sex, education level (<BA vs > BA), and the Wide Range Achieve-
ment Test-I1l1 (WRAT3) standard reading score. For all but the CDR-SB,
the number of prior exposures to the cognitive outcome was included
(“practice,” range = 0-7). Next, Models 1-6 started with predictor
(p-tau217; AB42/40, p-taul81, p-tau231, GFAP, and NflL)*age added
to the base model and then removed if NS. We compared model fits
of Models 1-6 with the base model AlCc and with the model with
lowest/best AlCc; we report results for the best-fitting model and
any others with AAICc <2 for each biomarker as these models rep-
resent a similarly adequate fit. When we depicted significant plasma
p-tau217*age interaction for each cognitive outcome, we used simple
slope estimates. Moreover, when an interaction with quadratic age was
significant, we used model output to estimate simple slopes (and confi-
dence intervals [Cls]) at ages 60, 65, and 70 for each cognitive outcome
and plotted simple slopes using the median of values of the cutoffs
using the risk-level approach.?

In secondary analyses of PACCS3, our primary cognitive outcome,
we examined whether adding retained biomarker terms in Models 2-
6 improved Model 1 (predictor = p-tau217) fit substantially. We added
terms sequentially, beginning with the biomarker terms from the best-
fitting model from Models 2-6, retaining significant interactions or
main effects before comparing with Model 1 AlCc. If AAICc showed
improved model fit, we continued to the next best model from Models
2-6 and added terms from that model. Only biomarkers from models
that improved model fit over the base model were considered for this
process. Multicollinearity was assessed using variance inflation factors
(VIFs).

3 | RESULTS

Table 1 shows the demographic and summary statistics for the whole
sample (column 1, n = 424), the plasma sample with known A status
based on amyloid PET or CSF (column 2 n = 382; Aim 2), and the
healthy control subsample (column 3 n = 226; Aim 1). In the subset
with known A status, overall, 71 of 382 (18.6%) with determinable
amyloid status were classified as A+, including 65 of 326 (19.9%)
with PiB PET (n = 326; Aim 3) and 6 of 56 (10.7%) with CSF in the
absence of PiB PET. In the healthy control subset, mean (SD) age at
first plasma was 60.9 (7.0) [range 43.4-76.2] with mean (SD) = 2.5
(0.6) years between the first and last plasma assessment; 68 (30.6%)
were APOE ¢4 carriers and 156 (69.0%) were female. Among all 424
people, mean (SD) age at first plasma was 0.85 years older, less female,
and more APOE ¢4 carriers than in the healthy control subsample; 412
participants (97.2%) were CU at baseline (Aim 4). Spaghetti plots of
plasma biomarker z-scores versus age are shown in Figure 1 (whole
sample, by A +/-/unknown status, with the thicker prediction lines
explained in Section 3.2.1) and Figure S2 (healthy control subsample).

Figure S3 depicts pairwise Spearman correlations among the plasma
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FIGURE 1 The spaghetti plot of plasma biomarkers in all available plasma samples aligned with the predicted values with A status. Amyloid
positive (A+): Positron emission tomography (PET) Pittsburgh Compound B (PiB) Distribution volume ratio (DVR) >1.19 corresponding to a
centiloid of 21.6, or cerebrospinal fluid (CSF) p-tau/AB42 ratio >0.038 when amyloid PET was missing (N = 71); A-: N = 311; Unknown = 42.

and PET biomarkers. In the healthy control subsample, correlations
among pairs of plasma biomarkers ranged from —0.22 to 0.65, whereas
no significant correlations were observed between global PiB DVR and
each plasma marker. In the whole sample, correlations among pairs of
plasma biomarkers ranged from —0.28 to 0.71, whereas correlations
between global PiB DVR and each plasma marker ranged from —0.31 to
0.44.

3.1 |
subset

Aim 1 plasma trajectories in healthy control

In Aim 1, the healthy control subset, Figure S4 graphically represents
the within-person variability for each plasma biomarker.

3.1.1 | Plasma p-tau217

In Aim 1 mixed-effects analyses of the healthy CU and A- subset,
linear and quadratic age terms were significant in the base model for
plasma p-tau217 (age beta (95% Cl) = 0.04 (0.02-0.06), p < 0.001;
age? beta(95% Cl) = 0.002(0.0002-0.003); p = 0.029; AlCc = 1776.1;
marginal R2/Conditional R? = 0.090/0.764). No predictor*age inter-
actions were retained in Models 1-6; Table 2). Models 1, 2, and 6
AlCc values suggested a better fit (i.e., AAICc >2) than the age-only
base model. Model 6 (AAICc = —10.18), for example, showed signif-
icant contributions to plasma p-tau217 values associated with male
sex, APOE-npscore, and higher LIBRA index with beta (and p-value),
respectively, of 0.33(0.022),0.21 (0.003), and 0.41 (0.015); see Table 2
for additional model output for Models 1-6. Predicted age-related
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FIGURE 2 Interaction plot from mixed-effects model of plasma p-tau217 in cognitively unimpaired amyloid-negative (top row) and whole

sample with known A status (bottom row). Estimates come from the significant main effects or interaction effects of best-fitting regression models
for plasma p-tau217 in healthy control (A, B, and C), in whole sample with known A status before and after adding A status to the model (D and E),
and in sample with PET amyloid (F). The predicted mean plasma p-tau217 z-scores for plasma are on the left y-axis, the raw values are on the right
y-axis, and age in years is represented on the x-axis. The observed data points are shown in gray. Bands represent 95% confidence intervals.
Estimates are truncated to be within the age range of participants for a particular group. The predicted age-related trajectories of plasma p-tau217
are observed to be higher among APOE ¢4 carriers, male participants, and those with a higher LIBRA index within the healthy control group (A, B,
and C). Across the whole sample with known A status, changes in these trajectories were associated significantly with several factors in separate

mixed-effects models (D, E, and F). Specifically, APOE genotype influenced the rate of change, with the fastest decline seen in ¢4/¢4 carriers,
followed by £3/¢4, €2/¢4, €3/3, and €2/¢3, in that order. In addition, amyloid status (A+ vs A-) and amyloid Centiloid values also significantly
impacted p-tau217 trajectories. The effects varied significantly across different Centiloid ranges, with those >21.6 showing the most pronounced
changes, followed by the 14.1to 21.6 range, and the least changes observed in values,14.1.

trajectories for these variables are shown in Figure 2A-C. The BMI and
kidney function variables were not significantly associated with slope
over time or with the mean level of plasma p-tau217.

3.1.2 | Other plasma biomarkers

In similar analyses of the other plasma biomarkers, the highest-order
age term included in each base model was linear for A342/40, p-
tau181, p-tau231, and GFAP, and quadratic for NfL. AB42/40: Table
S2 shows output for Models 1-6 for the outcome AB42/40. Model 6,
the best-fitting model (AAICc = —8.1) showed significantly lower aver-
age values in men and higher average values in participants who were
obese or had Stage 3 kidney disease. Predicted age-related AB42/40

trajectories for sex, obesity status, and kidney disease are shown in
Figure S5A-C. p-tau181: Model 6 was again best fitting (Table S3)
and showed higher average p-tau181 for men, people with Stage 2
kidney disease, and high LIBRA index; predicted age-related trajecto-
ries for these variables are shown in Figure S5D-F. p-tau231: Model
4 (= Model 6) was best fitting for p-tau231 and showed higher aver-
age values in participants with Stage 2 kidney disease (Table S4; Figure
S5G). GFAP: Model 6 was again best fitting and showed faster average
increases in those with Stage 3 kidney disease, higher average val-
ues in those with Stage 3 kidney disease, or higher APOE-npscore and
lower average values in men and people with obesity (Table S5; Figure
S5H-K). NfL: Model 4 (= Model 6) was best fitting and indicated higher
average NfL values for both Stages 2 and 3 kidney disease relative to

the Stage 1 reference group (Table S6; Figure S5L).
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3.2 | Aim 2 plasma trajectories in sample with
available amyloid PET or CSF

As noted in the methods, we again ran Models 1-5 in the larger
sample that combined the healthy control subset with anyone else
who had PET or CSF. We then added an A status*age interaction to
each of the best-fitting models and repeated the process of removing
NS, higher-order terms. Plasma p-tau217 results are presented in
Section 3.2.1; results for the remaining biomarkers are presented in
Section 3.2.2.

3.2.1 | Plasma p-Tau217

In Aim 2 mixed-effects analyses that were anchored to A+/- sta-
tus (determined from amyloid PET or CSF; n = 382), linear and
quadratic age terms were significant in the base model for plasma p-
tau217 (age beta (95% Cl) = 0.09 (0.06-0.11), p < 0.001; age? beta
(95% Cl) = 0.01 (0.004-0.008); p < 0.001; AlICc = 4000.9; marginal
R?/Conditional R?2 = 0.130/0.884). Model output for models retain-
ing predictor*age (up to quadratic) is shown in Table 3 for Models
1-7. Before adding age*A status to the model, the most parsimonious
model (Model 2) included APOE-npscore*age interactions and showed
a significantly better model fit than the base model (AAICc = —47.9).
Simple slopes analyses showed that slopes associated with each APOE
genotype began to differ at approximately age 60, with slopes(se)
of 0.039 (0.023) for e2e3, 0.073 (0.015) for e3e3, 0.107 (0.013)
for e2e4, 0.138 (0.018) for e3e4, and 0.196 (0.033) for ede4 (see
simple slopes across multiple ages in Figure 2D). In Model 7, the
addition of A status*age (linear and quadratic) significantly improved
model fit and attenuated the APOE-npscore*age interactions to NS.
The APOE-npscore main effect remained significant, showing higher
average p-tau217 values for higher APOE-npscore values (Model 7,
AAICc = —158.52). Predicted age trajectories are shown in Figure 2E
for A+ and A-; simple slopes began to differ significantly at approx-
imately age 60, with A+ and A- slope(se) estimates of 0.232 (0.028)
and 0.038 (0.013), respectively. Sex, BMI, kidney function, and LIBRA
index variables were not associated significantly with slope over time
or with the mean level of plasma p-tau217. The sensitivity analysis
of CU participants at plasma baseline, along with parallel analyses of
the entire plasma sample (n = 424), and exploratory analyses using
PET-based 3-level A status to characterize p-tau217 slopes in the
PET A+ and A- sets are presented separately in Tables S7, S8, and
S9.

3.2.2 | Other plasma biomarkers

In similar analyses of the other plasma biomarkers, the highest order
age term included in each base model was linear for all the other
plasma biomarkers, and Model 7 including A status is the best-fitting
model for all plasma biomarkers (range AAICc = —76.43 to —37.76)
except NfL. AB42/40: Table S10 shows output for Models 1-7 for the

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

outcome AB42/40. Model 7 showed significantly lower average values
in men, faster average decrease in higher APOE-npscore, lower average
values in those with higher APOE-npscore, faster average decrease
in those with Stage 3 kidney disease, and lower average values in
A+. Predicted age-related trajectories for sex, APOE-npscore, kidney
disease, and A status is shown in Figure S6A-D. p-tau181: Model 7
(Table S11) showed higher average p-tau181 for people with moderate
and high LIBRA index and A+ status (relative to each low LIBRA, A-,
respectively); predicted age-related trajectories for these variables
are shown in Figure S6E,F. p-tau231: Model 7 showed higher average
values in those with Stage 2 kidney disease and A+ status (Table S12;
Figure S6G,H). GFAP: Model 7 showed lower average values in men
or those who were obese, faster average increases in those Stage 3
kidney disease and with A+ status, higher average values in those with
Stages 2 and 3 kidney disease or A+ status (Table S13; Figure SéI-L).
NfL: Model 6 was best-fitting and indicated lower average values in
people with obesity, and higher average NfL values for both Stages 2
and 3 kidney disease relative to the Stage 1 reference group (Table
S14; Figure S6M,N).

3.3 | Aim 3 plasma biomarkers and cognitive
trajectories

Finally, we tested whether plasma biomarkers were significantly asso-
ciated with cognitive decline as measured by PACC3 (primary) and EF,
Immediate Memory, Delayed Memory, and CDR-SB (secondary) among
late-middle-aged, initially unimpaired participants (n = 412). The mean
average follow-up was 9.8 (SD = 2.9) years.

3.3.1 | PACC3 (primary cognitive outcome) results

Linear, quadratic, and cubic age terms were significant in the base
model for PACC3 (age beta (95% CI) = —0.04 (-0.05 to —0.03),
p < 0.001; age? beta (95% Cl) = —0.0007 (—0.001 to —0.0002);
p = 0.005; age® beta (95% Cl) = —0.00008 (—0.0001 to —0.00005);
p < 0.001; AlCc = 2632.9; marginal R2/Conditional RZ = 0.331/0.841).
Table 4 summarizes model output examining the addition of individual
plasma biomarker*age interactions and corresponding model fits (after
removing NS higher-order interactions). All plasma biomarkers except
NfL were significantly associated with longitudinal PACC3 changes.
However, Models 2 (predictor = AB42/40) and 4 (predictor = p-tau231)
had AAICc <2 with the base model, suggesting a model fit similar to
that of covariates and age-only base model. The best-fitting model
was Model 1 (p-tau217), showing significant interactions between p-
tau217 and linear and quadratic age terms. Interaction effects from
Model 1 (best fitting) are depicted in Figure 3 for values representing
median plasma p-tau217 at baseline PACC3 in the low, intermedi-
ate, and high p-tau217 risk groups described previously.® People with
higher p-tau217 values have higher rates of decline at older ages com-
pared to people with lower p-tau217 values. Simple slopes differed

significantly at age 60 and beyond (see also Figure S7 and Table S15).
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FIGURE 3 Interaction plot from mixed-effects model of cognitive composite scores for plasma p-tau217 (pg/mL). p-tau217 <0.4, Low,

0.4 < p-tau217 <0.63, Intermediate, > 0.63 High risk groups. The lines represent the median plasma p-tau217 values at baseline PACC3 (A), EF
(B), Immediate memory (C), Delayed memory (D) and CDR-SB (E) in the low, intermediate and high p-tau217 risk groups described previously
(Ashton et al.3). People with higher p-tau217 values have higher rates of decline at older ages compared to people with lower p-tau217 values.

Models 3 (predictor = p-tau181) and 5 (predictor = GFAP) also retained
significant biomarker*age interactions and fit better than the base
model but not as well as Model 1.

In secondary analyses of PACC3, Model 7, the addition of GFAP*age
(linear and quadratic) significantly improved model fit and attenuated
the p-tau217*quadratic age interactions to NS. The p-tau217*linear
age remained significant, showing higher average p-tau217 values
for higher rates of decline (Model 7, AAICc = —9.2; see Table S16).
GFAP accounted for variability in PACC3 in addition to plasma
p-tau217.

3.3.2 | Secondary cognitive outcomes results

Parallel analyses of Models 1-6 for the secondary cognitive out-
comes showed results very similar to PACCS, and p-tau217 was
significantly associated with changes in all longitudinal cognitive out-
comes. Specifically, Model 1 (predictor = p-tau217) was the best-fitting
model for each secondary cognitive outcome (AAICc = —13.13 for EF;
AAICc = —49.8 for immediate memory; AAICc = —63.97 for delayed
memory; AAICc = —48.67 for CDR-SB). Each model included a sig-
nificant p-tau217*age interaction (EF) or significant p-tau217* age?
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interaction (the remaining cognitive outcomes). Interaction effects
from Model 1 (best fitting) for each secondary cognitive outcome are
depicted in Figure 3B-E. Simple slopes differed significantly at age 60
and beyond for each cognitive outcome (see also Figure S7 and Table
S15). For additional details on the model output for Models 1-6 of each
cognitive outcome, refer to Tables S17-520.

4 | DISCUSSION

The discriminative accuracy of the ALZpath pTau217 assay, as recently
described by Ashton et al.3 using WRAP showed a high AUC of
0.93 against amyloid PET, and a similar AUC for tau PET at a higher
concentration cutoff. Comparable AUCs were reported in two other
older, more impaired cohorts, validating the robustness of p-tau217
as a biomarker.® In contemporary medical practice, securing a high-
confidence etiological diagnosis of AD increasingly depends on the
synergistic use of detailed clinical assessments and AD-specific
biomarkers. BBMs are particularly promising due to their potential for
non-invasive, cost-effective application in clinical settings beyond the
confines of specialized research studies and memory clinics. There is
significant ongoing research and investment in developing the “best”
blood-based AD biomarker. Like other fluid and imaging biomarkers,
existing blood-based measures are not perfect when used in isolation
and require contextual interpretation, which includes accounting for
sex differences, genetic factors, and health risk factors. Our study
contributes to this body of knowledge with a comprehensive analysis
of longitudinal plasma samples from predominantly CU participants.
Although most studies on plasma p-tau217 are cross-sectional, our
longitudinal approach is crucial for enhancing our understanding of
this biomarker’s characteristics. We provide insights into the use of
plasma p-tau217 for early detection and continuous monitoring of AD,
especially during its preclinical stages. Our goal in the present study
was to gain a greater understanding of longitudinal p-tau217 change
and of factors that might be related to such change, and to compare
the performance of this marker to several other plasma Simoa-
based markers of AD proteinopathy or its presumed downstream
effects.

There were several informative findings. Among unimpaired people
without PET evidence of AS, subtle age-related trajectories were seen
for all the BBMs, including p-tau217; intra-individual variability among
non-AD CU was clearly less for AB42/40 than the other markers,
whereas all the other assays showed relatively similar coefficients
of variation. In the larger sample including people who were A+ via
amyloid PET or CSF, the trends over time were pronounced and AD
disease related for p-tau217 and GFAP. The slope difference of p-
tau217 for the A+ versus the A- group was the largest. APOE-npscore
and amyloid status were strongly related to p-tau217 trajectories,
whereas potential confounding factors of BMI and estimated kidney
function and LIBRA index were not. These same confounding factors
were variously associated with mean levels or trends over time in the
other plasma markers. Furthermore, these findings were consistent

across various analyses, including those ignoring amyloid status

and exploratory analyses using a three-level PET amyloid status. As
we and other groups have observed with other p-tau217 markers,
baseline p-tau217 levels were strongly associated with cognitive
decline, indicating that individuals with higher plasma concentra-
tions of p-tau217 exhibited the greatest cognitive deterioration.
This research contributes significantly to the ongoing development
of blood-based AD biomarkers, providing crucial insights into their
application for early detection and monitoring of AD. We will continue
to discuss these novel findings and their broader impact in subsequent
sections.

4.1 | Aim 1: Longitudinal plasma trajectories in
amyloid-negative CU controls

The Aim 1 focus on A- CU was intended to elucidate and compare non-
disease sources of fluctuation. All the markers, including p-tau217,
showed a modest but significant age-related upward slope in this
presumed non-disease subset, although we cannot rule out that some
of this would have been disease related but not yet detectable at
the designated amyloid PET threshold. In fact, the APOE-npscore,
sex, and higher LIBRA index were associated with p-tau217 concen-
tration levels, although these were main effects that did not vary
with time and did not explain additional variance in change over
time beyond the base model involving age. It is important to note
that the BMI and kidney function components were each unrelated
to p-tau217 change in this non-disease subset, suggesting that the
plasma p-tau217 concentrations are valid within the ranges of BMI
and kidney function that were assessable in this relatively healthy
group.

In parallel analyses of other plasma biomarkers (AB42/40, p-tau181,
p-tau231, GFAP, NfL) in this group, no consistent significant inter-
actions were found between modifiable factors (LIBRA index, BMI,
kidney function) and age on biomarker levels, except for a single
interaction between kidney function and age on GFAP. These find-
ings suggest that AD analyte measurements are largely unaffected by
health and lifestyle factors in this group. This inference is of course lim-
ited to the variables and variance in this healthy, amyloid-negative, CU
control group.

Main effects were mixed: BMI correlated with lower A342/40 (AD-
like) but also lower GFAP (less disease-like). Higher chronic kidney
disease was linked to increased AB342/40, p-taul81, p-tau231, GFAP,
and NfL levels. A higher (less healthy) LIBRA index correlated with

higher p-tau181 levels but was stable over time.

4.2 | Aim 2: Longitudinal plasma trajectories in
samples with available amyloid PET or CSF

In Aim 2, we found that the trajectories of plasma p-tau217 differed
significantly based on amyloid status, which suggests distinct stages
in AD progression for amyloid-positive versus amyloid-negative indi-

viduals. Before adding amyloid status in the model, APOE modified
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the trajectories over time for p-tau217 and AB42/40; associate mean
levels of p-tau181, p-tau231, and GFAP; but no association with NfL.
For p-tau217, the simple slopes by APOE-npscore began to diverge
at around age 60. These results make sense because APOE genotype
is highly predictive of amyloid. Sex, BMI, kidney function, and LIBRA
index did not influence the p-tau217 longitudinal trajectories, which
further raises confidence that this assay will be useful across these fac-
tors. Consistent with prior reports, kidney disease impacted A342/40
trajectories.l”¢0 Adding amyloid status significantly improved the
model (AAICc = —158.52), with A+ status explaining most variance
in p-tau217 and altering GFAP trajectories. For p-tau217, simple
slopes differed significantly at age 60 and after for PET A+ versus
A-. After incorporating A+ status, APOE was associated only with p-
tau217 mean levels. Amyloid status associated with the mean levels of
AB42/40, p-taul81, and p-tau231. Plasma NfL was not associated with
amyloid status, which was consistent with a recent study,! although
others have shown that higher NfL levels are associated with PET

measurements of Ag plaque.®2

4.3 | Aim 3: Association with longitudinal cognitive
trajectories

In this study, we observed significant associations between various
plasma biomarkers and cognitive decline, with p-tau217 (ALZpath)
exhibiting the strongest correlations across all cognitive outcomes
over a median follow-up of 10 years. Across the initially unimpaired
sample, the cognitive trajectories of biomarker low, intermediate, and
high groupings began to diverge at around age 60. Previous stud-
ies have found that plasma p-tau217 with different assays predicted
cognitive decline in preclinical AD.13%3 [t is noteworthy that GFAP
accounted for variability in PACC3 in addition to plasma p-tau217. This
suggests that GFAP, which is a non-specific marker of neurodegen-
eration, may capture certain aspects of Alzheimer’s pathology down-
stream effect that p-tau217 alone does not, providing a more nuanced
understanding of biomarker dynamics in preclinical AD. Our findings
extend the current literature by demonstrating the early elevation of
GFAP levels, even before AB-PET positivity becomes apparent. This
aligns with recent studies suggesting GFAP’s potential in early dis-
ease detection,®4%5 but goes further by quantifying its impact across
multiple cognitive outcomes. This contrasts with Mattsson-Carlgren
et al.,®3 who did not observe added value for GFAP beyond p-tau217
in a cohort of older, AB-positive CU participants. The differences are
largely attributable to study design, as the present study included both
amyloid-positive and amyloid-negative participants and a wider age
range. Furthermore, our results highlight the potential of using a panel
of plasma biomarkers for the early detection and monitoring of AD. By
incorporating measures such as the AB42/40ratio, p-tau181, p-tau231,
and GFAP, we can achieve a more comprehensive assessment of dis-
ease progression. This approach is particularly critical in light of our
findings that higher p-tau217 levels correlate with accelerated cogni-
tive decline, thereby reinforcing the utility of p-tau217 as a powerful

predictor of preclinical AD progression.
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4.4 | Limitations and future directions

Study limitations include the following. WRAP is a volunteer cohort
with an over-sampling of participants with a parental history of AD and
is non-population-based; these factors limit the generalizability of our
findings. Furthermore, the sample overlaps with that in prior reports.3
As such, replication of this method in different cohorts is needed to
determine to what extent this approach is generalizable. Another lim-
itation is the potential for type | errors due to multiple comparisons,
which may inflate the likelihood of finding significant results by chance.
Given the high accuracy of plasma p-tau217 compared to tau PET, our
upcoming research will provide a comprehensive analysis of the rela-
tionship between plasma p-tau217 and tau PET. Future studies will
also assess the benefits of incorporating plasma p-tau217 into a trial
screening workflow to inform clinical trial design.

5 | CONCLUSIONS

Our findings demonstrate subtle but detectable age-related trajecto-
ries for all plasma markers including p-tau217 in the healthy control
sample. In the larger sample, the trends over time were pronounced
and AD disease related. APOE-npscores and amyloid PET status mod-
ified p-tau217 trajectories, whereas potential confounding factors of
BMI and kidney function did not. These same confounding factors
were associated with time changes in the other plasma markers. Sim-
ilarly, we demonstrated that people with higher plasma concentrations
of p-tau217 exhibited the greatest cognitive decline across multiple

cognitive outcomes.
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