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Abstract

INTRODUCTION:The timing of plasmabiomarker changes is notwell understood. The

goal of this study was to evaluate the temporal co-evolution of plasma and positron

emission tomography (PET) Alzheimer’s disease (AD) biomarkers.

METHODS: We included 1408 Mayo Clinic Study of Aging and Alzheimer’s Disease

Research Center participants. An accelerated failure time (AFT) model was fit with

amyloid beta (Aβ) PET, tau PET, plasma p-tau217, p-tau181, and glial fibrillary acidic

protein (GFAP) as endpoints.

RESULTS: Individual timing of plasma p-tau progression was strongly associated with

Aβ PET and GFAP progression. In the population, GFAP became abnormal first, then

Aβ PET, plasma p-tau, and tau PET temporal meta-regions of interest when applying

cut points based on young, cognitively unimpaired participants.

DISCUSSION: Plasma p-tau is a stronger indicator of a temporally linked response to

elevated brain Aβ than of tau pathology. While Aβ deposition and a rise in GFAP are

upstreamevents associatedwith tauphosphorylation, the temporal link betweenp-tau

and Aβ PETwas the strongest.
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Highlights

∙ Plasma p-tau progression wasmore strongly associated with Aβ than tau PET.
∙ Progression on plasma p-tau was associated with Aβ PET andGFAP progression.

∙ P-tau181 and p-tau217 become abnormal after Aβ PET and before tau PET.
∙ GFAP became abnormal first, before plasma p-tau and Aβ PET.
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1 BACKGROUND

PlasmaAlzheimer’s disease (AD) biomarkers have recently emerged as

amore feasible and less invasive biomarker compared to cerebrospinal

fluid (CSF) or positron emission tomography (PET) for evaluation of

AD-related changes, amyloid beta (Aβ) and tau aggregation.1–3 As

clinical trials and future clinical practice seek to incorporate plasma

biomarkers into screening, diagnosis, and staging, it is important

to understand the relationship between the timing of plasma AD

biomarker change and previously established in vivo metrics of CSF

and PET. Plasma phosphorylated tau (p-tau) is of particular interest as

it has been shown to perform well in differentiating AD clinical sever-

ity and correlates well with validated metrics of AD-related changes,

thoughwith variable performance based on the isoformaswell asmea-

surement platform and assay.4,5 For example, plasma p-tau has been

shown to increase with disease severity and predict cognitive decline

in AD6–11 as well as differentiate AD patients from those with cog-

nitive impairment secondary to other tauopathies.7,12 While plasma

p-tau181, 217, and 231 are associated with both Aβ and tau PET stan-

dardized uptake value ratio (SUVR) in cross-sectional analyses, studies

suggest that plasma p-tau is more closely associated with Aβ than tau

deposition and rises in response to Aβ deposition.9,13–15

Relatively little data exist on longitudinal changes of plasma p-tau

and, in particular, the relative associations of the timing of plasma and

PET biomarker progression. Plasma p-tau217 has been shown to be

associated with worsening cognition and brain atrophy in early AD

stages.16,17 Limited longitudinal modeling studies suggest that plasma

p-tau181 and p-tau217 become abnormal around the same time or

within several years after AβPET and precede changes in tau PET.18–20

While these studies provide information on the timing of change in the

population, they do not explain how plasma p-tau and PET biomarker

changes are related on the individual level. Both are of interest. Asso-

ciations of the timing of biomarker progression on the individual level

indicate how closely two biomarkers are temporally linked and may

inform disease mechanism. The relative timing of progression on the

population level will inform where in the disease process we may

detect plasma p-tau change to guide its appropriate implementation,

potentially in combination with other biomarkers.

One approach to modeling biomarker temporal evolution is that in

which each biomarker is assumed to progress along the same common

curve for all individuals.21,22 Multiple methods have been developed

to model these trajectories,20,23–27 and the approach our group has

employed is an accelerated failure time (AFT) or non-linear mixed-

effects model.28 The AFT model differs from other approaches in that

the primary result is the relative timing of biomarker progression on

the individual level, whereas others model population-level change.

Additionally, we estimate a unique temporal shift for each biomarker

per individual, whereas other methods estimate a single time offset

per individual that affects all biomarkers equally.27 Left-right temporal

shifts (individual adjustments) of the common curve for each individ-

ual and biomarker indicate how much earlier or later the individual

is estimated to progress on that biomarker relative to the population

mean. The association of individual adjustments between biomarkers

RESEARCH-IN-CONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (eg, PubMed) sources. While cross-

sectional relationships of plasma p-tau with Aβ and tau

PET have been described, the temporal co-evolution of

these biomarkers on the individual and population levels

is not well understood. In particular, these associations

have not been evaluated using methods like accelerated

failure time modeling that are designed to elucidate the

temporal ordering of events. Prior cross-sectional and

limited longitudinal studies of plasma p-tau and Aβ/tau
PET have been cited.

2. Interpretation: Our findings indicate that on the individ-

ual level, the timing of plasma p-tau progression is more

closely related to Aβ than tau PET. On the population

level, the relative timing of p-tau progression depends on

the chosen cut point, plasma analyte, and nature of the

population sampled.

3. Future directions: Future studies will include evaluation

of these temporal relationships using alternative plasma

p-tau assays and amore demographically diverse sample.

provides insight into howmuch variation in the timing of progression of

one biomarker can be accounted for by another; a greater association

implies a stronger temporal andmechanistic relationship.Anadditional

advantageof theAFTapproach is that cut points are not used in thepri-

marymodel fits. Aswithothermethods, theAFTapproachdoes require

the use of cut points to estimate the ordering that biomarkers become

abnormal on the population level.

The goal of this study was to describe the temporal evolution of

plasma p-tau181 and p-tau217 in relation to Aβ and tau PET on the

individual and population levels using an AFT model. Plasma glial fib-

rillary acidic protein (GFAP), a marker of astrocytic activation, is also

included in models, since, although it is not specific to AD, it is also

thought to rise in response to amyloidosis.29–32 Understanding the

relationship between the relative timing of plasma and PET biomarker

change on the individual and population levels will help inform dis-

ease mechanisms and appropriate integration of plasma biomarkers in

research, clinical trials, and clinical practice.

2 METHODS

2.1 Participants

This study included participants in the Mayo Clinic Study of Aging

(MCSA), a longitudinal population-based study of individuals residing

in Olmsted County, Minnesota, or in the Mayo Alzheimer’s Dis-

ease Research Center (ADRC) study, a longitudinal study of patients
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enrolled through the clinical practice. All participants were required to

have at least two visits with plasma measured on the same platform;

have at least one visit with PET (Aβ or tau) performed in 2009 or after;

and have sex, education, and apolipoprotein E (APOE) genotype avail-

able.MCSAparticipantswere required to be 50 years of age or older at

their earliest visit with PET imaging and have a diagnosis of cognitively

unimpaired (CU), mild cognitive impairment (MCI), or Alzheimer clini-

cal syndrome (AlzCS) dementia. ADRC study participants, all of whom

were cognitively impaired, were required to be 70 years of age or older

at their earliest visit with PET imaging and have a diagnosis of MCI or

AlzCS dementia at their most recent visit with either PET or plasma.

We recognize that the ADRC study referral cohort is not the same as

a population-based cohort. With the exclusion of the younger, poten-

tially early-onset AD cases from this study’s ADRC sample, it became

more representative of symptom onset in the general population. We

also excluded participants with Lewy body disease—MCI, dementia

with Lewy bodies (DLB), frontotemporal dementia (FTD), and REM

sleep behavior disorder (RBD). Clinical diagnoses were determined by

an expert panel based on established criteria.33–35

2.2 Standard protocol approvals, registrations,
and patient consents

The studywas approved by theMayo Clinic andOlmstedMedical Cen-

ter institutional review boards and was performed in accordance with

the ethical standards of theDeclarationofHelsinki and its later amend-

ments. All participants or a legally authorized representative provided

informedwritten consent.

2.3 Plasma processing and metrics

Plasma sampleswere collected after an overnight fast and centrifuged,

and 500 uL plasma was aliquoted into polypropylene tubes and stored

at −80◦C. Plasma ptau-181 and GFAP were measured using the

Simoa® Neurology 4-Plex E Advantage kit and run on a Quanterix

HD-X analyzer (Quanterix, Lexington, MA, USA). Plasma p-tau217was

measured using proprietary assays on the Meso Scale Diagnostics

(MSD) platform (Lilly Research Laboratories, Indianapolis, IN, USA).

See prior publications for additional details on plasma handling and

assays.14

The plasma metrics of greatest interest in this work were p-tau181

and p-tau217. GFAP, a non-specific marker of astrocytic activation,

was included given the interest in its proposed association with amy-

loidosis. Aβ42/40 and NfL were also measured with the 4-Plex but

not used in this study. This Aβ42/40 assay has been shown to have

suboptimal performance for differentiation of Aβ PET positive versus

negative,36 and the high level of noise in the measurement does not

make it amenable to longitudinalmodeling.NfL is a non-specificmarker

of neuronal injury that is highly associatedwith age and, therefore, also

of marginal value in this time shift analysis.

2.4 Aβ and tau PET

Aβ PET was performed with Pittsburgh compound B37 and tau PET

with [18F]flortaucipir (Avid Radiopharmaceuticals) on GE scanners

(modelsDiscovery 690XT,DiscoveryRX, andDiscoveryMI) or Siemens

scanners (BiographVision 600). Four 5-min frameswere acquired after

a 40-min uptake period for Aβ and 80-min uptake period for tau PET.

The frameswere averaged and processed using in-house pipelines38,39

using corresponding T1-weighted magnetic resonance imaging (MRI)

slices thatwere also acquired in these cohorts. TheAβPETmeta-region

of interest (ROI) was derived via the voxel number weighted average

of the median uptake in each of the prefrontal, orbitofrontal, pari-

etal, temporal, anterior, and posterior cingulate and precuneus regions

normalized to the cerebellar crus gray matter. The tau PET tempo-

ral meta-ROI was derived via the voxel number weighted average of

the median uptake in each of the amygdala, fusiform, middle/inferior

temporal, entorhinal, and parahippocampal regions normalized by the

cerebellar crus gray matter. Harmonization between the PET scan-

ners was performed by adjusting blurring parameters during the

recon, according to the method of Joshi et al.40 PET data were not

partial-volume corrected.

2.5 Primary model and individual adjustments

We implemented an AFT model,28 a type of joint non-linear mixed-

effects model. In this approach, we assumed that a given biomarker

progressed along a similar trajectory or common curve, which was

shifted left or right for each individual. The assumption of a hypo-

thetical common curve is an extension of prior work described by

Jack et al.21,22 and has been similarly implemented in other recently

described temporal modeling approaches.20,23,25,27

In this study, we extended prior AFT models to accommodate five

biomarker outcomes: Aβ PET meta-ROI, tau PET temporal meta-ROI,

plasma p-tau217, plasma p-tau181, and GFAP. Aβ and tau PET were

natural log-transformed to account for skewness. Sex, APOE ε4 carrier

status, and education were included as covariates. Given the known

earlier averageageof symptomonsetof participants in theADRCstudy

relative to the MCSA, an overall ADRC effect/shift was applied for all

biomarkers. The residual effect of referral for enrollment in the ADRC

study on the individual biomarkers was reported as a covariate, as

was done in prior work.28 We included both MCSA and ADRC partic-

ipants in a single model to include the full disease spectrum, given the

relatively low number of participants with dementia in theMCSA.

The model included a smooth progression function for each

biomarker (simplest possible non-linear function), regression coef-

ficients for each covariate and biomarker pair, and per-participant

age adjustments for each biomarker (individual-level adjustment).

The model output also included a correlation matrix of the ran-

dom effects or the correlation (R) of the individual-level adjustment

between biomarker pairs. See the Supplemental Methods and prior

publications28,41 for additional information on themodel fits.
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TABLE 1 Participant characteristics at most recent visit with PET or plasma, unless otherwise specified.

CU (N= 1009) MCI (N= 293) AlzCS dementia (N= 106) Total (N= 1408)

Age, years

Median (Q1, Q3) 76 (68, 83) 83 (78, 88) 79 (76, 85) 78 (71, 84)

Range 50 to 101 54 to 102 70 to 94 50 to 102

Female Sex 467 (46%) 124 (42%) 49 (46%) 640 (45%)

APOE ε4 carrier 262 (26%) 118 (40%) 68 (64%) 448 (32%)

Education, years

Median (Q1, Q3) 15 (13, 16) 13 (12, 16) 16 (12, 16) 14 (12, 16)

Range 6 to 20 0 to 21 8 to 25 0 to 25

Study

ADRC 0 (0%) 18 (6%) 77 (73%) 95 (7%)

MCSA 1009 (100%) 275 (94%) 29 (27%) 1313 (93%)

Total No. Aβ PET

0 0 (0%) 0 (0%) 0 (0%) 0 (0%)

1 201 (20%) 100 (34%) 22 (21%) 323 (23%)

2 347 (34%) 74 (25%) 32 (30%) 453 (32%)

≥3 461 (46%) 119 (41%) 52 (49%) 632 (45%)

Total No. tau PET

0 334 (33%) 162 (55%) 46 (43%) 542 (38%)

1 308 (31%) 39 (13%) 16 (15%) 363 (26%)

2 254 (25%) 38 (13%) 19 (18%) 311 (22%)

≥3 113 (11%) 54 (18%) 25 (24%) 192 (14%)

Total No. p-tau217

0 280 (28%) 87 (30%) 85 (80%) 452 (32%)

1 6 (1%) 1 (0%) 0 (0%) 7 (0%)

2 172 (17%) 76 (26%) 11 (10%) 259 (18%)

3 551 (55%) 129 (44%) 10 (9%) 690 (49%)

Total No. p-tau181

0 1 (0%) 1 (0%) 0 (0%) 2 (0%)

1 94 (9%) 21 (7%) 2 (2%) 117 (8%)

2 397 (39%) 103 (35%) 42 (40%) 542 (38%)

≥3 517 (51%) 168 (57%) 62 (58%) 747 (53%)

Total No. GFAP

0 0 (0%) 0 (0%) 0 (0%) 0 (0%)

1 94 (9%) 21 (7%) 2 (2%) 117 (8%)

2 395 (39%) 106 (36%) 42 (40%) 543 (39%)

≥3 520 (52%) 166 (57%) 62 (58%) 748 (53%)

Aβ PET, SUVR

Median (Q1, Q3) 1.4 (1.4, 1.7) 2.0 (1.5, 2.5) 2.6 (2.2, 2.8) 1.5 (1.4, 2.0)

Range 1.1 to 3.3 1.2 to 3.6 1.3 to 3.5 1.1 to 3.6

Tau PET, SUVR

Median (Q1, Q3) 1.2 (1.1, 1.3) 1.2 (1.2, 1.4) 1.9 (1.6, 2.1) 1.2 (1.2, 1.3)

Range 0.9 to 2.2 1.0 to 2.2 1.1 to 3.6 0.9 to 3.6

*P-tau 217, pg/ml

Median (Q1, Q3) 0.15 (0.12, 0.22) 0.31 (0.20, 0.50) 0.30 (0.16, 0.33) 0.17 (0.13, 0.26)

Range 0.02 to 1.28 0.09 to 1.20 0.10 to 0.74 0.02 to 1.28

(Continues)
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TABLE 1 (Continued)

CU (N= 1009) MCI (N= 293) AlzCS dementia (N= 106) Total (N= 1408)

P-tau 181, pg/ml

Median (Q1, Q3) 1.94 (1.45, 2.84) 2.92 (2.13, 4.25) 3.56 (2.80, 4.87) 2.23 (1.56, 3.37)

Range 0.32 to 18.92 0.46 to 13.44 1.13 to 11.22 0.32 to 18.92

GFAP, pg/ml

Median (Q1, Q3) 115 (76, 163) 175 (122, 244) 218 (151, 279) 134 (87, 195)

Range 24 to 848 41 to 661 56 to 666 24 to 848

Abbreviations: AlzCS, Alzheimer clinical syndrome; CU, cognitive unimpaired;MCI, mild cognitive impairment.

*p-tau217 available only inMCSA participants.

2.6 Cut-point determination and population-level
biomarker progression

We evaluated the relative timing of biomarker progression at the pop-

ulation level by applying cut points to the model output to estimate

the proportion of individuals with abnormal biomarker levels versus

age. Plasma analyte cut points are not well established and will vary

with assay and platform. Therefore, we generated cut points for all

biomarkers as two (lenient) and three (conservative) standard devia-

tions (SDs) above the mean in a group of 142 MCSA CU participants

aged 30 to 59 years who had all five biomarkers.We chose thismethod

of cut-point determination because it is less sensitive to the com-

position of a sample compared to other methods, such as mixture

models, and can be applied to all included biomarkers. Since there was

an ADRC referral effect on the relative timing of biomarker progres-

sion, the population-level analyses were performed using the MCSA

participants only.

2.7 Secondary analyses: regional Aβ and tau PET

Since regional PET measures may affect the observed association

of individual adjustments and timing of PET abnormality relative to

plasma p-tau, we ran two additional models, one with regional Aβ
PET in place of the meta-ROI and one with regional tau PET in

place of the temporal meta-ROI. Aβ PET topographic regions were

defined as A1 to A4 in accordance with the recommendations of Col-

lij et al.42,43: A1 (anterior, mid, and posterior cingulum, retrosplenial

cortex), A2 (superior, mid, medial, and inferior orbital frontal, olfac-

tory, paracentral lobule, precuneus, rectus), A3 (angular, cuneus, infe-

rior frontal operculum, inferior frontal triangularis, mid and superior

frontal,medial superior frontal, fusiform, insula, lingual, parahippocam-

pal, inferior parietal, precentral, supplementary motor, supramarginal,

inferior temporal), and A4 (entorhinal cortex, Heschl, inferior, mid,

and superior occipital, superior parietal, postcentral, superior and mid

temporal, superior and mid temporal pole). We used tau PET Braak

stages for regional tauPET: 1-2 (entorhinal cortex), 3-4 (parahippocam-

pal, fusiform, lingual, insula, inferior temporal, superior temporal pole,

middle temporal pole, middle temporal, posterior cingulate, retrosple-

nial cortex, anterior cingulate, and mid cingulate), and 5-6 (inferior

parietal, angular, middle orbitofrontal, inferior orbitofrontal, superior

orbitofrontal, medial orbitofrontal, rectus, olfactory, superior tempo-

ral, Heschl, inferior frontal operculum, inferior frontal triangularis,

supramarginal, superior occipital, middle occipital, inferior occipital,

precuneus, superior parietal, superior frontal, superior medial frontal,

supplemental motor area, middle frontal, paracentral lobule, postcen-

tral, precentral, calcarine, cuneus, and rolandic operculum).44 Using

the groupings described above, we created staging regions by taking

a voxel number weighted average of the median uptake across the

regions normalized to the median uptake in the cerebellar crus grey

matter. For the population-level analyses, we determined regional cut

points using the samemethod as that described earlier.

2.8 Secondary analysis: effect of GFAP level on
Aβ PET and plasma p-tau association

It has been proposed that astrocyte activation, as indicated by

increased plasma GFAP levels, plays a role in the association of Aβ
deposition and the phosphorylation of tau,45 so we performed a sec-

ondary analysis to evaluate the effects of early versus late Aβ PET and

plasma GFAP progression on the timing of plasma p-tau181, plasma p-

tau217, and tau PET progression. We compared the plasma p-tau181,

plasma p-tau217, and tau PET individual adjustments among four

groups: early Aβ PET and early plasma GFAP, early Aβ PET and late

plasma GFAP, late Aβ PET and early plasma GFAP, and late Aβ PET and

late plasma GFAP. Early was defined as individual adjustments > 0 and

late as individual adjustments< 0.

3 RESULTS

3.1 Participants

The study included 1408 MCSA and ADRC study participants with a

median (Q1,Q3) ageof 78 (71, 84) years, 640 (45%) female, 1009 (72%)

CU, 293 (21%) with MCI, and 106 (8%) with AlzCS (Table 1). Diag-

noses are provided for context, but the diagnosis was not included as a
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covariate in themodel. The number of serial Aβ PET scans ranged from
1 to 9; 32% of participants had two Aβ PET scans, and 45% had three

or more. Of the 1408 participants, 542 (38%) did not have a tau PET,

363 (26%) had one, and 503 (36%) had two or more. Most participants

(92%) had two or more plasma p-tau181 and GFAP measurements.

Plasmap-tau217wasavailable in956 (68%)of participants, all ofwhom

were from theMCSA.Of those participants, nearly all had two or three

plasma p-tau217measurements.

3.2 Model fits

The relationships of the biomarker values with age and adjusted age

(the participant’s estimated agewith respect to the biomarker of inter-

est based on both the covariate and random effects, that is, biological

age+ random effect) are shown in Figure 1 and Supplemental Figure 1.

The estimatedmean curves show that Aβ and tau PET have a relatively
sharp elbow beyond which SUVR rapidly increased. Plasma p-tau and

GFAP showed amore gradual increase with age.

3.3 Association of individual-level adjustments

Associations of the measured biomarker values are shown in Supple-

mental Figure 2 and associations of the individual-level adjustments

for each biomarker in Figure 2 and Table 2. The individual-level adjust-

ments of p-tau217 andAβPETweremost strongly associated,R= 0.70

(0.65, 0.75); if particular individuals were early with respect to a rise

in Aβ PET, they were also early with respect to a rise in p-tau217.

The individual adjustments of p-tau217 and p-tau181 were similarly

strongly associated, R = 0.64 (0.58, 0.69). However, plasma p-tau181

and Aβ PET individual level adjustments were less strongly associated,

R= 0.36 (0.29, 0.42).

The individual-level adjustments of plasma p-tauwith tau PET (tem-

poral meta-ROI) were modest and not as strong as the associations

with Aβ; R = 0.39 (0.31, 0.48) for p-tau217 and 0.25 (0.16, 0.33) for

p-tau181. As was seen in prior work, the Aβ and tau PET individual

adjustments were strongly associated, R= 0.50 (0.43, 0.55).

The GFAP and p-tau individual adjustments were strongly asso-

ciated, R = 0.51 (0.45, 0.57) for p-tau217 and 0.45 (0.39, 0.51) for

p-tau181. Timingof progressionofGFAPshowedmodest toweakasso-

ciation with Aβ and tau PET, R= 0.25 (0.19, 0.31) and 0.13 (0.05, 0.21),

respectively.

3.4 Covariate effects

Covariate effects are shown in Figure 3 and Supplemental Table 1. The

greatest covariate effect across all biomarkers was enrollment in the

ADRC, a known source of referral bias, which ranged from 8.1 (7.3, 9.0)

years for GFAP to 17.4 (15.0, 20.0) years for tau PET. Positive values

indicate earlier onset, so the ADRC effect is a much earlier/younger

onset of these abnormalities compared with the overall sample aver-

age. After the referral effect, the covariate effects were greatest for

APOE ε4 carriership with Aβ PET and p-tau217, 8.5 (7.2, 9.7) and 4.4

(1.8, 7.1) years, respectively. The APOE ε4 carriership effect was weak-
est forGFAP, 2.2 (1.0, 3.3) years. Therewere opposing effects of female

sex on p-tau181,−3.1(−4.6,−1.5) years, and GFAP, 3.4 (2.3, 4.4) years.

Notably, there was no effect of female sex on p-tau217, −0.1 (−1.5,

1.3). Education had essentially no effect on the timing of biomarker

progression.

3.5 Cut points and biomarker progression on
population level

The determined cut points are shown in Table 3. The estimated rela-

tive timing of progression of biomarkers using each of the lenient and

conservative cut points is shown in Figure 4. In this MCSA sample,

GFAP became abnormal first, followed by Aβ PET, plasma p-tau, and

then tau PET. Using both sets of cut points, plasma p-tau181 and p-

tau217 became abnormal after Aβ PET and before tau PET, though the
estimated number of years between biomarker abnormality differed.

Using the lenient cut points plasma p-tau became abnormal approxi-

mately 5 to 7 years after Aβ PET and about 6 to 8 years before tau PET
(Supplemental Table 2). Using the conservative cut points the time lag

between Aβ PET, p-tau, and tau abnormality were each prolonged by a

few years (Figure 4 and Supplemental Table 3).

Note these curves represent averages in the population. The time

between biomarker abnormality may differ for certain subgroups, for

example, by covariate effects. For example, APOE ε4 carriership differ-

entially affects each of the biomarkers – shifts Aβ PET to the left on

average 8.6 years and p-tau181 4.4 years. Therefore, in APOE ε4 carri-

ers, the average time between Aβ and p-tau181 positivity will be about
4 years greater than the population average.

3.6 Regional Aβ and tau PET

The individual adjustments were highly correlated among the tau PET

Braak regions (Supplemental Figure 3 and Supplemental Table 4). The

associations of tau PET Braak region individual adjustments with Aβ
PET and plasma p-tau were strongest for Braak 1-2, then 3-4, and

5-6: 0.47 (0.42, 0.52), 0.41 (0.35, 0.45), and 0.35 (0.30, 0.40) for Aβ
PET, respectively. On the population level, Braak 1-2 become abnor-

mal before or near the same time as plasma p-tau217 and p-tau181

(Figure 4C-D). Braak 3-4 became abnormal near the same time or just

after p-tau181, and Braak 5-6 trailed by, on average, about 5 years.

Covariate effects showed similar trends to those in the primarymodel;

the APOE ε4 carrier and referral effects were greatest on Braak 1-2

(Supplemental Table 5).

There was essentially no difference in association of individual

adjustments or timing of biomarker abnormality for theAβPET regions
(Supplemental Figures 4 and 5, Supplemental Table 6). Covariate

effects showed similar trends to those in the primary model, and there

was minimal difference in the covariate effects on each of the Aβ PET
regions (Supplemental Table 7).
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F IGURE 1 Relationships of PET and plasma biomarkers with age from an AFTmodel for a subset of participants. Individual trajectories of Aβ
PET SUVR, tau PET SUVR, p-tau217 (pg/ml), p-tau181 (pg/ml), and GFAP (pg/ml) versus age (A, C, E, G, I) and adjusted age (B, D, F, H, J). The
adjusted age is the participant’s estimated agewith respect to the biomarker of interest based on both the covariate and random effects. The red
curves indicate a hypothetical common curve; we assumed all individuals followed this trajectory of biomarker progression with the curve shifted
left or right based on the random effects and covariate effects.
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F IGURE 2 Relationships of individual adjustments between Aβ PET (meta-ROI), tau PET (temporal meta-ROI), p-tau217 (MSD, Lilly), p-tau181
(Quanterix, Simoa), and GFAP (Quanterix, Simoa). An 80% ellipse is includedwith a perfect circle indicating no relationship between adjustments.
The percent variation explained (square of correlation×100) between individual-level adjustments is given in the upper left. The x- and y-axes are
flipped for the individual adjustments. A higher positive value or earlier onset relative to the populationmean is shown to the left of the x-axis and
bottom of the y-axis. Each dot represents one participant, and the number of participants included in each comparison varies by data availability:
Aβ versus tau PET, n= 866; Aβ versus p-tau217, n= 955; Aβ versus p-tau181, n= 1405; Aβ versus GFAP, n= 1408; tau PET versus p-tau217,
n= 548; tau PET versus p-tau181, n= 863; p-tau217 versus p-tau181, n= 953; p-tau217 versus GFAP, n= 955; p-tau181 versus GFAP, n= 1405.

TABLE 2 Correlation coefficient, R (95% credible interval), between individual-level adjustments.

Tau PET P-tau217 P-tau181 GFAP

Aβ PET 0.50 (0.43, 0.55) 0.70 (0.65, 0.75) 0.36 (0.29, 0.42) 0.25 (0.19, 0.31)

Tau PET 0.39 (0.31, 0.48) 0.25 (0.16, 0.33) 0.13 (0.05, 0.21)

P-tau217 0.64 (0.58, 0.69) 0.51 (0.45, 0.57)

P-tau181 0.45 (0.39, 0.51)

3.7 Effect of GFAP level on association of Aβ PET
and plasma p-tau

Figure 5 shows plasma p-tau181, plasma p-tau217, and tau PET indi-

vidual adjustments grouped by early versus late progression onAβPET
and GFAP. For plasma p-tau181, individuals who were early on either

Aβ PET or plasma GFAP were estimated to progress slightly earlier

than those who were late on both. Those who progressed the earliest

on plasma p-tau181 were early on both Aβ PET and GFAP. For plasma

p-tau217, there was a stepwise acceleration of biomarker progression

for thosewhowere early onGFAP only, early on Aβ PET only, and early
on both. For tau PET, the timing of progression depended on Aβ timing

only; GFAP timing had no appreciable effect.

4 DISCUSSION

In this work we evaluated the temporal co-evolution of plasma p-

tau217, p-tau181, GFAP, Aβ PET, and tau PET on the individual and



COGSWELL ET AL. 1233

Education 1 year

Education 1 year

Education 1 year

Education 1 year

Education 1 year

APOE

APOE

APOE

APOE

APOE

F IGURE 3 Estimated covariate effects with 95% credible interval. As in Figure 2, the x-axis is flipped; a higher positive value or earlier onset
relative to the populationmean is shown to the left. For example, referral (to the ADRC) is associated withmuch earlier/younger onset of
biomarker progression comparedwith the overall sample average.

TABLE 3 Biomarker cutpoints determined via mean of young (age
30-59 years) cognitively unimpairedMCSA participants plus two
(lenient) and three (conservative) standard deviations (SD).

+2 SD +3 SD

Aβ PET (SUVR) 1.45 1.53

Tau PET (SUVR) 1.29 1.37

P-tau217 (pg/ml) 0.21 0.25

P-tau181 (pg/ml) 2.76 3.42

GFAP (pg/ml) 93 114

population levels. The primary findings were as follows. On the indi-

vidual level, the timing of plasma p-tau217 and p-tau181 progression

was more highly associated with Aβ than tau PET, and the associa-

tions with PET were stronger for p-tau217 than p-tau181. The timing

of plasma p-tau progression was also strongly associated with the tim-

ing of GFAP progression. On the population level, plasma p-tau181 and

p-tau217were estimated to progress after Aβ PET and before tau PET
meta-ROIs with the implemented cut points.

The stronger association of individual-level adjustments of p-

tau217 and p-tau181 with Aβ PET than tau PET meta-ROIs supports

the hypothesis that phosphorylation of tau is more closely linked

temporally with Aβ than tau deposition. These findings provide fur-

ther support to results of cross-sectional studies demonstrating a

higher association of plasma p-tau217 and p-tau181 with Aβ than

tau PET.13–15,46 An explanation for this phenomenon has been that

tau phosphorylation at specific residues and secretions are neuronal

responses to Aβ plaques.47

The higher associations of p-tau217 than p-tau181 with Aβ and tau
PET could reflect a closer mechanistic relationship of the p-tau217

isoform with Aβ and tau deposition, less measurement noise in the

p-tau217 than p-tau181 measurement, differences related to plat-

form/antibody, or all of these. Prior cross-sectional analyses have

similarly shown that, regardless of assay, p-tau217 is a better predic-

tor of Aβ status than p-tau181, and the Quanterix Simoa p-tau181

was not one of the top performing p-tau181 assays in a head-to-

head comparison.5 Although different p-tau measurement platforms

and antibodiesmay affect biomarker performance, similar trends were

observed for the analytes used in this study. Therefore, we anticipate

other p-tau181 and 217 assays to show similar associations with PET

as those described here.

In the population-level analyses, we estimated the percentage of

individuals with abnormal biomarkers versus age using cut points of 2

SD and 3 SD above the mean of young CU participants. The Aβ PET,
tau PET, and p-tau217 cut points closely corresponded to previously

published cut points.38,46,48 The p-tau181 cut points spanned a larger

range than the other biomarkers, though they cover a similar range to a
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F IGURE 4 By year of age, predicted proportion ofMCSA participants having abnormal biomarker levels using (A, C) 2SD and (B, D) 3SD above
themean of young normal (YN) participants, cognitively unimpaired participants aged 30 to 59 years, as cut points for the primarymodel (A, B) and
model using the tau PET Braak regions in place of the temporal meta-ROI (C, D).

prior study.11 Using these cut points, Aβ PETwas estimated to become

abnormal on average13or 19 years before tauPET in theMCSA,which

is similar to the Aβ to tau delay of 13 years in prior work.28

Plasma p-tau217 and p-tau181 were estimated to become abnor-

mal approximately 5 to 7 years after AβPET and 6 to 9 years before the
tau PET temporal meta-ROI using lenient/conservative cut points. The

timing of p-tau abnormality relative to PET corresponds to prior work

that also showed that plasma p-tau217 became abnormal between Aβ
and tau PET in early AD18 and that the time from Aβ PET to p-tau

abnormality was about 5 to 10 years.19 The relative timing at which

p-tau181 and p-tau217 became abnormal in this study corresponds to

prior work in CSF, which showed p-tau181 and 217 becoming abnor-

mal around the same time49 or, for p-tau217 to become abnormal

slightly before p-tau181.50 The temporal ordering of Aβ PET < plasma

p-tau< tauPET supports the potential utility of soluble p-taumeasures

in disease staging. Rises in soluble p-tau, indicative of pathologic tau

processing, occur before tau aggregation in the brain can be detected

in the tau PET temporal meta-ROI.

The secondary analysis using the tau PET Braak stages supports

their use in disease staging aswell, as demonstrated in priorwork.51–54
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F IGURE 5 Effect of GFAP on temporal association of Aβ PETwith plasma p-tau and tau PET. Box plots of plasma p-tau181 (A), plasma
p-tau217 (B), and tau PET (C) individual adjustments by combinations of early (individual adjustment> 0) versus late (individual adjustments< 0)
progression of Aβ PET and plasmaGFAP. These groups correspond to quadrants in plots of the associations of individual adjustments (Figure 2).

Abnormal tau PET SUVR in the Braak 1-2 region (entorhinal cortex)

was detected prior to or at the same time as plasma p-tau abnormality

and Braak 3-4 within 1 to 2 years after plasma p-tau181 abnormal-

ity. The individual associations also support the idea that Braak 1-2

tau progression is the region with the strongest temporal link with Aβ
deposition and rise in plasma p-tau. Regional Aβ PET did not provide

any additional temporal information – all regions were closely associ-

ated on the individual level and on average became abnormal at the

same time in the population.

GFAP was included in the models as a marker of astrocytic activa-

tion,whichhasbeen showntobe related toADaswell asotherpatholo-

gies. When an individual progressed on GFAP was strongly associated

with plasma p-tau181 and 217 progression but only weakly associated

with the timing of Aβ and tau PET progression. In the population-

level analyses, GFAP was estimated to be the first biomarker to

become abnormal. Based on priorwork showing that plasmaGFAPwas

associated with Aβ deposition,29–31,55 we had anticipated a stronger

temporal association of these biomarkers on the individual level. The

weak associations of GFAP and Aβ PET progression may be due to the

presence of other pathologies56–58 accounting for a component of the

observed increases in GFAP in our cohort. As shown in prior work,45

Figure5demonstrates thatGFAP rise appears to play a role in the asso-

ciation of Aβ deposition and plasma p-tau progression. However, the

associations of Aβ and p-tau217 show a more graded response in this

work – individuals who progressed earlier on Aβ PET also progressed

earlier on plasma p-tau; this effectwas accentuated by, but not entirely

dependent on, early progressiononGFAP.Additionally, individualswho

progressed early on GFAP but not Aβ PET progressed on average ear-

lier on p-tau than those who were late on both, suggesting that GFAP

and Aβ deposition may be associated with the phosphorylation of tau

in part via independent mechanisms. In contrast, the timing of pro-

gression of tau deposition in the brain (tau PET) was only associated

with the timing ofAβprogression;GFAPhadno appreciable effect. Fur-
ther work is needed to better understand the interactions of astrocyte

activation and AD pathology in the brain.

The greatest covariate effect was referral bias attendant to being

recruited to enroll in the ADRC. The ADRC sample represents a highly

selected group with a substantial tertiary clinical referral bias. The

ADRC patients progressed earlier on all biomarkers than the average

MCSA participant, and this referral effect was greatest on tau PET,

as seen in prior AFT models.28 After the referral effect, the covariate

effects were strongest for APOE ε4 genotype on Aβ PET and p-tau217,

which further supports mechanistic relationship between p-tau217

and amyloidosis. The APOE ε4 carrier effect was lowest on GFAP, as

anticipated, given its lack of specificity for Aβ deposition and AD-

related changes. A small sex effect was seen for some biomarkers:

female sex was associated with earlier progression on Aβ PET and

GFAP, later progression on p-tau181, but had essentially no effect on

p-tau217. The variability in sex effects is of unclear etiology and should

be further evaluated in future studies. Education serves as a con-

trol; we do not anticipate level of education to affect the mechanistic

associations or underlying biology.

Longitudinal modeling of biomarker change has been performed via

multiple approaches.24,25,28 A primary advantage of the AFT model

is that it addresses all biomarkers in a single unified fit. This allows

estimation of the interrelation between biomarkers (information on

individual-level change). Because biomarkers are fit simultaneously,

a participant with at least two measures (eg, one PET and one

plasma) will provide some information regarding the relative timing of

biomarker progression and could be included in the model. However,
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participants with serial data, and in particular thosewho progress, pro-

vide the most information toward model fits. The requirement for at

least two plasma measurements was implemented in our cohort given

the large number of participants with serial data.

As in other longitudinal modeling approaches, cut points must be

applied to determine the order in which biomarkers become abnor-

mal in the population, and the relative timing of biomarker change is

dependent on those chosen cut points, regardless of the approach. The

dependence of the relative timing of biomarker change on the chosen

cut point was highlighted using two sets of cut points. The choice of

cut points is of particular importance for plasma biomarkers, as they

may vary not only bymeasurement technique but also with population

given the effects of medical comorbidities.46

There are limitations to this study. We assumed all participants

progressed along the same curve for a given biomarker, which was

supported by our data and similarly assumed in other modeling

approaches.23 If at some point sufficient longitudinal data were avail-

able to detect different trajectories of change within a biomarker, this

would be of interest. The cohort was predominantly white; we plan to

obtain data to study the temporal co-evolution of these biomarkers in

a more diverse sample in future work. However, the population-based

nature of the MCSA is a strength; people must be randomly selected

from the local population to participate, which is much different from

most studies that have a self-referral bias. By definition, a population-

based sample must reflect the demographics of the geographic area

fromwhich the population is derived, which in this case is southeastern

Minnesota. Another potential limitation relates to the sensitivity lim-

its of biomarkers tomild levels of neuropathology. AβPET is insensitive
to plaque burden that falls below moderate to severe.59 The sensitiv-

ity of GFAP to astrocytic activation is unknown. It is possible that the

earlier appearance of GFAP versus Aβ PET in these analyses could be

due to effects of plaque burden on GFAP that fall below the detection

threshold of Aβ PET.
In conclusion, we applied an AFTmodel to evaluate the relative tim-

ing of plasma and PET AD biomarker progression on the individual and

population levels. On the individual level, the timing of progression of

plasma p-tauwasmore strongly associatedwith Aβ than tau PET. P-tau
and GFAP progression were also strongly associated. On the popula-

tion level, the relative timing of when biomarkers become abnormal

depends on the definition of abnormal, independent of the modeling

approach. Using the chosen cut points, plasma p-tau was estimated to

become abnormal after Aβ PET and before tau PET in the temporal

meta-ROI. The individual- and population-level findings support phos-

phorylation of tau as a downstream effect of both amyloidosis and

astrocyte activation andplasmap-tau as a stronger indicator ofAβ than
tau pathology.
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