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Clinical trials with anti-tau drugs will need to target individuals at risk of accumulating tau. Our objective was to identify variables

available in a research setting that predict future rates of tau PET accumulation separately among individuals who were either cog-

nitively unimpaired or cognitively impaired. All 337 participants had: a baseline study visit with MRI, amyloid PET, and tau PET

exams, at least one follow-up tau PET exam; and met clinical criteria for membership in one of two clinical diagnostic groups: cog-

nitively unimpaired (n = 203); or cognitively impaired (n = 134, a combined group of participants with either mild cognitive impair-

ment or dementia with Alzheimer’s clinical syndrome). Our primary analyses were in these two clinical groups; however, we also

evaluated subgroups dividing the unimpaired group by normal/abnormal amyloid PET and the impaired group by clinical pheno-

type (mild cognitive impairment, amnestic dementia, and non-amnestic dementia). Linear mixed effects models were used to esti-

mate associations between age, sex, education, APOE genotype, amyloid and tau PET standardized uptake value ratio (SUVR),

cognitive performance, cortical thickness, and white matter hyperintensity volume at baseline, and the rate of subsequent tau PET

accumulation. Log-transformed tau PET SUVR was used as the response and rates were summarized as annual per cent change. A

temporal lobe tau PET meta-region of interest was used. In the cognitively unimpaired group, only higher baseline amyloid PET

was a significant independent predictor of higher tau accumulation rates (P50.001). Higher rates of tau accumulation were asso-

ciated with faster rates of cognitive decline in the cognitively unimpaired subgroup with abnormal amyloid PET (P = 0.03), but

among the subgroup with normal amyloid PET. In the cognitively impaired group, younger age (P = 0.02), higher baseline amyloid

PET (P = 0.05), APOE e4 (P = 0.05), and better cognitive performance (P = 0.05) were significant independent predictors of higher

tau accumulation rates. Among impaired individuals, faster cognitive decline was associated with faster rates of tau accumulation

(P = 0.01). While we examined many possible predictor variables, our results indicate that screening of unimpaired individuals for

potential inclusion in anti-tau trials may be straightforward because the only independent predictor of high tau rates was amyloid-

osis. In cognitively impaired individuals, imaging and clinical variables consistent with early onset Alzheimer’s disease phenotype

were associated with higher rates of tau PET accumulation suggesting this may be a highly advantageous group in which to con-

duct proof-of-concept clinical trials that target tau-related mechanisms. The nature of the dementia phenotype (amnestic versus

non-amnestic) did not affect this conclusion.
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Introduction
Alzheimer’s disease is defined by the presence of two protei-

nopathies: amyloid-b and 3R/4R tau inclusions (Hyman

et al., 2012). Recent disease modifying Alzheimer’s thera-

peutic trials have targeted amyloid. Many of these trials

have enrolled participants who have either preclinical or

early Alzheimer’s disease (Sperling et al., 2014; Sevigny

et al., 2016; Klein et al., 2019). Eligibility screening is a

multi-step process. Participants are initially screened to de-

termine eligibility based on clinical characteristics (i.e. this

would happen before any biomarker testing). If clinical crite-

ria are met, potential participants then undergo biomarker

testing to determine that they are in the biological

Alzheimer’s continuum which in recent trials has required

an abnormal amyloid PET scan or CSF test (Cummings

et al., 2019b). The early Alzheimer’s group may include indi-

viduals who meet clinical criteria for mild cognitive impair-

ment (MCI) or mild dementia and in addition have

abnormal biomarkers (Sevigny et al., 2016; Cummings

et al., 2019b; Klein et al., 2019). Currently validated tests

for amyloidosis are either expensive (PET) or invasive

(CSF). To increase efficiency by limiting the pool of potential

participants who undergo biomarker screening, investigators

have sought to identify less expensive and invasive

variables (e.g. cognitive testing, genetics, MRI, etc.) to pre-

dict which clinically screened participants are likely to have

abnormal amyloid levels (Mielke et al., 2012; Tosun et al.,

2016).

While most disease modifying trials to date have targeted

amyloid, abundant neuropathological and imaging evidence

suggests that tau is the proteinopathy more closely associ-

ated, both temporally and topographically, with neurode-

generation and cognitive impairment among individuals in

the Alzheimer’s continuum (Arriagada et al., 1992; Gomez-

Isla et al., 1997; Bennett et al., 2004; Nelson et al., 2012;

Brier et al., 2016; Cho et al., 2016b; Johnson et al., 2016;

Ossenkoppele et al., 2016, 2019b; Bejanin et al., 2017;

Pontecorvo et al., 2017; Xia et al., 2017; Gordon et al.,

2018; Hanseeuw et al., 2019; Jack et al., 2019b; La Joie

et al., 2020). Thus tau has emerged as an attractive thera-

peutic target (Cummings et al., 2019a; Jadhav et al., 2019;

Long and Holtzman, 2019).

PET imaging measures at a single point in time reflect life-

long accumulation of pathology (i.e. pathological load),

while measures of the rate of change on serial scans indicate

current biological activity. Therefore, identifying variables

that predict which individuals are likely to have higher rates

of tau PET accumulation would be valuable in designing

anti-tau clinical trials.

Our objective was to identify variables that are available

in a research setting that are predictive of future rates of tau

PET accumulation. To be consistent with design of some re-

cent trials, we identified predictors of tau accumulation rates

separately in cognitively unimpaired and in cognitively

impaired individuals. The latter group was composed of

individuals who met clinical criteria for either MCI or mild

dementia. While recent disease-modifying Alzheimer’s trials

have required evidence of amyloidosis for enrolment, this re-

quirement was not imposed on the two clinical groups in the

primary analyses for this study because amyloid is an obvi-

ous candidate variable for predicting tau accumulation rates.

However, we also performed the analyses in five clinical sub-

groups: (i) unimpaired participants with normal amyloid

PET; (ii) unimpaired participants with abnormal amyloid

PET; (iii) MCI; (iv) individuals with an amnestic dementia

phenotype; and (v) individuals with a non-amnestic demen-

tia phenotype.

Material and methods

Enrolment and clinical
characterization

This study was approved by the Mayo Clinic and Olmsted

Medical Center Institutional Review Boards. Written

informed consent was obtained from all participants or, in

the case of subjects with cognitive impairment sufficient to

interfere with capacity, from a legally authorized

representative.

All individuals in this study were enrolled in one of the

three longitudinal cohort studies at Mayo Clinic that include

serial tau PET scanning: (i) The Mayo Clinic Study of Aging

(MCSA), which is a longitudinal population-based study of

cognitive aging among a stratified random sample of a geo-

graphically defined population (Olmsted County,

Minnesota, USA) (Roberts et al., 2008; St Sauver et al.,

2012); (ii) The Alzheimer’s Disease Research Center

(ADRC), which is a longitudinal research study of individu-

als recruited from the Mayo Clinic neurology practice; and

(iii) a neurodegenerative research group (NRG), which
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recruits participants from the Mayo Clinic neurology prac-

tice (Sintini et al., 2019).

For inclusion in the current study, an individual must have

been a participant in one of these three observational

cohorts, had a study visit with MRI, amyloid PET, and tau

PET exams, had at least one follow-up visit with an MRI

and tau PET exam, and have met criteria for membership in

one of two primary clinical groups at the first visit with tau

PET. One primary clinical group was cognitively unim-

paired, which was defined as having neither MCI nor de-

mentia. The second primary clinical group was cognitively

impaired. The cognitively impaired individuals met criteria

for mild dementia [Clinical Dementia Rating (CDR) 5 2

(Morris, 1993)] with Alzheimer’s clinical syndrome (Jack

et al., 2018a) or MCI (Petersen, 2004). Alzheimer’s clinical

syndrome participants with dementia included individuals

with a classic amnestic phenotype who would meet clinical

criteria for clinically defined probable Alzheimer’s disease

(McKhann et al., 2011), as well as established non-amnestic

Alzheimer’s phenotypes (i.e. language, visuospatial, and dys-

executive) (Gorno-Tempini et al., 2011; Crutch et al., 2017;

Townley et al., 2020). Clinical diagnoses were made blinded

to PET results in the MCSA; however, this was not always

the case for participants from the ADRC or NRG.

Participants from all three cohorts underwent CDR

(Morris, 1993) and Short Test of Mental Status (STMS)

(Kokmen et al., 1991) or Montreal Cognitive Assessment

(MoCA) (Nasreddine et al., 2005) testing. MoCA total

scores were used if available; STMS total score was mapped

to MoCA total score otherwise (Townley et al., 2019).

MCSA participants also underwent formal psychometric

testing which included the Wechsler Memory Scale-Revised

(WMS-R) Logical Memory-II (delayed recall), WMS-R

Visual Reproduction-II (delayed recall), and Auditory Verbal

Learning Test (delayed recall). A memory domain z-score

was calculated as the mean of these three component tests

(Jack et al., 2019a).

Imaging

Amyloid PET imaging was performed with Pittsburgh com-

pound B (Klunk et al., 2004) and tau PET with

flortaucipir(Xia et al., 2013). The PET data processing pipe-

line was described in detail in previous work (Schwarz et al.,

2019). Amyloid and tau PET standardized uptake value

ratios (SUVRs) were calculated by dividing the voxel-num-

ber weighted average of median uptake across a set of

regions of interest by uptake in the cerebellar crus grey mat-

ter (Jack et al., 2017). The amyloid PET meta-region of

interest included the prefrontal, orbitofrontal, parietal, tem-

poral, anterior and posterior cingulate, and the precuneus

(Jack et al., 2017). We used a cut-off point of SUVR 5 1.48

(Centiloid 22; Klunk et al., 2015) to denote abnormal amyl-

oid PET scans (Jack et al., 2017). A tau PET temporal meta-

region of interest was used in this analysis which included

the amygdala, entorhinal cortex, fusiform, parahippocampal,

and inferior temporal and middle temporal gyri (Jack et al.,

2017) (Supplementary Fig. 1). PET data were not partial

volume corrected in the primary analyses; however, we per-

formed a sensitivity analysis with partial volume correction

using the two-compartment Meltzer method (Meltzer et al.,

1999) as described in Schwarz et al. (2019).

MRI was performed at 3 T. An Alzheimer’s disease com-

posite cortical thickness meta-region of interest defined as

the surface area weighted average of mean thickness across

the entorhinal cortex, fusiform, inferior temporal and middle

temporal gyri was derived using FreeSurfer (v5.3) (Schwarz

et al., 2016; Jack et al., 2017). Global cerebral white matter

hyperintensity volumes were measured from FLAIR images

using a semi-automated segmentation algorithm (Graff-

Radford et al., 2019) and were scaled by total intracranial

volume.

Statistical analysis

Our primary analyses of predictors of longitudinal change in

tau were performed separately in the two primary clinical

groups, cognitively unimpaired and impaired. Separate sub-

group analyses were also performed in which the unim-

paired group was divided into those who had normal

amyloid PET (A–) and those with abnormal amyloid PET

(A + ). Subgroup analyses in the impaired group included

only MCI, only amnestic dementia, and only non-amnestic

dementia.

For descriptive figures, we computed the annual per cent

change in tau PET within each individual via a least squares

fit with log-transformed tau PET SUVR as the outcome. To

summarize the mean slopes by age in these figures, we used

overlapping age bins, which is a well-established graphical

method often referred to as ‘shingling’ (Cleveland, 1993).

This has been found to aid visual perception of any patterns

in the data, but is not used in the underlying models.

To assess predictors of tau accumulation rates, we fit lin-

ear mixed effects models with tau PET SUVR as the re-

sponse and included the following predictor variables as

terms at baseline that could affect the rate of change in tau

PET (i.e. time � covariate product terms): age, sex, educa-

tion, APOE genotype, cognitive test performance, amyloid

PET SUVR, cortical thickness, white matter hyperintensity

as a fraction of total intracranial volume, and tau PET

SUVR. Time was defined as the number of years since a par-

ticipant’s first tau PET study. Since any difference between

participants in their initial tau PET SUVR, or predictors

thereof, was not the focus, the model included a random

slope effect for each person and an unconstrained

person-specific intercept. Amyloid and tau PET SUVR meas-

urements have an approximately constant coefficient of vari-

ation across their range which implies that models of

log-transformed tau PET and/or log-transformed amyloid

PET will be statistically most efficient in regression, i.e. have

an approximately constant standard deviation (SD) across

the range. Therefore, amyloid PET, tau PET, and WHM as

a percentage of total intracranial volume were log-trans-

formed. Models were fit separately within cognitively
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unimpaired and cognitively impaired groups and within the

five subgroups described above. Differences in effect sizes

among any of the three cognitively impaired subgroups were

tested using two degree of freedom joint Wald tests on a

model including all time � covariate � subgroup interac-

tions. Differences in effect sizes between two specific sub-

groups (e.g. cognitively unimpaired A + versus A– or

amnestic versus non-amnestic dementia) were directly tested

using estimates and standard errors from their respective

models. Residual plots and plots of fitted versus observed

data were inspected to evaluate model adequacy.

The generic interpretation of the coefficients for time �
covariate product terms included in our models would be

that b represents the difference in the mean annual per cent

change in tau PET for a 1-unit difference in the predictor X.

However, since a 1-unit difference is not necessarily mean-

ingful (or standardized) given the scales of our predictors,

we report effects for clinically meaningful contrasts. We

show effect sizes for a 20% increase in baseline amyloid or

tau PET, a 0.2 mm decrease in cortical thickness, and a

0.5% versus 1.5% comparison for white matter hyperinten-

sity volume as a percentage of total intracranial volume. We

used a 10-year increase for age and a 4-year decrease in

years of education. Choosing the contrasts in this way facili-

tates comparing the size of the coefficients even though the

actual scales of these predictor variables are not the same.

We used a memory domain composite z-score as the

cognitive performance predictor in the cognitively unim-

paired group and used the calculated MoCA total score in

the cognitively impaired groups. By using separate tests we

avoided floor and ceiling effects in the two different clinic-

al groups.

Finally, we computed the annual change in cognitive per-

formance within each individual via a least squares fit with

memory z-score or calculated MoCA as the outcome and

summarized the association between the contemporaneous

rate of change in cognitive performance and the rate of

change in tau PET using Spearman rank correlations separ-

ately in the unimpaired and impaired groups.

All analyses were done using the R language and environ-

ment for statistical computing version 3.6.2 with mixed

models fit using the nlme package version 3.1-145.

Data availability

The data that support the findings of this study are available

from the corresponding author, upon reasonable request.

Results

Study participants

There were 337 individuals who met inclusion criteria for

this study. Of these, 203 were cognitively unimpaired and

all were participants in the MCSA by design (Table 1).

Seventy (34%) cognitively unimpaired participants had

abnormal amyloid PET studies. The cognitively impaired

participants (n = 134) were distributed across the three co-

hort studies. Seventy-one (53%) participants in the impaired

group had a diagnosis of MCI and 63 (47%) a diagnosis of

dementia with Alzheimer’s clinical syndrome. Syndromic

diagnoses within the Alzheimer’s clinical syndrome group

were amnestic in 24 individuals, visuospatial in 16, aphasic

in 15, and dysexecutive in eight (Gorno-Tempini et al.,

2011; Wolk et al., 2012; Crutch et al., 2017; Townley et al.,

2020). Amyloid PET scans were abnormal at baseline in 44

(62%) of MCI participants and in all 24 amnestic dementia

and all 39 non-amnestic dementia participants

(Supplementary Table 1).

While comparison of the cognitively unimpaired and cog-

nitively impaired clinical groups was not an objective of this

study, as would be expected at baseline the impaired group

had a greater proportion of APOE e4 carriers, worse cogni-

tive performance, greater amyloid and tau PET load,

reduced cortical thickness, greater white matter hyperinten-

sity, and a higher rate of tau accumulation. Most individuals

in both clinical groups had only two tau PET scans (87% of

cognitively unimpaired, 65% of cognitively impaired).

However, 13% of cognitively unimpaired individuals had

three tau PET scans and among cognitively impaired, 28%

had three tau PET scans and 7% had four tau PET scans.

The median interval from baseline to last tau PET scan was

2.4 years in the cognitively unimpaired and 1.3 years in the

cognitively impaired group.

Primary analyses: cognitively

unimpaired and impaired groups

Descriptive data: tau PET trajectories by age

Tau PET participant trajectories are illustrated in Fig. 1A

showing the 337 individuals by age, colour-coded by cogni-

tively unimpaired and cognitively impaired groups. Group-

wise tau accumulation rates by interval are shown in

Fig. 1B. We use overlapping age intervals as a smoothing

technique to reduce random variation. Most cognitively un-

impaired individuals had low baseline tau PET SUVR values

and flat trajectories over time; however, there were small

increases in mean baseline SUVR and rate of tau PET accu-

mulation with age. Rates of accumulation averaged 0.4% ±

1.9% per year in the unimpaired group and 2.5% ± 3.9%

in the impaired group with considerable overlap between the

groups (Fig. 1C). However, a pronounced age effect was

present in the impaired group where both baseline tau PET

SUVR and the rate of accumulation were less in older com-

pared to younger individuals (Fig. 1A and B).

Prediction of tau PETaccumulation rates

In the unimpaired group, only higher baseline amyloid PET

was a significant independent predictor of higher tau accu-

mulation rates (P5 0.001) such that a 20% increase in

amyloid SUVR was associated with a 0.5% faster annual
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rate of tau accumulation (95% CI: 0.2%–0.8%) (Fig. 2 and

Supplementary Table 2).

In the impaired group, individuals who were 10 years

younger had a 1.0% faster annual rate of tau accumulation

(95% CI: 0.2%–1.8%; P = 0.02). APOE e4 carriers had

1.2% faster annual rate of tau accumulation on average

(95% CI: 0.0%–2.3%; P = 0.05). A 5-point higher MoCA

score was associated with a 0.6% faster annual rate of tau

accumulation (95% CI: 0.0%–1.2%; P = 0.05). A 20%

higher amyloid PET SUVR value was associated with a

0.5% faster annual increase in tau (95% CI: 0.0%–1.0%;

P = 0.05). A 20% higher baseline tau PET SUVR was associ-

ated with a 0.4% faster annual increase in tau (95% CI: –

0.2% to 1%). This effect size was similar to that of amyloid

PET but with a wider confidence interval it did not meet

statistical significance (P = 0.22). Female sex (P = 0.19) and

four fewer years of education (P = 0.09) were not statistically

significant, but had effect sizes of 0.8% faster and 0.7%

faster annual rates of tau accumulation.

Partial volume correction had no appreciable effect on the

estimates reported above for either clinical group

(Supplementary Fig. 2).

Secondary analyses: clinical
subgroups

Descriptive data for clinical subgroup analyses: tau

PET trajectories by age

Tau PET participant trajectories are illustrated in Fig. 3A

showing the 337 individuals by age, colour-coded by clinical

subgroup. Rates of accumulation averaged 0.1% ± 1.7%

per year in A– cognitively unimpaired, 1.0% ± 2.0% per

year in A + cognitively unimpaired, 1.2% ± 2.6% per year

in MCI, 4.2% ± 3.6% per year in amnestic dementia, and

3.9% ± 5.1% per year in non-amnestic dementia partici-

pants (Fig. 3B).

Prediction of rates of tau PETaccumulation

Subgroup analyses are challenging and can invite misinter-

pretations such as assuming a difference in significance cor-

responds to a meaningful difference in the clinical subgroups

(Gelman and Stern, 2006). Nevertheless, with a cautious in-

terpretation the estimates can be informative and address im-

portant questions. Among both A– and A + cognitively

unimpaired individuals, higher amyloid PET was a

Table 1 Participant characteristics by primary clinical group

Characteristic Cognitively unimpaired n = 203 Cognitively impaired n = 134

Cohort, n (%)

Mayo Clinic Study of Aging 203 (100) 37 (28)

Mayo Alzheimer’s Disease Research Center 0 (0) 73 (54)

Mayo Neurodegenerative Research Group 0 (0) 24 (18)

Clinical diagnosis, n (%)

Cognitively unimpaired 203 (100) 0 (0)

MCI 0 (0) 71 (53)

Dementia with Alzheimer’s clinical syndrome 0 (0) 63 (47)

Age, years

Median (IQR) 70 (63, 79) 71 (64, 78)

Min, Max 52, 94 52, 94

Male sex, n (%) 110 (54) 74 (55)

Education, years, median (IQR) 16 (13, 16) 16 (13, 17)

APOE e4, n (%) 67 (33) 66 (49)

Clinical Dementia Rating Scale-Sum of Boxes, median (IQR) 0 (0, 0) 2 (1, 3)

Montreal Cognitive Assessment, median (IQR) 26 (24, 27) 20 (17, 23)

Memory z-score, median (IQR) 0.6 (–0.2, 1.3) –

Amyloid PET SUVR

Median (IQR) 1.40 (1.34, 1.56) 2.25 (1.60, 2.59)

Abnormala, n (%) 70 (34) 107 (80)

Tau PET SUVR, median (IQR) 1.19 (1.13, 1.24) 1.50 (1.21, 2.00)

Cortical thickness, mm, median (IQR) 2.71 (2.61, 2.80) 2.54 (2.40, 2.65)

White matter hyperintensity, % of TIV, median (IQR) 0.58 (0.29, 1.16) 0.79 (0.49, 1.39)

Total tau PET scans, n (%)

2 177 (87) 87 (65)

3 26 (13) 37 (28)

4 0 (0) 10 (7)

Tau PET scan interval (first to last), years

Median (IQR) 2.4 (1.3, 2.6) 1.3 (1.1, 2.1)

Min, Max 1.0, 4.0 0.8, 4.1

aAbnormal amyloid PETwas defined as SUVR 5 1.48 (centiloid 5 22).
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significant independent predictor of tau accumulation rates

(Fig. 4 and Supplementary Table 3). For A– individuals, a

20% increase in amyloid PET SUVR was associated with a

1.2% faster annual increase in tau (95% CI: 0.2%–2.2%;

P = 0.02). For A + individuals the effect size was less at

0.5% (95% CI: 0.1%–1.0%; P = 0.03) although not signifi-

cantly different (P = 0.22). There was a difference in the sex

association between A + and A– subgroups (P = 0.02)

whereby among A + individuals, females increased at an an-

nual rate that was 1.2% faster than males (95% CI: 0.1%–

2.2%). In contrast, among A– individuals this sex differen-

tial was absent (estimate: –0.2%; 95% CI: –0.7% to 0.4%).

Because of small sample sizes, there was more uncertainty

in the effect size estimates for the cognitively impaired syn-

dromic subgroups. In general, the pattern of associations

seen among the subgroups was similar to those seen in

Figure 1 Tau PET trajectories by age and primary clinical group. (A) Tau PET trajectories within each individual over age (time) col-

oured by cognitive status: cognitively unimpaired (CU) or cognitively impaired (CI). (B) Mean tau PET trajectory by age within each diagnosis

group. Mean baseline tau PET SUVR and annual per cent change in tau PETwere calculated within age groups of 50–65, 60–75, 70–85, and 80–95.

Overlapping age groups were used to reduce noise and number of individuals in each age and cognitive group are shown at the bottom of the fig-

ure. Mean ± SD annual per cent change for each age and cognitive group are shown at the top. (C) Distribution of annual per cent change in tau

PET by clinical diagnosis with mean ± SD annual per cent change for each cognitive group at the top. Box plots indicate median and interquartile

range (IQR) of the distributions with whiskers extending from the quartiles to the farthest point within 1.5 times the IQR.
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the overall cognitively impaired group (Fig. 4 and

Supplementary Table 3). When testing differences in covari-

ate effects on the rate of tau accumulation across MCI,

amnestic dementia, and non-amnestic dementia subgroups,

we found differences only for sex (P = 0.01) and cognition

(P5 0.001) but these results were driven by differences in

the MCI subgroup relative to the dementia subgroups. We

observed no clear differences in effect sizes between the

amnestic and non-amnestic dementia subgroups.

Cognitive trajectories

Higher rates of tau accumulation were not associated with

faster rates of decline on the memory composite in the cogni-

tively unimpaired group as a whole (r = –0.05, P = 0.51;

Fig 5). However, in the A + cognitively unimpaired sub-

group faster decline on memory performance was associated

with faster rates of tau accumulation (r = –0.26, P = 0.03).

Among impaired individuals, faster decline on MoCA was

associated with faster rates of tau accumulation (r = –0.21,

P = 0.01).

Discussion
While recent disease-modifying trials have mostly targeted

amyloid-b (Cummings et al., 2019b), interventions in indi-

viduals on the Alzheimer’s continuum that seek to slow or

arrest the rate of accumulation of tau are increasingly recog-

nized as a rational therapeutic strategy (Jack et al., 2018b;

McDade and Bateman, 2018; Ossenkoppele et al., 2018;

Cummings et al., 2019a; Jadhav et al., 2019; Leuzy et al.,

2019; Long and Holtzman, 2019). Approaches may include

therapies to inhibit tau aggregation, seeding, and spreading,

to stabilize micro tubules, to inhibit abnormal tau phosphor-

ylation, to enhance clearance, or to reduce tau expression

(Cummings et al., 2019a; Jadhav et al., 2019; Long and

Holtzman, 2019). Enrolling individuals with higher expected

rates of tau accumulation translates into greater statistical

power over the limited timeframe of a trial aimed at thera-

peutic reduction in the rate of tau accumulation. Thus varia-

bles that independently predict high tau accumulation rates

would be useful to create effective screening and enrolment

criteria.

Among all cognitively unimpaired individuals, only higher

baseline amyloid SUVR was a significant independent pre-

dictor of higher tau accumulation rates (Fig. 2 and

Supplementary Table 2). This association was anticipated

based on prior cross-sectional studies demonstrating that

greater amyloid load is associated with greater tau load

cross-sectionally (Johnson et al., 2016; Pontecorvo et al.,

2017; Lowe et al., 2018; Ossenkoppele et al., 2018; Jack

et al., 2019b; Koscik et al., 2019; Sperling et al., 2019).

Harrison et al. (2019) reported no difference in tau accumu-

lation rates between amyloid PET positive versus negative

Figure 2 Multivariable associations with annual per cent change in tau PET among cognitively unimpaired and cognitively

impaired. The estimated mean (95%) difference in annual per cent change in tau PET from a linear mixed effects model fit separately within

each group is shown for specified differences in predictors. For cognition, the difference in annual per cent change in tau PET is shown for a 1.5

unit decrease in memory z-score among cognitively unimpaired individuals and for a 5-point decrease in the MoCA for cognitively impaired

individuals.
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healthy older adults. Our findings differ and this may be due

to several factors including differing sample sizes and cohort

characteristics.

Based on prior cross-sectional and longitudinal literature

we expected that higher baseline tau PET, worse baseline cog-

nitive performance, older age, APOE e4, greater white matter

hyperintensity, and lower cortical thickness might independ-

ently predict higher tau accumulation rates in unimpaired

individuals (Lim et al., 2014; Cho et al., 2016a, 2019; Scholl

et al., 2016; Donohue et al., 2017; Maass et al., 2017;

Mishra et al., 2017; Mormino et al., 2017; Chiotis et al.,

2018; Gordon et al., 2019; Knopman et al., 2019;

Pontecorvo et al., 2019). The fact that these were not inde-

pendent predictors in this analysis (Fig. 2 and Supplementary

Table 2) is likely explained by their shared variance with

beta-amyloidosis, which has been demonstrated previously

(Becker et al., 2011; Fleisher et al., 2013; Sperling et al.,

2013; Villemagne et al., 2013; Jansen et al., 2015, 2018;

Mattsson et al., 2015; Burnham et al., 2016; Knopman et al.,

2019).

Figure 3 Tau PET trajectories by age and clinical subgroups. The cognitively unimpaired (CU) individuals are split by normal/abnormal

amyloid PET (A–/A+ ) and the cognitively impaired individuals are split by clinical syndrome: MCI, amnestic dementia, and non-amnestic dementia.

(A) Tau PET trajectories within each individual over age (time) coloured by subgroup. (B) The distribution of annual per cent change in tau PET

by subgroup with mean ± SD annual per cent change for each subgroup at the top. Box plots indicate median and IQR of the distributions with

whiskers extending from the quartiles to the farthest point within 1.5 times the IQR.
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The fact that of the variables examined, only higher base-

line amyloid PET SUVR was a significant independent pre-

dictor of tau accumulation rates suggests that a

straightforward screening approach to identifying cognitively

unimpaired persons who are more likely to have high tau ac-

cumulation rates might be possible in that only one variable

needs to be screened. An obvious challenge though is that

amyloid PET is expensive and the CSF analogue, CSF amyl-

oid-b42, requires an invasive procedure. However, if plasma

amyloid-b assays (Ovod et al., 2017; Nakamura et al.,
2018) are shown to reliably indicate amyloidosis then our

data suggest that a blood test alone could be effective for

Figure 4 Multivariable associations with annual per cent change in tau PETamong cognitively unimpaired (CU) and cognitive-

ly impaired (CI) subgroups. The cognitively unimpaired individuals were split by normal/abnormal amyloid PET (A–/A+ ) and the cognitively

impaired individuals were split by clinical syndrome: MCI, amnestic dementia, and non-amnestic dementia. The estimated mean (95%) difference

in annual per cent change in tau PET from a linear mixed effects model fit separately within each group is shown for specified differences in pre-

dictors. For cognition, the difference in annual per cent change in tau PET is shown for a 1.5 unit decrease in memory z-score among cognitively

unimpaired subgroups and for a 5-point decrease in the MoCA for cognitively impaired subgroups. Note that because of the wide confidence

intervals in the cognitively unimpaired subgroups, the x-axis ranges for the cognitively unimpaired and cognitively impaired panels are different.
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screening for inclusion in trials seeking to reduce tau accu-

mulation rates among cognitively unimpaired individuals.

More recently plasma phosphorylated tau assays have been

shown to correlate well with tau PET in vivo (Mielke et al.,

2018; Barthelemy et al., 2020; Karikari et al., 2020;

Thijssen et al., 2020) and with Alzheimer’s disease path-

ology at autopsy (Thijssen et al., 2020). These studies sug-

gest, but do not prove, that plasma measures could be

prognostic of tau accumulation rates. Longitudinal studies

are needed to evaluate this possibility.

As was true in the unimpaired group as a whole, baseline

amyloid PET was a significant independent predictor of tau

accumulation rates in both the A + and A– cognitively unim-

paired subgroups. In addition, female sex was also an inde-

pendent predictor of tau accumulation rates in only the A +

cognitively unimpaired subgroup. The literature on the rela-

tionship between sex and risk of incident dementia usually

with an Alzheimer’s clinical syndrome phenotype is compli-

cated (Brookmeyer et al., 2011; Fiest et al., 2016). Some

studies indicate greater risk for females (Andersen et al.,

1999) but others do not (Edland et al., 2002), and sex-asso-

ciated risk is age dependent in some studies (Andersen et al.,

1999; Fiest et al., 2016). Furthermore, a sex � APOE e4

interaction has been reported with female APOE e4 carriers

being at higher risk of dementia (Farrer et al., 1997;

Altmann et al., 2014) and an age dependence in sex-specific

risk associated with APOE e4 has also been reported (Neu

et al., 2017). We found a difference in the sex effect on rates

of tau accumulation between A + and A– cognitively unim-

paired individuals which is consistent with the literature

indicating greater risk in females.

Among all cognitively impaired individuals, younger age,

APOE e4, better cognitive performance, and higher baseline

amyloid PET were significant predictors of higher tau accu-

mulation rates (Fig. 2 and Supplementary Table 2). This set

of variables is characteristic of early onset Alzheimer’s dis-

ease (Koss et al., 1996; Ho et al., 2002; Cho et al., 2017;

Scholl et al., 2017; Ossenkoppele et al., 2019a). While our

main focus was on tau rates, Fig. 1 also demonstrates that

the highest baseline tau levels were found in younger

impaired individuals. Very high cross-sectional tau PET

SUVR values are characteristic of early onset Alzheimer’s

disease (Cho et al., 2017; Scholl et al., 2017; Ossenkoppele

et al., 2019a). This set of predictors of high tau

Figure 5 Scatter plots of annual change in cognition versus annual change in tau PETamong cognitively unimpaired (CU) and

cognitively impaired individuals. Points are coloured by normal/abnormal amyloid PET (A–/A+ ) within the cognitively unimpaired group and

by clinical syndrome (MCI, amnestic dementia, and non-amnestic dementia) in the cognitively impaired group. Spearman correlation coefficients

and P-values are shown at the top of each plot. Memory z-score was used for the cognition measure in the cognitively impaired group and the

MoCA was used in the cognitively impaired group.
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accumulation rates coupled with generally lower burden of

non-Alzheimer’s disease pathologies at younger age (Nelson

et al., 2011) leads to the conclusion that early onset

Alzheimer’s disease might be a highly advantageous group

in which to conduct clinical trials that examine the feasibility

of targeting tau-related mechanisms. This is particularly the

case for proof-of-concept trials seeking to establish evidence

of target engagement.

The observation that younger age was associated with

higher rates of tau accumulation in the impaired group as a

whole (Fig. 2 and Supplementary Table 2) is consistent with

the longitudinal tau PET study of Pontecorvo et al. (2019).

It is also conceptually consistent with clinical observations

that younger onset Alzheimer’s disease has a faster, more ag-

gressive clinical course (Koss et al., 1996; Cho et al., 2017;

Ossenkoppele et al., 2019a; La Joie et al., 2020). The rate of

tau accumulation among the oldest impaired individuals (i.e.

over 80) in our study was quite low (Fig. 1B). There are sev-

eral possible explanations for this ‘inverse’ age effect. First,

the cognitively impaired cohort is based on a referral sample

of symptomatic individuals and older impaired participants

do not indicate the future course for symptomatic individu-

als who enter the study at a younger age. Most of the

impaired individuals over 80 years of age in this study had

MCI; therefore, those with less severe clinical disease were

oldest. Second, Alzheimer’s disease is a less dominate patho-

logic substrate of dementia among the very old (whose im-

pairment is more likely due to a combination of pathologies)

compared with younger ages (Nelson et al., 2011; Kawas

et al., 2015). A final potential explanation is simply selection

bias. Individuals who have highly aggressive Alzheimer’s dis-

ease either do not survive to old age or if they do survive are

too impaired to participate in longitudinal observational

studies because of the combination of an aggressive

Alzheimer’s disease phenotype plus non-Alzheimer’s brain

pathologies common in old age (Nelson et al., 2011; Kawas

et al., 2015; Wisse et al., 2015; Nelson et al., 2019). All

these factors are relevant to the design of anti-tau clinical tri-

als in impaired individuals.

The fact that better cognitive performance at baseline pre-

dicted higher tau accumulation rates in the impaired group

as a whole (Fig. 2 and Supplementary Table 2) may seem

counter-intuitive, but older individuals are much more likely

than younger subjects to have comorbid brain pathologies in

addition to Alzheimer’s disease (Nelson et al., 2011; Wisse

et al., 2015; Botha et al., 2018a, b; Nelson et al., 2019) as

well as less cognitive reserve (Scholl et al., 2017). This could

explain better cognitive performance in younger impaired

individuals despite higher tau accumulation rates.

Based on prior longitudinal flortaucipir studies (Jack et al.,

2018b; Cho et al., 2019; Pontecorvo et al., 2019; Sintini

et al., 2019; Franzmeier et al., 2020) we expected that both

baseline tau and amyloid PET would be independent predic-

tors of tau accumulation rates in the impaired group as a

whole. While the point estimates of effect sizes of these vari-

ables were very similar, only amyloid-b was significant

(Fig. 2 and Supplementary Table 2). Tau is closely linked

with beta-amyloidosis; with rare exceptions high baseline

neocortical tau is only seen in the presence of high amyloid

(Johnson et al., 2016; Pontecorvo et al., 2017; Lowe et al.,

2018; Ossenkoppele et al., 2018; Jack et al., 2019b; Koscik

et al., 2019; Sperling et al., 2019). The predictive effects of

both baseline amyloid and baseline tau for tau accumulation

rates were likely attenuated by their shared variance in the

model. As a cautionary note, these results should not be

interpreted as offering support for the notion that baseline

amyloid was a better or stronger predictor than baseline tau

in the impaired group since the effect sizes for these two

PET measures were similar.

Our ability to detect subgroup differences among impaired

individuals was limited by small sample sizes, particularly in

the two dementia subgroups (Fig. 4 and Supplementary

Table 3). With that limitation in mind, it was interesting

that we found no significant differences in effect sizes be-

tween the amnestic and non-amnestic dementia subgroups.

Thus despite different clinical phenotypic presentations, rela-

tionships between tau accumulation rates and many underly-

ing biological features (age, sex, APOE, cognitive

performance) were similar in these dementia subgroups.

There were differences in the relationships between predictor

variables and tau accumulation rates in MCI versus the two

dementia subgroups. Female sex was associated with higher

rates of tau accumulation in the two dementia subgroups

but not among MCI. In addition, higher/worse MoCA

scores were associated with greater rates of tau accumula-

tion among MCI but with lower rates of tau accumulation

among the dementia subgroups. Possible explanations for

these differences between the MCI and the dementia sub-

groups include: the MCI group had a less severe clinical

presentation, lower rates of tau accumulation, and 38% had

normal amyloid levels indicating that they were not in the

Alzheimer’s disease pathway. In addition, half the MCI

group was from the MCSA (a population-based cohort)

whereas most dementia participants were enrolled from the

clinical practice (with the associated referral biases).

A strong motivating factor underlying the growing interest

in anti-tau interventions (Cummings et al., 2019a; Jadhav

et al., 2019; Long and Holtzman, 2019) is abundant evi-

dence suggesting that tau (rather than amyloid-b) is the pro-

teinopathy more closely associated with cognitive

impairment among individuals in the Alzheimer’s continuum

(Arriagada et al., 1992; Gomez-Isla et al., 1997; Bennett

et al., 2004; Nelson et al., 2012; Brier et al., 2016; Cho

et al., 2016b; Johnson et al., 2016; Ossenkoppele et al.,

2016, 2019b; Bejanin et al., 2017; Pontecorvo et al., 2017;

Xia et al., 2017; Gordon et al., 2018; Hanseeuw et al.,
2019; Jack et al., 2019b; La Joie et al., 2020). We therefore

assessed the correlation between change in cognitive per-

formance and contemporaneous tau accumulation rates.

This analysis was done separately for the unimpaired versus

the impaired group. Floor/ceiling effects differ for these two

groups; therefore, we used a memory composite as the cog-

nitive test in the unimpaired group and the MoCA in the

impaired group. Higher rates of tau accumulation were
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associated with faster rates of decline on MoCA in the

impaired group, but were not associated with rates of mem-

ory decline in the unimpaired group as a whole (Fig. 5). The

null finding in the unimpaired group as a whole is likely due

to the fact that cognitively unimpaired individuals exhibit lit-

tle change in memory performance over relatively short

intervals and that a majority of the unimpaired group were

A– and had little change in tau PET. Among A + cognitively

unimpaired individuals, higher rates of tau accumulation

were associated with faster rates of decline on memory z-

score.

A limitation of this study was that the cognitively impaired

sample was composed from one population-based cohort

and two referral-based clinic cohorts. Consequently, the

study sample as a whole does not represent a cohesive group

of individuals that was identified by a common mechanism.

An advantage of this approach though is that the study sam-

ple includes the full spectrum of participants that are found

in different types of research studies. Another limitation is

that participants included in this study from the two clinical

cohorts (the ADRC and NRG) came from samples that are

biased by referral practices.
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