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ARTICLE INFO ABSTRACT

Keywords: Objective: Estimate the time-course of the spread of key pathological markers and the onset of cognitive dysfunc-

Alzheimer’s disease tion in Alzheimer’s disease.

p-amyloid

Tau PET Methods: In a cohort of 335 older adults, ranging in cognitive functioning, we estimated the time of initial changes

Cognition of Ap, tau, and decreases in cognition with respect to the time of Ap-positivity.
Results: Small effect sizes of change in CSF Ap42 and regional Ap PET were estimated to occur several decades
before Ap-positivity. Increases in CSF tau occurred 7-8 years before Ap-positivity. Temporoparietal tau PET
showed increases 4-5 years before Ap-positivity. Subtle cognitive dysfunction was observed 4-6 years before
Ap-positivity.
Conclusions:: Increases in tau and cognitive dysfunction occur years before commonly used thresholds for Ap-
positivity. Explicit estimates of the time for these events provide a clearer picture of the time-course of the amyloid
cascade and identify potential windows for specific treatments.

Introduction years to clinical onset has been used to estimate the time-course of dif-

Disconcerting clinical trial results for the treatment of Alzheimer’s
disease (AD) have led to a shift toward earlier intervention, focus-
ing on the early clinical or presymptomatic phases, when biomarkers
are needed to identify the disease. The amyloid cascade (Hardy and
Selkoe, 2002) is thought to start with elevated levels of two key amyloids
in the brain, f-amyloid (Ap) and tau, and end with severe cognitive and
functional impairment (Jack et al., 2010). Growing evidence suggests
that an early sign that the cascade has begun is change in cerebrospinal
fluid (CSF) Ap, potentially detectable prior to significant Af deposi-
tion in the brain as measured by positron emission tomography (PET)
(Palmqpvist et al., 2016). This accumulation of A has been suggested to
be followed by increases in CSF tau and the spread of tau pathology be-
yond the temporal lobe (Braak and Braak, 1991; Scholl et al., 2016). The
build-up and spread of these two brain pathologies is paralleled by grad-
ual cognitive and functional decline (Zetterberg and Mattsson, 2014).

Previous neuropathological and biomarker data suggest that the
overall time-course of AD is several decades (Li et al.,, 2017;
Villemagne et al., 2013). In autosomal dominant AD, the estimated

ferent biomarkers in AD (Bateman et al., 2012). However, the time-
course of the spread of Af and tau and the onset of clinical symp-
toms in sporadic AD is unknown. With repeated measures of A over
time, the level and rate of change with respect to the key initiating
AD pathology may offer a measure of disease progression in sporadic
AD. The duration of amyloid positivity (chronicity) has been shown
to be associated with increased tau pathology and faster cognitive de-
cline and valuable in explaining heterogeneity in early disease pro-
gression (Koscik et al., 2020). With level and change information, the
time from the threshold for significant Af pathology can be estimated
within individuals, providing the temporal disease progression infor-
mation important for evaluating biomarker trajectories. Without longi-
tudinal information, cross-sectional studies frequently categorize sub-
jects into two groups — those below a threshold for significant pathol-
ogy and those above, where subjects just below the threshold who will
cross over within months are considered pathologically equivalent to
subjects who will not cross over for decades. By incorporating longi-
tudinal information, disease progression with respect to Ap pathology
can be represented to reflect its continuous nature, resulting in a more
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powerful way to model the relationship between Af and downstream
processes.

The aims of this study were to demonstrate the utility and predictive
ability of the time-from-Ap-positivity (TFAf+) formulation and to eval-
uate the relationships between TFAS+ and downstream biomarker and
cognitive responses in order to estimate the time of the earliest signs
of progression in sporadic AD. Using serial !8F-florbetapir (Af) PET
measurements, rates of change of Ap were estimated and used to cal-
culate the time-from-threshold for each subject. These subject-specific
estimates of the proximity to the threshold for Ap-positivity (Af+) were
then used to model the trajectories and temporal ordering of other key
markers in AD including CSF Ap42, regional A PET, several measures
of tau including CSF phosphorylated (P-tau) and total tau (T-tau), re-
gional 18F-flortaucipir (AV-1451) tau PET, and cognition. Estimates of
the time and ordering of these pathophysiological changes may facil-
itate the design of future prevention trials and identify a window for
early treatment.

Materials and methods
Standard protocol approvals, registrations, and patient consents

This study was approved by the Institutional Review Boards of all
of the participating institutions. Informed written consent was obtained
from all participants at each site.

Data availability

All data is publicly available (http://adni.loni.usc.edu/). R code is
available on Github.

Participants

Data were obtained from the Alzheimer’s Disease Neuroimaging Ini-
tiative (ADNI) database (http://adni.loni.usc.edu/, www.adni-info.org)
on 1/21/2020. An initial analysis was done on ADNI participants with
available A PET data (in N = 962 Ap- cognitively unimpaired (CU-),
Ap+ cognitively unimpaired (CU+), Ap+ MCI and Af+ AD), to facilitate
the estimation of TFAS+, though not all 962 were included in the anal-
ysis of the main outcomes. Participants were classified as cognitively
unimpaired if they had an MMSE score of 24-30, CDR score of 0, no
memory complaint, and a Logical Memory II subscale of the Wechsler
Memory Scale-Revised score > 9 for 16 years of education, > 5 for 8-
15 years of education, and > 3 for 0-7 years of education. Participants
were classified as MCI if they had an MMSE score of 24-30, a CDR score
of 0.5 as well as a memory box score of 0.5, and a Logical Memory II
score < 8 for 16 years of education, < 4 for 8-15 years of education,
and < 2 for 0-7 years of education. Subjects were classified as having
AD dementia if they had a memory complaint, met the same criteria for
Logical Memory as the MCI group, had a CDR score of 0.5 or 1, and
met the National Institute of Neurological and Communicative Disor-
ders and Stroke-Alzheimer’s Disease and Related Disorders Association
criteria for probable AD. The population in the primary analyses of PET
and cognitive outcomes only included ADNI participants with available
measurements of A and tau PET and cognition. Of these, all cognitively
unimpaired (CU- and CU+), prodromal AD (Af+ MCI) and Ap+ AD de-
mentia participants were included in the analysis, where Ap-positivity
was defined using a previously established threshold (Standardized Up-
take Value Ratio, SUVR = 1.10) (Joshi et al., 2012). Ap- MCI (N = 224,
including Ap- CU to MCI progressors) and A- “AD dementia” subjects
(N = 51, including Ag- MCI to AD dementia progressors; we consider
these to be misdiagnosed, because we assume AD requires Af+) were
not included in the main analysis given our aim to model head to head
comparisons of initial biomarker and cognitive changes of individuals
on the AD continuum and not other diseases. In order to estimate the
time of emerging cognitive decline associated with increasing Ap, those
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with cognitive impairment, but low levels of Ag were excluded. MCI and
AD participants were considered Ag- if their SUVR remained below the
threshold at all scans during follow-up. Visualizations of their biomarker
data are included for comparison in Figs. 2-4 (see Figure legends). Ad-
ditional description is included in the statistical analysis section.

Cerebrospinal fluid biomarker concentrations

Cerebrospinal fluid (CSF) samples were collected at baseline by lum-
bar puncture in a subsample (N = 185). CSF Ap42, total tau (T-tau)
and phosphorylated tau (P-tau) were measured by an xXMAP assay (IN-
NOBIA AlzBio3, Ghent, Belgium, Fujirebio), as described previously
(Olsson et al., 2005; Shaw et al., 2009).

PET imaging

Methods to acquire and process Af (18F-florbetapir) PET image data
were described previously (Jagust et al., 2015; Landau et al., 2012).
Briefly, florbetapir image data were acquired 50-70 min postinjection,
and images were averaged, spatially aligned, interpolated to a standard
voxel size, and smoothed to a common resolution of 8 mm full width at
half maximum. We used an a priori defined threshold for Ap-positivity
(SUVR=1.1) (ADNI, 2012; Joshi et al., 2012) applied to the ratio of
the average of the four target regions (temporal, cingulate, frontal, and
parietal lobes) and the cerebellum, in the estimation of time-from-Ap-
positivity, described in detail below. In a second part of the analysis,
five Ap PET ROI outcomes were considered (Landau and Jagust, 2015;
Mormino et al., 2009), (1) the temporal lobe (middle and superior tem-
poral lobe), (2) the parietal lobe (precuneus, supramarginal, inferior and
superior parietal lobe), (3) the cingulate gyrus (isthmus, posterior, cau-
dal and rostral anterior cingulate), (4) the frontal lobe (pars opercu-
laris, pars triangularis, pars orbitalis, caudal/rostral middle frontal, me-
dial/lateral orbitofrontal, frontal pole, and superior frontal lobe), and
(5) a composite of regions thought to be early in accumulating A (pre-
cuneus and posterior cingulate) (Palmqvist et al., 2017). These ROIs
comprise the regions included in the global composite, grouped into in-
dividual lobes plus an additional early ROI. 18F-florbetapir ROIs were
expressed as SUVRs with a cerebellar reference region.

Methods to acquire and process tau (18F-flortaucipir) PET image
data were described previously (Maass et al., 2017). Six tau ROI out-
comes, corrected for partial-volume, were considered: (1) the medial
temporal lobe (MTL) (amygdala, entorhinal and parahippocampal cor-
tex; from Braak stage I and III), (2) the lateral temporal lobe (LTL)
(inferior/middle/superior temporal lobe, banks of the superior tempo-
ral sulcus, transverse temporal lobe, temporal pole; from Braak stage
IV and V), (3) the medial parietal lobe (MPL) (isthmus cingulate, pre-
cuneus; from Braak stage IV and V), (4) the lateral parietal lobe (LPL)
(inferior/superior parietal lobe, supramarginal; from Braak stage V),
(5) frontal lobe (pars, orbitofrontal and middle/superior frontal lobe;
from Braak stage V), and (6) the occipital lobe (cuneus, lingual, peri-
calcarine, and lateral occipital lobe; from Braak stage III, V, and VI).
18F-flortaucipir ROIs were expressed as SUVRs with an inferior cere-
bellar gray matter reference region. Scanner type and site were eval-
uated for their association with PET outcomes through covariate ad-
justment. Full details of PET acquisition and analysis can be found at
http://adni.loni.usc.edu/methods/.

Cognition

Cognitive measures assessed included the Mini-Mental State Exam-
ination (MMSE) as a measure of global cognition, and the Preclini-
cal Alzheimer’s Cognitive Composite (PACC), as a measure of early
AD-related cognitive changes. The PACC comprised the MMSE, the
Logical Memory Delayed Word Recall from the Wechsler Memory
Scale, the Alzheimer’s Disease Assessment Scale—Cognitive Subscale
Delayed Word Recall, and the Trail Making Test part B (reversed such
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that high scores indicated better performance and log transformed)
(Donohue et al., 2017, 2014). The PACC was constructed from avail-
able data in the sample. Components were z-transformed, summed and
scaled to the baseline scores of the Ag- CU.

Statistical analysis

The aims of these analyses were to (1) demonstrate the utility and
predictive ability of the TFAp+ formulation of Af information and (2)
evaluate the relationship between TFAp+ and CSF, PET, and cognitive
responses in order to estimate the time of the earliest signs of progres-
sion. The overall analysis consisted of two steps. Step one was estimating
TFAp+ based on the longitudinal measures of global A PET SUVR. In
step two, TFAf+ estimates were used to predict cross-sectional measures
of regional tau and Ap PET, CSF and cognitive outcomes. To demonstrate
the value of the TFAS+ measure, we did head-to-head comparisons of
(i) TFAp+ vs (ii) intercepts and slopes of longitudinal A PET, modeled
separately, to predict the outcomes. These comparisons are described in
detail below.

Because TFA S+ was not directly observed, in step one, linear mixed-
effects models were fit to all available longitudinal global Ap PET SUVR
data to estimate subject-specific intercepts and slopes of Ag pathology.

For the it" individual at the jM measurement time,

Vij =Bo+bitij + by + byt +eyj=1,....n;

where y; is Af SUVR, f, and p, are the fixed intercept and slope over
time, ¢; is time (years from baseline), by; and by; are the random inter-
cept and slope over time, and e; is a Gaussian-distributed error term.

Because Ap slopes are unlikely to remain constant over long peri-
ods of time as subjects move toward and away from the Ap threshold,
natural splines (Hastie and Tibshirani, 1990) were used to estimate the
nonlinear shape of the slopes with respect to baseline Ag, using quantile
regression (Koenker and D’Orey, 1987). Rather than modeling the mean
Ap slope with respect to baseline Ap, quantile regression provides a sep-
arate curve for each quantile, allowing the relationship between slope
and intercept to differ depending on the location in the distribution of
Ap slope.

For a random variable X, with distribution function F, the rth quan-
tile of X is defined as, Qy(z) = F~1y (7). Taking the sum of the random
and fixed slope, S; = f; + by;, gives subject-specific estimates of the
slope over time of Ag SUVR. Similarly, taking the sum, I; = fy+by;,
gives subject-specific estimates of the intercept of A SUVR. Quantile
curves were estimated by regressing S on I for = € (0, 1),

04:(7) = ay(2) + a1 (DX, + .. + (DX, +e;,

where Xy;, ..., Xi; is the k-dimensional natural spline basis for I;. The
dimension k, was selected by AIC.

For each subject, TFAS+ was estimated by integrating over each sub-
ject’s quantile curve from the subject’s intercept to the threshold for Ag-
positivity (PET SUVR = 1.1). For example, for a subject with a baseline
SUVR of 1.2 and a slope in the 0.6 quantile, TFAS+ was taken to be the
time it would take to go from SUVR = 1.1 to 1.2, using the slope esti-
mates from the quantile curve. For incremental changes on the x-axis
(baseline SUVR), the time required to travel the incremental distance
is equal to distance/rate. Using the trapezoid rule (Atkinson, 1989),
TFAp+ is the sum of these incremental times spanning SUVR = 1.1-
1.2. An example of calculating TFAf+ is given in the top left panel of
Fig. 1. Sensitivity analyses were done to determine the effect of varying
the threshold for Ap+. We repeated the estimation of TFAf+ using an
early threshold (SUVR 1.07) and a late threshold (SUVR 1.13).

To evaluate the accuracy of the TFAf+ estimates, we compared the
observed times of Af+ to the estimated times of Ap+ values in par-
ticipants who were Ap- at baseline and became Ap+ during follow-up.
Observed time of A+ occurred in the interval between the last Ag- scan
and the first Af+ scan. The observed time was calculated as a weighted
average of the two scan times, weighted proportionally toward the scan
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where the participant was closest to hitting the threshold. Observed and
estimated values were compared in N = 37 participants who crossed the
threshold for Ap+ and remained Ap+ throughout follow-up. We also
compared observed and estimated values in 44 participants including
the original 37 plus seven additional subjects who crossed the threshold
but had a subsequent negative scan.

Our analyses aim to model participants who are ostensibly on the AD
trajectory and had calculable TFAS+, i.e., they must be Ag accumulators
(positive rates of accumulation). Therefore, of the 982 participants with
Ap PET, we excluded N = 20 participants with negative Af accumula-
tion rates (negative rates were largely driven by one early high Ag PET
measure), we also excluded N = 6 participants with low levels of Ag and
accumulation rates such that they were predicted to become Ap+ later
than 120 years of age (biomarker data from these subjects are included
for visual comparisons in Figs. 3-5, see Figure legends). Fig. 1 shows the
flow of participant inclusion. We included subjects where the TFAS+
metric indicated very early accumulation of Ag, but for participants es-
timated to have become A+ before age 40 (N = 25, median estimated
age at Ap+ = 30, IQR: 27 to 34), we truncated TFAp+ to age 40, based on
previously described rates of Ag-positivity in middle age (Jansen et al.,
2015). These were mostly MCI and AD participants, APOE ¢4 carriers,
in their mid 60 s to late 70 s.

In the second step, the relationship between TFAS+ and the re-
sponses was modeled using monotone penalized regression splines. The
model takes the form,

yi = f(TEAf+)) + e; = a|(TFAB+)B, + ... + a,(TFAS+)B, + e,

where y; is the one of the PET, CSF, or cognitive responses, measured
cross-sectionally, and f is a smooth monotone function, represented by
aj, ..., ag basis functions. Generalized cross-validation was used to con-
trol the basis dimension q and the degree of smoothing (Wood, 1994).
Cognitive responses were covaried for age, gender and education; CSF
Ap42, T-tau, P-tau and PET measures were covaried for age and gender.

Because the variance of the outcomes increases with advancing
pathology and several outcomes contained clusters of extreme values,
resulting in large residuals, we repeated step two of the analyses using
M-estimation to provide robust estimates with robust standard errors
(Huber and Ronchetti, 1981). This model takes the same form as de-
scribed above, but is fit using iteratively reweighted least squares in
order to downweight large residuals.

In order to account for the variance across steps 1 and 2, the entire
process was repeated in 500 bootstrap samples to estimate 95% confi-
dence intervals for the association between TFAS+ and the responses.

To assess the predictive ability of TFAf+, we compared (i) models
using TFAp+ vs (ii) models using both the subject-specific intercepts
and slopes of longitudinal Ap, to predict the responses. Two models for
each response were compared. In model 1, responses were regressed on
TFAp+ using penalized regression splines as described above, adjust-
ing for covariates. In model 2, responses were regressed on both Ap
intercepts and slopes using penalized regression splines, adjusting for
covariates. Model 1 and 2 were compared using the Akaike Information
Criterion (AIC) (Akaike, 1974).

Meaningful effect sizes of change of increase in pathology or decrease
in cognition with respect to TFAS+ were estimated as part of step two of
the analysis. A Cohen’s d effect size of 0.2 SD was considered small, 0.5
SD was considered medium, and a 0.8 SD effect was considered large
(Cohen, 1988). A 0.2 standard deviation (SD) change from the mean
response at the longest times (least pathological) from Ap-positivity was
taken to be the initial point of meaningful change. A 0.5 SD change was
also shown as a more substantial effect size of change. For example, if
the estimated mean PACC score at the lowest level of A was 0 and the
estimated mean PACC score at the time of Ap-positivity was —0.5 and the
residual SD of the PACC was 1.5, then the effect size at the time of Ap-
positivity = (—0.5 - 0)/1.5 = —0.33. A drop of 0.33 points on the PACC
would be considered between a small (0.2) and medium (0.5) effect
size, according to Cohen’s guidelines for interpreting the magnitude of
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1257 Participants with 18F-florbetapir PET
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Fig. 1. Participant inclusion/exclusion.

295 Excluded
> 275 AB- MCl and AD
20 AB non-accumulators

962 Participants included in Step 1: TFAB+ Estimation

627 Excluded
612 missing 18F-flortaucipir PET
9 missing cognition
6 TFAB+ > 120 years old

A

335 Participants included in Step 2:
335 included in PACC and 18F-flortaucipir PET analysis

A

185 included in CSF AB, CSF P-tau analysis
180 included in CSF T-tau analysis

Table 1
Cohort Characteristics.

CU-(N=127) CU+(N=100) MCI(N=70) AD(N=38) p
Age, mean (SD), y 70.1 (5.8) 72.9 (6.6) 72.0 (6.9) 74.5 (7.2) <0.001
Sex, No. F (%) 76 (59.8) 58 (58.0) 29 (41.4) 18 (47.4) 0.06
Education, mean (SD), y  16.7 (2.4) 16.9 (2.3) 16.0 (2.7) 15.6 (2.5) 0.01
APOE ¢4, No. carriers (%) 31 (25.6) 47 (50.5) 39 (60.9) 19 (54.3) <0.001
TFAf+, mean (SD), y -8.9 (6.4) 13.8 (11.0) 209 (11.5) 255 (10.8)  <0.001

effect sizes. We also estimated change, 95% confidence intervals with
bootstrap-estimated 2.5 and 97.5 quantiles, and statistical significance
of change for each response at TFAf+ = 0, the time of Ap-positivity,
with bootstrap-estimated standard errors.

Associations between missing data (CSF subsample vs full cohort)
and demographics and TFAS+ were evaluated using logistic regression
with a binomial indicator for missing data. Baseline associations be-
tween demographics and TFAfS+ were assessed using Pearson correla-
tion for age and years of education and a t-test for gender. Associations
between diagnosis and demographics were assessed using F and t-tests
for continuous variables and y? tests for categorical variables. P-values
were 2-sided and considered significant for p < 0.05. A drop of 2 or
more in AIC was considered meaningful model improvement. All anal-
yses were done in R v4.0.0 (www.r-project.org).

Results
Cohort characteristics
Two-hundred and twenty-seven CU (127 Ag- and 100 Ap+), 70 Ap+

MCI and 38 Ap+ AD participants were included in the analysis. The
diagnostic groups varied by mean age, sex, years of education, and pro-

portion of APOE e4+ (Table 1). The CU- group was significantly younger
than all other diagnostic groups (p < 0.04). The MCI group had a signifi-
cantly smaller proportion of females than both the CU- group (p = 0.02)
and the CU+ group (p = 0.05). The MCI group had significantly lower
mean years of education compared to the CU- group (p = 0.04) and the
CU+ group (p = 0.02). The AD group also had significantly lower mean
years of education compared to the CU- group (p = 0.01) and the CU+
group (p = 0.005). The CU- group had a significantly smaller proportion
of APOE ¢4 carriers than all other diagnostic groups (p<0.003).

AP PET and estimation of TFAp+

TFAp+ was estimated with a median of 3 (range: 1 to 5) Ag PET
scans per participant. The average time between first and last scan was
3.3 years (SD=2.9) and the average time between scans was 2.2 years
(SD=0.8). PET data came from 17 types of scanners across 58 sites. Nei-
ther site nor scanner type were associated with any A PET outcome
(AAIC > 12) or tau PET outcomes (AAIC > 19) and were not included
in subsequent models. The correlation between subject-specific random
intercepts and slopes was 0.32 (0.06 to 0.55). Residuals from the mixed
model of repeated global A PET SUVRs appeared approximately nor-
mal and with constant variance over time.
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TFApB+ Estimation Example

0.015 :
dq dy 1
M= 73— |
zhothy)  3(hythy) !
[}
|
° _ 0.05 . 0.05 :
& 0.010 7 ~ X0.005+0.007)  1(0.007+0.008) | 90.20
»n
x
>
5
n
0005
0.000 - !
[ T T |
0.95 1.00 1.05 1.10
ApB SUVR Intercept
Observed vs. Estimated: TFAB+
6 -
p =0.93, p <0.001
5
+
(<=}
< 4
G
)
E 39
'_
el
e 2
()
[2]
o)
(@) 1
O -

Estimated Time of A+

Neurolmage 227 (2021) 117676

Quantile Regression Curves
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Fig. 2. Observed vs. estimated TFAS+, quantile regression curves and TFAf+ densities.

Top left panel: an example of how TFAS+ is estimated. Here we have a participant with an estimated intercept of SUVR = 1.00 and an accumulation rate (slope) of
0.005 SUVR/year. We want to calculate how long it will take for them to reach the 1.10 threshold. A slope of 0.005 SUVR/year puts this participant on the 0.20
quantile (20% percentile) curve. We know this participant must accumulate 0.10 SUVR to reach the threshold and we will assume they will continue to have an
accumulation rate in the 0.20 quantile. Partitioning the curve into segments from SUVR = 1.00-1.10 and using the formula time = distance/rate, the time to cross
each segment is calculated and summed. In the figure, only two segments are shown, but in the actual calculation, the curve is partitioned into a large number of
segments. Assuming a linear rate increase within each segment (shown in the dashed black line along the red quantile curve), the time to travel the distance in the
1st segment, from SUVR 1.00 to 1.05 is given by, time; = d; /rate;, where d; is 0.05 and rate, is the average rate in segment 1, which is %(h0+h1), as shown in the
panel. A similar calculation is done for segment 2 and the results are summed to give TFAp+ = 15.

Top right panel: quantile regression curves of A PET slopes plotted against intercepts in all 962 participants with Ag PET data. Curves for several selected quantiles

(0.01, 0.10, ..., 0.99) are shown in red.

Bottom left panel: observed time of Af+ plotted against estimated time of Af+ in the 37 participants who became and remained Ap+ during follow-up.
Bottom right panel: distributions of TFAS+ for each group, 127 Ap- CU (CU-), 100 Ap+ CU (CU+), 70 Ap+ MCI, and 38 Ap+ AD are shown.

Across diagnoses, TFAf+ ranged from —29 to 46 years, where higher
(positive) TFAS+ values indicate more time spent with a significant Ap
burden. The CU- group had a significantly lower mean TFAf+ compared
to all other diagnostic groups (p<0.001). The CU+ group had a signif-
icantly lower mean TFAS+ compared to the MCI group (p<0.001) and
the AD group (p<0.001), and the MCI was significantly lower than the
AD group (p = 0.02).

Higher TFAp+ was significantly associated with older age (p=0.28,
95% CI: 0.17 to 0.37, p<0.001), lower education (p=-0.15, 95% CI:
—0.25 to —0.04, p = 0.01) and APOE e4-positivity (mean TFAfS+ in
APOE €4- = 3.3 (SD=16.1) years and mean TFAp+ in APOE €4+ = 13.6
(SD=15.8) years, p<0.001). TFAS+ was not associated with sex (mean

TFAp+ = 9.4 (SD=17.1) and 6.8 (SD=16.4) in males and females, re-
spectively, p = 0.16). Within-diagnosis TFAS+ distributions are shown
on the bottom right panel of Fig. 2. Quantile curves of the relationship
between Ap intercepts and slopes are also shown in the top right panel
of Fig. 2, displaying the variation of acceleration of Af deposition over
different levels of baseline Ap.

TFAp+ estimates were not sensitive to alternative thresholds for Ag+
beyond a shift reflecting an earlier or later threshold. When the ear-
lier threshold (SUVR 1.07) was used rather than SUVR 1.10, TFAp+
estimates were shifted a median of 3.2 years earlier, but remained al-
most perfectly correlated with TFAB+ using the SUVR 1.10 threshold
(p=0.996). Similarly, when the late threshold was used (SUVR 1.13),
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TFAp+ estimates shifter a median of 3.1 years later, but also remained
almost perfectly correlated with TFAB+ using the SUVR 1.10 threshold
(p=0.997).

TFAp+ performance

TFAp+ was highly correlated with observed time of Af+ (p=0.93,
95% CI: 0.87 to 0.97, p<0.001, bottom left panel of Fig. 2). When also
including the seven participants with a subsequent negative scan after
their initial positive scan, the correlation between TFAS+ and the ob-
served time of Ap+ was 0.89, 95% CIL: 0.80 to 0.94, p<0.001.

When comparing the performance of TFAf+ versus using Af in-
tercepts and slopes as separate predictors, TFAS+ significantly out-
performed separate intercepts and slopes most, but not all of the
time. TFAS+ significantly outperformed covariate only models for
all outcomes. Using TFAp+ resulted in significantly better predic-
tion of MTL tau (AICtppz,=345.1, AlCygi0pe=360.2, AIC.,,=484.8),
MPL tau (AICyppy,=467.9, AlCygi0pe=472.4, AIC.,,=532.9), occipi-
tal lobe tau (AICpgp;, =272.1, AlCsi0pe=274.2, AIC,,,=325.8), CSF
Ap (AICrpap,=1825.1, AlCi g10pe=1827.4, AIC,,=1962.1), CSF T-
tau (AICrp;,=1854.4, AlCi,10pc=1863.4, AIC,,,=1902.9), MMSE
(AICTpa4+=1534.8, AlCg1ope=1549.4, AIC,,=1600.4), and the PACC
(AICrpap,=1251.2, AlCj,510pe=1261.8, AIC,,,=1347.4). There was no
difference between TFAS+ and separate intercepts and slopes for LTL
tau (AICqp;,=398.6, AlC|sjope=399.5, AIC,,,=471.5) and CSF P-tau
(AICtpap=1711.3, AlCysi0pe=1709.6 AIC,,,=1748.3) and separate in-
tercepts and slopes was significantly better than TFAS+ in predicting
frontal lobe tau (AICtp 5, =194.2, AIC|y5)0pe=188.4, AIC,,,=245.9) and
LPL tau (AICtppz4=444.9, AlCgiope=441.9, AIC,,,=512.3).

cov

Regional Ap PET

Five regional ROIs (precuneus + posterior cingulate, frontal lobe,
cingulate gyrus, temporal and parietal lobes) are shown plotted against
TFAp+ in Fig. 3. All 5 regions were estimated to reach a small, but
meaningful (0.2 SD) increase in SUVR between 12 and 15 years before
Ap-positivity, i.e. TFAp+ = 0. Effect sizes over the span of TFAS+ are
shown in Fig. 3. At TFAf+ = 0, all regions showed large, significant
increases in SUVR (ASUVR > 0.11, p < 0.01) with the precuneus + pos-
terior cingulate composite showing the largest increase (ASUVR = 0.16,
p < 0.01) and the temporal lobe showing the smallest (ASUVR = 0.11, p
< 0.01). Effect sizes for all regions were large (>1) by the time of Ap+.
Table 2 summarizes the values of the outcomes at the longest times be-
fore Ap+, i.e. the least pathological TFAS+. Table 2 also shows the value
and change of each outcome at the time of Ap-positivity (TFAS+ = 0), p-
value, the effect size of change of each outcome, the 0.2 SD change point
with respect to TFAS+, and corresponding 95% confidence intervals.

Analyses of regional A PET outcomes were repeated using robust re-
gression with robust standard errors. The dashed blue curves in Fig. 3 de-
pict the robust fit. The robust curves are similar to the unweighted
regression curves with some mild flattening in the TFAf+ = 5 to 25
year range. The 0.2 SD change point estimates for the increase in SUVR
ranged from 18 to 20 years before Ap-positivity (compared to 12-15
years before Ap-positivity in the main analyses). Similar to the un-
weighted analyses, all regions showed significance of Af at TFAf+ =0
(p<0.01).

CSF

CSF responses are plotted against TFAS+ in Fig. 4. A 0.2 SD drop
in CSF Ap42 was estimated to occur 29 years before Ap-positivity
(TFAp+ = —29). At TFAS+ = 0, CSF Ap42 showed a very large effect
size (AAp42 = —68 ng/L, p<0.01, effect size = —1.99). At TFAf+ = -2,
or two years before Ap-positivity, the population curve passes through
a previously published CSF Ap42 threshold for Ag-positivity (192 ng/L)
(Shaw et al., 2009).
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A 0.2 SD increase in CSF T-tau and P-tau was estimated to occur
7-8 years before the time of Ap-positivity (TFAp+ = —7 and -8, re-
spectively). At TFAp+ = 0, significant increases of medium effect size
of T-tau (AT-tau = 19 ng/L, p = 0.04, effect size = 0.46) and P-tau (AP-
tau = 12 ng/L, p = 0.04, effect size = 0.47) were observed.

Robust curves are shown in dashed blue in Fig. 4. The change point
estimate was 26 years before Ag-positivity for the decrease in CSF A, 13
years before Ap-positivity for CSF P-tau, and 8 years before Ap-positivity
for CSF T-tau. A more substantial flattening of the curves can be seen in
both CSF P-tau and T-tau for TFAS+ > 0. The effect size for CSF T-tau at
TFAf+ = 0 remained almost identical (0.47, p = 0.03) and the effect size
for CSF P-tau increased moderately to 0.56 (p = 0.01). The effect size
for CSF Ap42 increased to —2.52 at TFAf+ = 0 and remained significant
(p<0.01).

In comparing the CSF subsample (N = 185) to the full cohort, missing
CSF Ap42 (or P-tau) was not associated with age (OR=0.996, p = 0.42),
sex (OR=1.08, p = 0.15), or TFAS+ (OR=1.00, p = 0.96). Missing CSF
T-tau was not associated with age (OR=0.996, p = 0.32), sex (OR=1.07,
p = 0.22), or TFAS+ (OR=1.00, p = 0.72).

Tau PET

Six regional ROIs (MTL, LTL, MPL, LPL, frontal and occipital lobes)
are shown plotted against TFAS+ in Fig. 5. Five of the six regions were
estimated to reach a 0.2 SD increase in SUVR 3-5 years before Ap-
positivity, with the occipital lobe reaching a 0.2 SD increase at the time
of Ap-positivity. Effect sizes over the span of TFAf+ are shown in Fig. 5.
At TFAp+ = 0, four regions (MTL, LTL, MPL, LPL) showed significant
increases in SUVR (ASUVR > 0.14, p < 0.03) with the MTL showing
the largest effect size (0.36). The frontal and occipital lobes did not in-
crease significantly by TFAf+ = 0 (ASUVR = 0.09 (p = 0.06) and 0.07
(p = 0.13), respectively). Estimates are summarized in Table 2.

Robust curves are shown in dashed blue in Fig. 5. The robust curves
show substantial flattening for TFAf+ > 0. The robust 0.2 SD change
point estimates for the increase in SUVR for the tau PET ROIs ranged
from 6 to 9 years before Ap-positivity. The significance of changes in
tau PET at TFAS+ = 0 were similar to the unweighted analyses with the
exception of the frontal lobe, which increased in effect size and became
statistically significant (0.44, p = 0.02).

Cognition

Cognitive measures are shown in Fig. 6. The MMSE showed a 0.2 SD
drop six years before Ap-positivity, followed by the PACC four years
before Ap-positivity. Neither measure decreased significantly by the
time of Ap-positivity (AMMSE = —0.71, p = 0.13, effect size=—0.30;
APACC = -0.50, p = 0.10, effect size=—0.32).

Robust curves are shown in dashed blue in Fig. 6 and show mild flat-
tening for TFAf+ > 0, compared to the unweighted analyses. The change
point estimates for the decrease in cognitive scores was two years be-
fore Ap-positivity for MMSE and four years before Ap-positivity for the
PACC. The robust estimate for the effect size of decrease in MMSE scores
was reduced to —0.23 but became statistically significant (p = 0.03). The
robust estimate for the effect size of decrease in PACC scores was similar
(—0.30), and also became statistically significant (p = 0.03).

Summary curves and 0.2 SD change points for some of the earli-
est changing measures of each outcome type (CSF Ap and P-tau, pre-
cuneus + posterior cingulate Ag PET, MTL tau PET and the PACC) are
shown in Fig. 7.

Discussion

Several biological processes develop over time in sporadic AD, in-
cluding accumulation of Ap and tau across wide areas of the brain, as
well as cognitive decline. Based on the amyloid cascade hypothesis, a
relevant overarching time scale of the disease processes could be based
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Fig. 3. Regional Ap PET.

Ap PET ROIs are plotted against TFAS+. Effect sizes, depicting change points are shown as vertical dashed (0.2 SD, initial change) and solid (0.5 SD) lines. Unweighted
regression curves (red) and corresponding 95% CIs (shaded gray) are shown. Robust curves are shown in dashed blue. Mean values of the response are plotted against
mean TFAS+ for each of the four diagnosis groups (large symbols). The 0.95 quantile (approximately 1.65 SD if normally distributed) of the response for the CU-
group is also shown (short/long dashed line). The 0.95 quantile (or 0.05 quantile for responses where low values are worse) of the biomarkers in CU-, provided for
all responses to facilitate comparisons of when (in terms of TFAS+) the average level of each response is no longer in the normal range. The boxplots to the left of
each figure show the biomarker distribution in subjects that were determined to not be on the AD trajectory (including subjects where the model estimated them to
become Ap+ at over 120 years of age). Effect sizes of A increase are shown in the bottom panel at TFAf+ = —20, —10, 0, 10, and 20 years.

on the development of Ag pathology (Koscik et al., 2020). Integrating
Ap PET level and rate of change information places each individual on
a pathological timeline. While this timeline, represented in these analy-
ses by TFAp+, was more closely associated with tau PET, CSF and mea-
sures of cognition in most measures, compared with intercept and slope
information modeled separately, the main advantage is that it is pa-
rameterized to directly estimate the time of downstream events in the
amyloid cascade. We estimated several major milestone events of AD
progression including a small drop in CSF Ap42 29 years before Ap-

positivity and a small increase in regional Ag PET deposition 15 years
before Ap-positivity. Using the biomarkers tested here, the first changes
in CSF Ap42 may define the onset of AD. Small increases in tau pathol-
ogy were estimated to occur 7-8 years before Ap-positivity, as mea-
sured by CSF and 5 years before, as measured by PET. More substan-
tial and statistically significant increases in CSF as well as temporopari-
etal tau PET were detected by the time of Ap-positivity. Small effects of
cognitive dysfunction occurred 4-6 years before Ap-positivity, coincid-
ing with previous reports (Insel et al., 2017). These findings provide a
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Table 2
Initial values, effect sizes and change points.
Initial value* (SD) Value** at Difference at 95% CI Effect size (difference 95% CI TFAp+ Change 95% CI
TFAf+=0  TFAf+ = 0 (p-value) at TFAp+ = 0) Point (0.2 SD)
Ap PET (N = 335)
Precuneus+PC 1.03 (0.14) 1.19 0.16 (<0.01) 0.06 to 0.25 1.10 0.43 to 1.79 -13 -21to -5
Parietal Lobe 0.96 (0.12) 1.11 0.15 (<0.01) 0.06 to 0.24 1.20 0.50 to 2.00 -15 -23 to -8
Cingulate Gyrus 1.05 (0.13) 1.19 0.14 (0.01) 0.04 to 0.25 1.11 0.31 to 1.92 -13 -21to -6
Frontal Lobe 0.95 (0.13) 1.09 0.14 (<0.01) 0.05 to 0.22 1.08 0.38 to 1.69 -12 -21to -4
Temporal Lobe 0.92 (0.11) 1.03 0.11 (<0.01) 0.04 to 0.18 0.98 0.36 to 1.64 -12 -21to -3
CSF
Ap (N = 185) 255 (34) 186 —68 (<0.01) -109 to -28 -1.99 -3.18 to -0.81 -29 -38 to -20
T-tau (N = 180) 50 (42) 69 19 (0.04) 1 to 38 0.46 0.03 to 0.89 -7 20 to 6
P-tau (N = 185) 27 (25) 38 12 (0.04) 1to 22 0.47 0.03 to 0.90 -8 -22to5
Tau PET (N = 335)
MTL 1.21 (0.41) 1.36 0.15 (0.01) 0.04 to 0.26 0.36 0.10 to 0.63 -5 -14to 4
MPL 1.22 (0.49) 1.38 0.16 (0.01) 0.04 to 0.29 0.34 0.08 to 0.59 -5 -14to 4
LTL 1.39 (0.44) 1.52 0.13 (0.03) 0.02 to 0.24 0.29 0.05 to 0.55 -3 -12to 6
LPL 1.37 (0.47) 1.51 0.14 (0.03) 0.01 to 0.27 0.30 0.02 to 0.57 -4 -13to 6
Frontal Lobe 1.39 (0.32) 1.49 0.09 (0.06) 0.00 to 0.19 0.29 0.00 to 0.59 -3 -15to 8
Occipital Lobe 1.43 (0.36) 1.50 0.07 (0.13) -0.02 to 0.16 0.20 —0.06 to 0.44 0 -11 to 11
Cognition (N = 335)
MMSE 29.3 (2.38) 28.6 -0.71 (0.13) -1.62 to 0.21 -0.30 —-0.68 to 0.09 -6 -23to 11
PACC 0.04 (1.57) -0.46 —-0.50 (0.10) -1.08 to 0.09 -0.32 —-0.69 to 0.06 -4 -16to 8
* Initial Value indicates the estimated mean of the outcome at the minimum TFAp+ value.
** Value at TFAf+ = 0 is the model-estimated outcome value of the population curve at TFAf+ = 0.
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CSF biomarker responses are plotted against TFAS+. Effect sizes, depicting change points are shown as vertical dashed (0.2 SD, initial change) and solid (0.5 SD)
lines. Un weighted regression curves (red) and corresponding 95% Cls (shaded gray) are shown. Robust curves are shown in dashed blue. Mean values of the response
are plotted against mean TFAf+ for each of the four diagnosis groups (large symbols). The 0.95 quantile (approximately 1.65 SD if normally distributed) of the
response for the CU- group is also shown (short/long dashed line). The dashed purple line indicates a previously identified threshold for Ap-positivity based on CSF
Ap. Note that this line occurs close to the TFAf+ threshold for Ap-positivity. The boxplots to the left of each figure show the biomarker distribution in subjects that
were determined not to be on the AD trajectory (including subjects where the model estimated them to become Af+ over 120 years of age).

general time scale for initial changes in sporadic AD, which may inform
clinical trials aimed at specific stages of the disease.

Once beyond the threshold for Ag-positivity, there is a substantial
increase in the variance of the tau and cognitive responses. A handful
of participants show large increases, especially in tau PET, and large
decreases in cognition, resulting in clusters of outliers. These outliers
appear to have marked influence on both the shape of the curves and
the estimates of the variance, as shown by the difference between the un-
weighted and the robust analyses. The robust curves are generally flatter
beyond the threshold for Ag-positivity, less influenced by extreme val-
ues. The curves are reasonably similar prior to Ap-positivity, although
the overall variance estimates are smaller, resulting in earlier estimates
of change points for several of the outcomes and more significant dif-
ferences at the threshold for Ap-positivity. In both sets of analyses, sig-
nificant increases in both CSF tau and tau PET are observed to occur by
the time of Ap-positivity.

A 0.2 SD difference, a small, but meaningful increase in levels of CSF
tau and temporoparietal lobe tau are observed years before the current
threshold for Ap-positivity. In the context of secondary prevention trials

where Ap-positivity at current thresholds is required for study inclusion,
tau levels in these participants would already have been increasing for
several years, likely more. The finding that temporoparietal tau starts
to increase prior to other regions is in accordance with 18F-flortaucipir
studies on other populations. Cross-sectional studies showed early tau
deposition in cognitively healthy elderly (with or without significant
Ap pathology) in temporal and medial parietal regions, most dominant
in entorhinal and parahippocampal cortex, the amygdala and inferior
temporal cortex. Longitudinal studies further suggest that cognitively
healthy elderly accumulate tau in the medial temporal and medial pari-
etal lobe, while (Ap positive) AD dementia patients increased in tau
primarily in the frontal lobe (Harrison et al., 2018). The spread of tau
beyond the MTL to the parietal lobe and other regions may be a criti-
cal milestone in the progression of AD. The early changes observed in
the MPL in this study coincide with a recent report of the earliest tau
deposition found in medial parietal regions (precuneus and isthmus cin-
gulate) in autosomal dominant AD (Gordon et al., 2019). Considering
that a 0.2 SD increase in MPL tau can potentially be detected several
years before Ap-positivity (Fig. 5), these data support the use of primary
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Fig. 5. Regional Tau PET.

Tau PET ROIs are plotted against TFAS+. Effect sizes, depicting change points are shown as vertical dashed (0.2 SD, initial change) and solid (0.5 SD) lines.
Unweighted regression curves (red) and corresponding 95% Cls (shaded gray) are shown. Robust curves are shown in dashed blue. Mean values of the response are
plotted against mean TFAp+ for each of the four diagnosis groups (large symbols). The 0.95 quantile (approximately 1.65 SD if normally distributed) of the response
for the CU-group is also shown (short/long dashed line). The boxplots to the left of each figure show the biomarker distribution in subjects that was determined to
not be on the AD trajectory (including subjects where the model estimated them to become Ag+ at over 120 years of age). Effect sizes of tau increase are shown in

the bottom panel at TFAp+ = —-20, —10, 0, 10, and 20 years.

prevention trials against A where treatment is initiated years before the
current threshold for Ap-positivity, if treatment efficacy relies on early
intervention, prior to the development of tau pathology.

The initial descent in cognitive performance is estimated to occur 4-
6 years before becoming Af+ (Fig. 6). Reduced cognitive performance
has repeatedly been shown to be associated with elevated levels of Ap
(Baker et al., 2017; Donohue et al., 2017; Insel et al., 2017, 2016),
even within the subthreshold range (Landau et al., 2018), in cogni-
tively unimpaired individuals. The result that CSF tau measures started
to change between regional Af and cognition in this study is in ac-

cordance with the theory that cognitive impairment in AD is caused
primarily by tau pathology. This is also in line with other recent stud-
ies which show that cognitive impairment is more strongly related to
accumulation of tau than to Ap (Ossenkoppele et al., 2019), and that
both tau and Ap appear necessary for cognitive decline (Sperling et al.,
2019). The ordering of the responses coincides with the magnitude
of the effect sizes at the time of Ap-positivity (Table 1), suggesting
that initial changes in the responses continue to change in parallel
through to the time of Ag-positivity, without any major differences in
acceleration.
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Fig. 6. Cognition.

MMSE and PACC scores are plotted against
TFAp+. Effect sizes, depicting change points
are shown as vertical dashed (0.2 SD, initial
change) and solid (0.5 SD) lines. Unweighted
regression curves (red) and corresponding 95%
CIs (shaded gray) are shown. Robust curves
are shown in dashed blue. Mean values of the
response are plotted against mean TFAfS+ for
each of the four diagnosis groups (large ssym-
bols). The 0.05 quantile (approximately —1.65
SD if normally distributed) of the response
for the CU- group is also shown (short/long
dashed line). The overall PACC mean is —1.02
(SD=1.97).
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Fig. 7. Summary curves.

Summary curves are shown for all modalities on a scale from zero to one. Re-
sponses are scaled such that zero is the least pathological point for each response
and one is the mean response in the AD participants. The initial effect, defined
by 0.2 SD change points are plotted.

In their 2018 draft guidance, the FDA indicated that because it is
highly desirable to intervene as early as possible in AD, it follows that
patients with characteristic pathophysiologic changes of AD but no sub-
jective complaint, functional impairment, or detectable abnormalities
on sensitive neuropsychological measures are an important target for
clinical trials (Food and Drug Administration, 2018). If the spread of
tau to the lateral temporal and parietal lobes becomes a defining char-
acteristic of pathophysiological change in AD, the window to intervene
as early as possible may shift to years before the current threshold for
Ap-positivity. It is possible that early accelerations of tau may have
contributed to recent failures of anti-Ap treatments in phase III clini-
cal trials on Ap-positive patients (Egan et al., 2018; Honig et al., 2018).
Although selecting subjects that are Ap-positive ensures that only AD
patients are included in trials, the use of conservative thresholds to de-
fine Ap-positivity may bias trial populations toward individuals where
tau pathology has already accumulated, causing downstream injuries
independent of Ap, reducing the efficacy of anti-Ap treatments.
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This study has several limitations. Tau PET data were available for
only a subsample of the data, limiting comparisons to a small cross-
section of the full ADNI data set. More data, especially longitudinal data
in participants in the earliest stages of Ag changes, will be required for
more precise estimates of TFAf+ as well as more precise change point
estimates. Additional longitudinal Ap information over longer periods
of time will also be required to evaluate to what degree a participant
may drift from their assumed quantile of accumulation. These analy-
ses lack the power and precision to place the temporal and parietal tau
regions in a particular order with confidence, but instead demonstrate
that widespread tau is increasing years before Ap-positivity. The ADNI
CU, MCI and AD cohorts are also age matched. The AD patients, on av-
erage, have dementia by age 75, while the participants in the CU cohort
who may eventually develop AD, are unlikely to do so for many years,
possibly decades. By design, these cohorts with age matched groups are
therefore on systematically different disease trajectories with respect to
age. If earlier onset is associated with a more aggressive form of the
disease, then the AD cohort may have the most aggressive form while
the CU cohort, the least aggressive. If the developing Af pathology in
the ADNI CU- cohort represents a less aggressive disease process com-
pared with a more typical AD process, the estimates reported here could
be conservative and biased toward later time estimates for downstream
events. The ADNI MCI cohort may represent a more typical trajectory
with respect to downstream events along the Ap pathological timeline.
These differences in disease trajectories are apparent from the cohort
estimates in Figs. 2-5. Additionally, the change point estimates are in-
fluenced by both biological variation and measurement error, which
varies from marker to marker. Change points in measures with high
variability in the “normal” range and excess measurement error may
require additional biological change to detect, despite an earlier, real
increase in pathology. ADNI participants are highly educated on aver-
age, reducing generalizability to some degree. The associations between
increasing A pathology and downstream changes, including increased
tau pathology reported here do not imply causality. It remains unknown
whether and to what degree downstream pathological changes can be
directly attributed to the accumulation of Af. Only studies with exper-
imental interventions against Ap-pathology, with clear verification of
target engagement, can be used to show causal relationships between
Ap-deposition and putative downstream events. While TFAS+ appears
reasonably predictive, especially in proximity to the threshold for Ap-
positivity, longer follow-up is needed to validate its accuracy at very
early and late-stage Ap accumulation.

Longitudinal information is required to evaluate how quickly an
individual’s pathophysiological changes are occurring and to accu-
rately characterize their disease trajectory. Analyses limited to a cross-
sectional evaluation of Ap status are naive to the time spent with a
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significant Af burden. Incorporating longitudinal information facilitates
the estimation of the time-course of downstream events such as the
spread of tau and the onset of subtle cognitive dysfunction. As the tech-
nology to measure AD pathology becomes more cost effective and non-
invasive, such as plasma measures of Af or tau (Janelidze et al., 2020;
Mielke et al., 2018; Palmgqvist et al., 2019; Schindler et al., 2019), lon-
gitudinal evaluations in the context of trial-ready cohorts may greatly
improve early diagnosis and expedite the execution of clinical trials in
early AD.

Data availability

All data is publicly available (http://adni.loni.usc.edu/). R code will
be made available on Github.
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