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Subthreshold Amyloid Predicts Tau Deposition in Aging
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Current approaches to the early detection of Alzheimer’s disease (AD) rely upon classifying individuals as “positive” or “negative” for
biomarkers related to the core pathology of �-amyloid (A�). However, the accumulation of A� begins slowly, years before biomarkers
become abnormal. We used longitudinal [11C] Pittsburgh Compound B PET scanning and neuropsychological assessment to investigate
the earliest changes in AD pathology and how it affects memory in cognitively normal older humans (N � 71; mean age 75 years; 35%
male). We used [18F] AV-1451 PET scanning at the end of the observation period to measure subsequent tau deposition in a subset of our
sample (N � 37). We found evidence for an inverted-U relationship between baseline A� levels and A� slope in asymptomatic older
adults, suggesting a slowing of A� accumulation even in cognitively normal adults. In participants who were nominally amyloid negative,
both the rate of amyloid accumulation and the baseline levels of A� predicted early tau deposition in cortical Braak regions associated
with AD. Amyloid measures were only sensitive to memory decline as baseline levels of A� increased, suggesting that pathological
accumulation occurs before impacting memory. These findings support the necessity of early intervention with amyloid-lowering ther-
apies even in those who are amyloid negative.
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Introduction
Alzheimer’s disease (AD) is characterized pathologically by the
presence of �-amyloid (A�) plaques and neurofibrillary tau tan-
gles, and clinically by the early impairment of episodic memory
(Welsh et al., 1992). Several pathologic staging schemes for A�

deposition have been adopted and generally describe a broad distri-
bution of plaque pathology throughout cerebral cortex (Mirra et al.,
1991; Braak and Braak, 1997; Thal et al., 2000). Autopsy studies
suggest, however, that tau deposition follows Braak staging, be-
ginning more focally in the medial temporal lobes, spreading
through inferolateral temporal lobes, and finally to diffuse corti-
cal regions (Braak and Braak, 1997). Neuropathological data sug-
gest that A� may produce or exacerbate neurofibrillary tau
aggregation (Price and Morris, 1999; Thal et al., 2002).

Examining the longitudinal time course of the relationship
between A� and tau in vivo has become possible with the devel-
opment of [11C] Pittsburgh Compound B (PIB) PET imaging
(A�) and [18F] AV-1451 PET imaging (tau). Studies have found
that widespread tau deposition occurs in the presence of neocor-
tical A� and is associated with cognitive decline and progression
to AD (Schöll et al., 2016; Pascoal et al., 2017). Failures of phase
III clinical trials of anti-A� therapies (Drachman, 2014) have
raised the possibility that such trials begin too late, once the dis-
ease has exerted irreversible effects on the brain (Sperling et al.,
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Significance Statement

The progressive nature of Alzheimer’s disease (AD) necessitates the earliest possible detection of pathological or cognitive change
if disease progression is to be slowed. We examined cognitively normal older adults in whom AD pathology is starting to develop,
with the goal of early detection of AD pathology or cognitive changes. We found amyloid measures to be sensitive early on in
predicting subsequent early tau deposition. Further, it appears that rates of amyloid accumulation already begin to slow in
preclinical AD, suggesting that it is a relatively late stage of AD progression. Thus, it is crucial to examine older adults early, before
amyloid levels have saturated, to intervene to slow disease progression.
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2011b). Cognitively normal individuals reaching a threshold for
A� positivity (as measured via A� PET imaging or CSF assay)
have been defined as having “preclinical AD” (Sperling et al.,
2011b), are likely to be at risk for the development of AD (Vos et
al., 2013; Donohue et al., 2017), and are thus potential targets of
pharmacologic intervention before showing symptoms (Sperling et
al., 2011b, 2014; Mullard, 2012).

Because individuals with AD have evidence of A� deposition
decades before they are destined for symptoms (Bateman et al.,
2012; Villemagne et al., 2013), the issue of exactly when A� de-
position begins to exert harmful neurological effects is crucial and
also tractable with studies using imaging methods. Most studies have
classified participants as “amyloid positive” or “amyloid negative”;
while this is useful for categorizing an individual for a potential
clinical trial or predicting decline, it results in considerable loss of
information (Villeneuve et al., 2015) and neglects the potential
importance of early A� deposition and accumulation in revealing

disease mechanisms. Furthermore, the
rate of change of A� deposition may not
be linear over time, suggesting that there
may be critical periods for intervention
with an amyloid-lowering therapy (Jack et
al., 2013b; Villemagne et al., 2013). These
concepts are important in proposing in-
terventions at the earliest possible stages
of AD development.

In this study, we examined cognitively
normal older adults who underwent lon-
gitudinal [11C] PIB imaging and neuro-
psychological assessment as well as a
subset of individuals who also underwent
[18F] AV-1451 PET imaging at the end of
the observation period to investigate the
earliest stages of AD pathology. Further,
we aimed to determine whether we can
predict subsequent tau deposition and
memory decline in cognitively normal
older adults.

Materials and Methods
Participants. Seventy-one cognitively normal
older adults underwent longitudinal [11C] PIB

PET imaging and cognitive testing as part of the Berkeley Aging Cohort
Study (BACS). A subset of the participants also underwent [18F] AV-
1451 PET scans at the end of the observation period (Table 1). All par-
ticipants provided informed consent in accordance with the Institutional
Review Boards of the University of California, Berkeley, and the Law-
rence Berkeley National Laboratory (LBNL).

Defining PIB thresholds. PIB retention was dichotomized in two ways.
First, participants were classified using a threshold previously defined in
our laboratory [Villeneuve et al., 2015; cutoff � 1.07 PIB distribution
volume ratio (DVR)] to define PIB � and PIB � groups (at baseline). All
cognitively normal older adults were also characterized by their PIB sta-
tus across time (PIB �, PIB � converter, or PIB � using a standard thresh-
old for PIB positivity of 1.07 PIB DVR). Second, K-means clustering was
performed on participants’ baseline PIB DVR data (Fig. 1) to determine
a threshold based on the point where the two clusters met but did not
overlap (1.30 PIB DVR), which split participants into low or no PIB
(�1.30 and including PIB �), and high PIB (�1.30) groups. Table 1

Figure 1. Relative frequency (%) of participant’s baseline PIB DVR. We predefined the number of clusters to two to determine
a sensitive cutoff value between low and high baseline PIB levels, which was determined based on the point where the two clusters
met but did not overlap. K-means clustering analyses yielded one cluster centered at the 1.54 baseline PIB DVR (N � 10), including
participants with a �1.30 PIB DVR and another cluster centered at the 1.03 baseline PIB DVR (N � 61), including participants with
a �1.30 PIB DVR. The 1.30 threshold was based on this approach; the threshold for PIB positivity was 1.07, as previously reported.

Table 1. Participant demographics, APOE �4 status, PIB, AV-1451, and change in cognition

Variables

All older
adults

(N � 71)

�1.30 PIB
older adults

(N � 61)

�1.07 PIB
older adults

(N � 51)

All with
AV-1451
(N � 37)

�1.30 PIB
with AV-1451

(N � 33)

�1.07 PIB
with AV-1451

(N � 27) Range

PIB � (all time points), N (%) 20 (28) 10 (16) 0 (0) 10 (27) 6 (18) 0 (0)
PIB � converters (PIB � to PIB �), N (%) 13 (18) 13 (21) 0 (0) 7 (19) 7 (21) 0 (0)
PIB follow-up (years) 4.5 (2.2) 4.8 (2.4) 4.5 (2.2) 4.8 (2.4) 5.3 (2.5) 4.8 (2.4) 1.1–9.3
Cognitive testing follow-up (years) 5.7 (2.3) 6.1 (2.4) 5.9 (2.4) 5.2 (2.3) 5.6 (2.5) 5.2 (2.4) 1.8 –10.8
Age (years) 75.4 (5.4) 75.1 (5.6) 75.1 (5.5) 75.5 (4.4) 75.4 (4.6) 75.6 (4.9) 61– 88
Male sex, % 35 36 36 41 39 41
Years of education 17 (1.7) 17 (1.7) 17.1 (1.8) 17 (1.8) 17.2 (1.8) 17.3 (1.8) 13–20
% APOE �4 carriers 30 22 22 32 24 22
Baseline MMSE 28.9 (1.3) 29.0 (1.2) 29.1 (1.2) 28.9 (1.4) 29.1 (1.2) 29.0 (1.3) 25–30
Baseline PIB 1.10 (0.19) 1.04 (0.07) 1.02 (0.03) 1.09 (0.17) 1.04 (0.07) 1.01 (0.03) 0.96 –1.69
�PIB 0.02 (0.02) 0.01 (0.02) 0.008 (0.01) 0.02 (0.02) 0.01 (0.02) 0.008 (0.01) �0.009 to 0.08
�Episodic Memory Composite �0.01 (0.10) �0.002 (0.09) 0.01 (0.09) 0.005 (0.10) 0.012 (0.10) 0.025 (0.11) �0.20 to 0.27
AV-1451 SUVR in Braak stages I–II 1.30 (0.21) 1.26 (0.18) 1.27 (0.19) 0.94 –1.88
AV-1451 SUVR in Braak stages III–IV 1.22 (0.11) 1.20 (0.09) 1.20 (0.09) 1.03–1.48
AV-1451 SUVR in Braak stages V–VI 1.18 (0.09) 1.17 (0.09) 1.17 (0.09) 1.01–1.33

Values are given as the mean (SD), unless otherwise noted. MMSE, Mini Mental State Exam. All participants had no contradictions to MRI; were living independently in the community; scored �25 on the MMSE; scored within age, education,
and gender norms; and had no neurological or psychiatric illness, major medical illnesses, or medications that affect cognition. All participants provided blood samples that were analyzed for APOE polymorphisms using a standard protocol.
Participants were dichotomized into carriers and noncarriers of the APOE �4 allele. AV-1451 scans were collected within 3 months of the participant’s last PIB scan.
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summarizes the features of all participants and
the subset who underwent AV-1451 PET
imaging.

Neuropsychological testing. Participants re-
ceived annual neuropsychological evaluations,
with a maximum delay of 4 months between
the first PIB scan and the closest testing session.
The California Verbal Learning Test and the
Wechsler Memory Scale-III Visual Reproduc-
tion Test were administered to assess episodic
memory processing. We created a composite
episodic memory score across these two tests,
including both short and long delay intervals.
We performed a z-score calculation for each
measure using norms from a larger BACS sam-
ple (N � 158, average age 74.1 � 5.7 years,
average education 16.7 � 2.0 years, 38% male)
and calculated the slope of the regression line
to examine change in episodic memory performance over time [�Visual
Reproduction I/II and California Verbal Learning Test: Immediate and
Delayed Free Recall (�Episodic Memory Composite)].

MRI acquisition. All participants underwent MRI scanning at LBNL on
a 1.5 T Siemens Magnetom Avanto System with a 12-channel head coil
run in triple mode (Mormino et al., 2012; Leal et al., 2017). A high-
resolution structural T1-weighted volumetric magnetization prepared
rapid gradient echo scan was processed with FreeSurfer version 5.3 to
derive regions of interest (ROIs) in each participant’s native space using
the atlas by Desikan et al. (2006) for PET tracer quantification. We also
calculated the number of voxels in all of the FreeSurfer cortical ROIs at
each PIB time point and calculated the slope with the number of cortical
gray matter voxels and time of MRI scan to control for cortical gray
matter changes over time.

PIB PET acquisition and processing. A detailed description of PIB PET
acquisition has been published previously (Mormino et al., 2009). All PIB
PET data were preprocessed using Statistical Parametric Mapping (SPM)
version 12 software (http://www.fil.ion.ucl.ac.uk/spm/), summed, and re-
aligned as previously reported (Leal et al., 2017; Marks et al., 2017). PIB
DVR images were created using Logan graphical analysis with frames
corresponding to 35–90 min after injection and a cerebellar gray matter
reference region. Mean DVR values from frontal, parietal, temporal, and
cingulate cortices were computed to serve as a global PIB index for all
participants.

AV-1451 PET acquisition and processing. A detailed description of AV-
1451 PET acquisition has been published previously (Ossenkoppele et al.,
2016; Schöll et al., 2016). AV-1451 scans were collected within 3 months
of the participant’s last PIB scan. AV-1451 standardized uptake value
ratio (SUVR) images were created based on mean uptake over 80 –100
min postinjection (Shcherbinin et al., 2016; Baker et al., 2017; Wooten et
al., 2017) normalized by mean inferior cerebellar gray matter uptake
(Maass et al., 2017). SUVR images were coregistered and resliced to the
structural MRI closest in time to AV-1451 PET scanning (mean delay, 2.3
months). Analyses based on a priori-defined ROIs were performed on
AV-1451 SUVR images in native space after partial volume correction
(PVC) using the Geometric Transfer Matrix approach (Rousset et al.,
1998). We calculated a native-space weighted mean SUVR after PVC
from three composite ROIs that correspond to the anatomical defini-
tions of Braak stages I–II (transentorhinal), III–IV (inferolateral tem-
poral), and V–VI (neocortical; Braak and Braak, 1997; Maass et al.,
2017).

Statistical analysis. All statistical analyses were conducted in SPSS ver-
sion 24 (IBM). Linear and quadratic regressions were performed to ex-
amine the relationship between baseline PIB levels and PIB slope. We
used residual sum of squares and the Akaike information criterion (AIC)
to compare which fitting approach matched the data best. PIB slope was
calculated using the equation, b � 	 (x � x�; y � y�)/	(x � x�) 2, where x
corresponds to PIB DVR and y corresponds to years since baseline PIB
levels. We conducted a series of stepwise multiple linear regression mod-
els to predict subsequent tau deposition and memory decline, including
baseline PIB levels, PIB slope, gray matter slope, APOE �4 status, age,

sex, and education as predictors. Statistical values were considered sig-
nificant at an � level of 0.05 to prevent type I error inflation.

Results
Amyloid accumulation is slowing in cognitively normal
older adults
We examined the relationship between baseline A� levels and the
rate of change in A� in all participants to determine how the rate
of change in amyloid accumulation changes with increasing am-
yloid levels. Mean DVR values from frontal, parietal, temporal,
and cingulate cortices were computed to serve as a global PIB
index for all participants. PIB slope was calculated based on these
PIB DVR values. It is important to note that a subset of partici-
pants had slightly negative PIB slopes, which we considered to be
measurement noise and not a significant decrease in amyloid
accumulation (N � 9; maximum decrease, �0.009). Thus, we
opted to include these individuals in our analysis, and they are
considered to be “nonaccumulators.” We tested both linear and
quadratic relationships between the variables, with baseline PIB
levels as the independent variable and PIB slope as the dependent
variable (Fig. 2) across all participants (Table 1, demographics).
We found a significant linear (r(1,69)

2 � 0.194, p � 0.001) and
quadratic relationship (r(2,68)

2 � 0.293, p � 0.001) between the
variables; however, the quadratic relationship was a better fit to
the data according to both residual sum of squares (linear resid-
ual sum of squares � 0.021 � quadratic residual sum of
squares � 0.018) and an AIC approach (quadratic relationship
was the preferred model with a probability of 97% correct; linear
AIC � �41.99 � quadratic AIC � �377.35). We performed the
same analysis after excluding nonaccumulators with negative PIB
slopes to ensure they were not driving these relationships. Results
remained the same (linear r(1,54)

2 � 0.157, p � 0.002; quadratic
r(2,53)

2 � 0.308, p � 0.001]. Thus, even in preclinical AD, higher
baseline A� levels are associated with decelerating A� deposition,
similar to what is seen in individuals with mild cognitive impair-
ment or AD (Jack et al., 2013b; Villemagne et al., 2013).

Amyloid measures predict tau deposition in cognitively
normal older adults
To investigate the earliest effects of amyloid measures on subse-
quent tau deposition, we examined the subset of individuals who
underwent AV-1451 PET imaging at the end of the observation
period. We then focused our analyses on those who would be
classified as “amyloid negative” at baseline using a threshold pre-
viously defined in our laboratory (Villeneuve et al., 2015; PIB� �
�1.07 PIB DVR; Table 1, demographics). Even though these in-
dividuals are considered to be amyloid negative, we hypothesized

Figure 2. Quadratic relationship between baseline PIB level and PIB slope. Participants had two (black), three (green), or four
(pink) PIB PET scans. We performed linear and quadratic correlations to determine the best fit of the data.
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that measuring amyloid using a continuous approach may reveal
a biological significance for even low levels of amyloid in predict-
ing early tau deposition and memory decline.

A stepwise linear regression in PIB� participants examined
what variables best predicted AV-1451 uptake in Braak stages
I–II, III–IV, and V–VI ROIs, including baseline PIB DVR levels,
PIB DVR slope, gray matter slope, APOE �4 status, age (at the
time of the AV-1451 scan), sex, education, and delay between
AV-1451 scan and baseline PIB scan as predictors. For visualiza-
tion of regression results, correlations between baseline PIB levels
and PIB DVR slope with AV-1451 uptake in ROIs reflecting
Braak stages I–II, III–IV, and V–VI in PIB� participants are
shown in Figure 3. Clearly, baseline PIB levels and PIB slope are

significantly associated with AV-1451 uptake in Braak stages
III–IV and V–VI ROIs when examining the bivariate relation-
ships between PIB measures and AV-1451 uptake. In predicting
AV-1451 uptake in Braak stages I–II, we found that no predictors
satisfied model entry criteria. However, PIB slope was the best
predictor of AV-1451 uptake in Braak stages III–IV (r(1,25)

2 �
0.462, � � 3.005, t � 2.605, p � 0.015, r 2 � 0.21) and V–VI
(r(1,25)

2 � 0.451, � � 2.944, t � 2.530, p � 0.018, r 2 � 0.18). A
second model also included baseline PIB as a significant predictor
of AV-1451 uptake in Braak stages III–IV (�r 2 � 0.20) and V–VI
(�r 2 � 0.14), and a third model included APOE �4 status in
predicting AV-1451 uptake in Braak stages III–IV (�r 2 � 0.09).
These models suggest that baseline levels of amyloid, perhaps

Figure 3. Relationship between PIB measures and AV-1451 uptake in Braak stages I–II, III–IV, and V–VI ROIs in PIB � individuals. Participants (N � 27) were identified as PIB � (blue) and PIB �

converters (purple) based on a standard threshold of 1.07 PIB DVR. A, Correlation between baseline PIB DVR and AV-1451 uptake in Braak stages I–II in PIB � participants. B, Correlation between
PIB DVR slope and AV-1451 uptake in Braak stages I–II in PIB � participants. C, Correlation between baseline PIB DVR and AV-1451 uptake in Braak stages III–IV in PIB � participants. D, Correlation
between PIB DVR slope and AV-1451 uptake in Braak stages III–IV in PIB � participants. E, Correlation between baseline PIB DVR and AV-1451 uptake in Braak stages V–VI in PIB � participants.
F, Correlation between PIB DVR slope and AV-1451 uptake in Braak stages V–VI in PIB � participants.
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being reflected by additionally including APOE �4 status, are
strong predictors of subsequent tau deposition in addition to PIB
slope in the later Braak stage ROIs.

It is important to note that the AV-1451 levels in Braak stages
V–VI are low and do not suggest these individuals would be
classified as being in Braak stages V–VI, but rather, as others have
noted, there is evidence that tau is beginning to deposit in wide-
spread neocortical areas even in normal people who are amyloid
negative (Lowe et al., 2018). Most cognitively normal individuals
in the study are classified as being in Braak stages I–II (Fig. 4A),
five in Braak stages III–IV (two PIB� converters and three PIB�;
Fig. 4B) and no participants in Braak stages V–VI, as expected
(Fig. 4C).

Next, we increased our threshold of amyloid positivity to hav-
ing “low levels” of amyloid based on K-means clustering of base-
line PIB levels into low and high groups (low or no PIB � 1.30
PIB DVR; see Materials and Methods; Fig. 1), a value that maps
well onto the peak of the quadratic curve between baseline PIB
levels and PIB slope. This allowed us to increase our sample size
to include anyone on the ascending limb of the inverted U, but
before rates start to decelerate after a 1.30 PIB DVR, suggesting a
relatively later disease stage. Similar results were obtained from
the stepwise regression analyses for those with �1.30 baseline PIB
DVR levels, as was seen for those who were PIB�. If we include all
participants in the same stepwise linear regression analysis, re-
sults are similar with the exception that baseline PIB level was a
significant predictor of AV-1451 uptake in Braak stages I–II
across all participants (r(1,35) � 0.462, � � 0.562, t � 3.084, p �
0.004, r 2 � 0.214).

Memory decline predicted by amyloid lags behind
pathological changes
To investigate the earliest effects of amyloid measures on mem-
ory decline, we performed a stepwise linear regression in PIB�

individuals with baseline PIB level, PIB slope, gray matter slope,
APOE �4 status, age, sex, and education as predictors of �Episodic
Memory Composite. We found that no predictors satisfied model
entry criteria. These results indicate that detectable A� aggrega-
tion is required to produce measureable episodic memory dys-
function, at least using standard memory tests. For visualization
of regression results, correlations between baseline PIB levels
and PIB slope with �Episodic Memory Composite in PIB� par-
ticipants are shown in Figure 5, A and B.

We next examined memory decline in participants with �
1.30 PIB DVR (based on K-means clustering of participants with
baseline PIB levels who are on the ascending limb of the inverted
U). A stepwise linear regression (with the same predictors as
above) showed that PIB slope was the best predictor of �Episodic

Memory Composite (r(1,59) � 0.296, � � �1.595, t � �2.380,
p � 0.021, r 2 � 0.088). There were no significant interactions
between PIB slope and PIB positivity. Thus, faster A� accumula-
tion was associated with greater memory decline over time, sug-
gesting that slightly more elevated A� levels is necessary to begin
seeing change in memory. For visualization of regression results,
correlations between baseline PIB levels and PIB slope with
�Episodic Memory Composite in participants with �1.30 PIB
DVR are shown in Figure 5, C and D.

To confirm that higher amyloid levels are also associated with
memory decline, we conducted stepwise linear regression in all
participants (with the same predictors as above), which resulted
in two significant models. Model 1 included baseline PIB level
as the best predictor of �Episodic Memory Composite (r(1,69) �
0.393, � � �0.206, t � �3.55, p � 0.001, r 2 � 0.154). Model 2
included baseline PIB levels (r(2,68) � 0.489, � � �0.178, t �
�3.14, p � 0.002) and gray matter slope (� � 4.4e�6, t � 2.75,
p � 0.008, �r 2 � 0.084) as the best predictors of memory decline.
There were no significant interactions between PIB slope and PIB
positivity. Thus, at higher levels of A�, baseline PIB level alone is
predictive of memory decline as is the slope of accumulation. For
the visualization of regression results, correlations between base-
line PIB level and PIB slope with �Episodic Memory Composite
in all participants are shown in Figure 5, E and F.

Discussion
Overall, these results indicate that very low levels of brain A�
predict the subsequent development of tau pathology over a pe-
riod of about 5 years in neocortical brain regions that characterize
tau deposition in AD. While multivariate models show that the
rate of A� deposition is most predictive of subsequent tau, even
baseline subthreshold levels of A� predict tau deposition. Mem-
ory decline, however, was seen in association with higher levels of
A� and could be predicted by baseline PIB measurements in
those individuals with the highest levels, and by faster accumula-
tion (i.e., higher slopes) in those with low PIB levels. This suggests
that memory impairment develops after AD pathology has begun
to spread. Together, these results indicate that AD is beginning
in those who are nominally “amyloid negative,” and by the time
high levels of brain A� eventuate, the rate of accumulation is
already slowing.

Previous findings from longitudinal A� imaging have shown
a quadratic relationship between baseline A� deposition and A�
accumulation across mixed groups, including healthy control
subjects and individuals with mild cognitive impairment and AD
(Villain et al., 2012; Jack et al., 2013b; Villemagne et al., 2013). We
found an inverted-U relationship between baseline A� level and
A� accumulation in cognitively normal individuals, extending

Figure 4. AV-1451 uptake in Braak stages I–II, III–IV, and V–VI regions. Participants were identified as PIB � (blue), PIB � converters (purple), and PIB � based on a standard threshold of 1.07
PIB DVR. Dotted lines in each panel indicate the threshold for classification as meeting that Braak stage. A, AV-1451 SUVR uptake in Braak stages I–II regions, with most participants being classified
as stages I–II (Braak stage I/II mean SUVR, �1.129). B, AV-1451 SUVR uptake in Braak stages III–IV regions, with five participants being classified as stages III–IV (Braak stage III/IV mean SUVR,
�1.304). C, AV-1451 SUVR uptake in Braak stages V–VI regions, with no participants being classified as stage V–VI (Braak stage V/VI mean SUVR, �1.873).
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previous findings in more heterogeneous samples (Jack et al.,
2013b; Villemagne et al., 2013). The strong evidence we present
for a quadratic function between baseline PIB levels and PIB
slope may result from using DVR values, which are more stable
and less likely to be affected by changes in perfusion that occur
with disease progression than the more commonly used SUVR
values (van Berckel et al., 2013; Cselényi and Farde, 2015). A�
accumulation may slow with greater A� deposition as a result of
(1) poor detection of a change in A� accumulation at high levels
of A�, possibly due to PET measurements reaching a ceiling or
changes in the availability of binding sites; (2) increasing the
clearance of A�; (3) cortical atrophy resulting in reduced tracer
measures; or (4) diminishing synaptic activity, since A� is regu-

lated by synaptic activity. Our finding of slowing A� deposition
suggests that high A� levels even in asymptomatic people may
reflect a relatively late stage of preclinical AD. This is also consis-
tent with the observation that these individuals show the greatest
memory decline. It is worth noting that the peak of the inverted U
occurs at a PIB DVR of 1.30, identical to the value that differentiated
high and low PIB groups in the cluster analysis. This corresponds to
a value of 43 centiloids (Klunk et al., 2015), representing a moderate
increase in tracer binding that is consistent with the interpretation
that amyloid accumulation slows well before peak levels are reached.

Across all participants, including those with high A� levels,
the baseline A� level was the best predictor of subsequent tau
deposition in Braak stage I–II regions. This is analogous to the

Figure 5. Relationship between PIB measures and change in episodic memory performance over time. Participants were identified as PIB � (�1.07 PIB DVR at all time points; N � 38; blue),
individuals who converted to PIB � (PIB � converter; N � 13; purple), and those who remained PIB � (at all time points; N � 20; red). A, Correlation between baseline PIB DVR and �Episodic
Memory Composite in PIB � participants (N � 51). B, Correlation between PIB DVR slope and �Episodic Memory Composite in PIB � participants. C, Correlation between baseline PIB DVR and
�Episodic Memory Composite in PIB participants with a �1.30 baseline value (N � 61). D, Correlation between PIB DVR slope and �Episodic Memory Composite in PIB participants with a �1.30
baseline value. E, Correlation between baseline PIB DVR and �Episodic Memory Composite in all participants (N � 71). F, Correlation between PIB DVR slope and �Episodic Memory Composite in
all participants.
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relationship between baseline A� level and memory, and is con-
sistent with the likelihood that A� exerts its effects on memory
through medial temporal lobe tau deposition (Maass et al., 2017).
However, the rate of A� accumulation was the best predictor of
subsequent tau deposition in Braak stage III–VI regions regard-
less of baseline A� level, demonstrating that tau deposition is
increased with higher levels of A� and more rapidly accumulat-
ing A� even at very low levels of amyloid accumulation. These
results are consistent with those of a previous study that reported
a relationship between the rate of A� change and tau deposition
(Tosun et al., 2017), indicating that faster A� accumulation in
parietotemporal brain regions was associated with more tau de-
position in inferior temporoparietal cortex. It is important to
note that the level of AV-1451 uptake in Braak stages V–VI is still
quite low and does not suggest that these individuals would be
classified as being in Braak stages V–VI, but rather that tau is
beginning to deposit in widespread neocortical areas even in nor-
mal people who are amyloid negative (Lowe et al., 2018). No
participants met the criteria for being in Braak stages V–VI, but
five met the criteria for Braak stages III–IV. This finding is inter-
esting when put into the context of the postmortem pathology
literature, which has proposed that A� accumulation may trigger
tau to begin depositing in Braak stages III–IV, initiating a vicious
cycle of A� and tau spread (Price and Morris, 1999; Bloom, 2014).

Further, despite the finding that the rate of A� accumulation
was more informative than baseline values in multivariate mod-
els, baseline A� measurements did in fact predict the ultimate
amount of tau in Braak stages III–IV ROIs in bivariate correla-
tions as well as stepwise linear regression models. This is a sur-
prising finding given that the baseline PIB DVRs in the PIB�

group of participants were all below the very low threshold of
1.07. It is consistent with our overall findings that even those who
do not meet the formal criteria for preclinical AD may be depos-
iting A� to a significant degree, and variability in A� measures
even at very low levels is informative. Furthermore, although tau
deposition is very low in Braak stages III–VI regions in normal
subjects, the relationship to A� suggests that this deposition may
be pathologic.

There are several methodological features of the study design
that deserve discussion. First, both nonaccumulators and accu-
mulators were included in all analyses. Negative slopes are not
likely indicative of amyloid clearance, but probably reflect mea-
surement error since they particularly occur in those with very
low baseline DVRs. Rather than exclude such individuals, their
data can still contribute meaningful information to the regres-
sion models. When we removed them from the analyses, results
did not significantly change; thus, we opted to include them to
increase our power. Second, we find robust results even with a
relatively small sample size. The pattern of associations among
baseline PIB levels, PIB slope, and AV-1451 accumulation is re-
peatedly seen across all brain regions, increasing confidence in
the overall pattern of results.

When determining which A� measures best predict memory
decline, our findings suggest several major points. First, when
baseline A� levels are high, A� is the strongest predictor of mem-
ory decline (Fig. 5E,F). However, presumably because those with
the highest baseline A� level show slower rates of A� accumula-
tion, the rate of change of A� becomes less informative about
disease status when individuals reach high levels of brain A�,
reflecting a later stage of preclinical AD. Second, when baseline
A� levels are lower (or intermediate), A� accumulation is the
strongest predictor of memory decline, likely because such indi-
viduals are on the ascending limb of the inverted U described in

Figure 2, when rates of change may be more important than
absolute levels. Finally, in those who are amyloid negative, the
effect of A� on memory decline, in contrast to the effects on tau,
has yet to become evident. In such individuals, the relationship
between the rate of change in A� levels and memory decline is
marginal and becomes significant when the threshold is slightly
higher, suggesting that memory decline appears to lag behind tau
deposition in response to increasing levels of A�. Together, these
data support a proposed mechanistic model of AD pathogenesis
in which A� precedes tau, and both precede memory decline
(Jack et al., 2013a).

Together, these findings have important implications for the
development of therapeutic trials in preclinical AD (Sperling et
al., 2011a). Our data indicate that A� measures predict tau depo-
sition well before symptoms manifest and in those who are below
a threshold. Memory decline seems to lag behind the effects of
amyloid and tau, supporting the approach in which reliance on
memory loss as a selection criterion for clinical trial participants
would represent a relatively late stage in the AD continuum.
While the rate of A� accumulation is informative in predicting
those in whom tau will deposit and amnesia will develop, longi-
tudinal measurement of A� may be impractical for selecting par-
ticipants for therapeutic trials, although the ability to observe
amyloid accumulation over time in potential study participants
would likely improve very early detection of pathology. However,
the inverted-U relationship between baseline A� levels and A�
deposition indicates that intervention on the “upslope” of this
inverted U, including subjects with low and negative A� mea-
surements, below a centiloid value of 43, might be the optimal
approach. Thus, based on these data we would predict that individ-
uals on the “higher” end of A�� and on the “lower” end of A��

would be the most likely to benefit from an amyloid-lowering ther-
apy. Future examination of larger cohorts with longitudinal study
and the more widely available F-18 amyloid imaging agents should
help to establish realistic thresholds and statistical models for such
interventions.
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