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Mechanisms underlying the initial accumulation of tau pathology across the human brain are largely unknown. We examined
whether baseline factors including age, amyloid-b (Ab), and neural activity predicted longitudinal tau accumulation in tempo-
ral lobe regions that reflect distinct stages of tau pathogenesis. Seventy cognitively normal human older adults (776 6 years,
59% female) received two or more 18F-flortaucipir (FTP) and 11C-Pittsburgh Compound B (PiB) PET scans (mean follow-up,
2.56 1.1 years) to quantify tau and (Ab). Linear mixed-effects models were used to calculate the slopes of FTP change in
entorhinal cortex (EC), parahippocampal cortex (PHC), and inferior temporal gyrus (IT), and slopes of global PiB change.
Thirty-seven participants underwent functional MRI to measure baseline activation. Older age predicted EC tau accumulation,
and baseline EC tau levels predicted subsequent tau accumulation in EC and PHC. In IT, however, baseline EC tau interacted
with Ab to predict IT tau accumulation. Higher baseline local activation predicted tau accumulation within EC and PHC, and
higher baseline hippocampal activation predicted EC tau accumulation. Our findings indicate that factors predicting tau accu-
mulation vary as tau progresses through the temporal lobe. Older age is associated with initial tau accumulation in EC, while
baseline EC tau and neural activity drive tau accumulation within medial temporal lobe. Ab subsequently facilitates tau
spread from medial to lateral temporal lobe. Our findings elucidate potential drivers of tau accumulation and spread in
aging, which are critical for understanding Alzheimer’s disease pathogenesis.
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Significance Statement

To further understand the mechanisms leading to tau pathogenesis and spread, we tested whether baseline factors such as
age, amyloid-b pathology, and activation predicted longitudinal tau accumulation in cognitively normal older adults. We
found that distinct mechanisms contribute to tau accumulation as tau progresses across the temporal lobe, with initial tau
accumulation in entorhinal cortex driven by age and subsequent spread driven by neural activity and amyloid-b . We demon-
strate that higher baseline activation predicts increased longitudinal tau accumulation, providing novel evidence that activa-
tion-dependent tau production may occur in the human brain. Our findings support major hypotheses generated from
preclinical research, and have important translational implications, suggesting that the reduction of hyperactivation may help
prevent the development of tau pathology.

Introduction
Tau and amyloid-b (Ab ) proteins, the two defining pathologies
of Alzheimer’s disease (AD), begin to accumulate in the brain
decades before the onset of clinical impairment (Braak and
Braak, 1991; Jack et al., 2010). The factors that lead to the initial
accumulation and spread of these proteins in the aging brain are
still not fully characterized. Using positron emission tomography
(PET) and targeted radiotracers for tau and Ab , these phenom-
ena can now be studied with longitudinal in vivo data (Schöll et
al., 2016, 2019).

While Ab arises multifocally across association cortex, corti-
cal tau accumulation first occurs in the transentorhinal region of
the medial temporal lobe (MTL) and is present in nearly all older
adults (Braak and Braak, 1991, 1997). In some individuals, tau
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subsequently spreads out of MTL to regions such as infero-
lateral temporal lobe, associated with Ab pathology and
reflecting the onset of preclinical AD (Braak and Braak,
1991; Jagust, 2018). Previous investigations of longitudinal
tau-PET have largely focused on cognitively impaired indi-
viduals (Jack et al., 2018, 2020; Cho et al., 2019; Pontecorvo
et al., 2019; Smith et al., 2020), in whom tau is already ubiq-
uitous throughout temporal lobe and this distinct spatio-
temporal progression can no longer be measured. While
our laboratory, and others, have identified longitudinal
changes in tau in the temporal lobe in cognitively normal
older individuals (Hanseeuw et al., 2019; Harrison et al.,
2019a; Sanchez et al., 2021), mechanisms driving pathologic
tau accumulation in its earliest stages are still obscure.

An appealing model based on existing human and animal
data posits that tau spreads from the entorhinal cortex to ana-
tomically connected downstream temporal regions (De Calignon
et al., 2012; Wu et al., 2016), facilitated by Ab (Schöll et al.,
2016) and driven by neural activity (Pooler et al., 2013; Wu et al.,
2016). Here we investigate this model in a cognitively normal
sample using functional MRI (fMRI) and longitudinal Ab� and
tau-PET. We focus on tau accumulation within three critical
temporal lobe regions that reflect distinct stages of tau pathoge-
nesis: the entorhinal cortex, the initial site of cortical tau deposi-
tion (Braak and Braak, 1991); the parahippocampal cortex, an
MTL region that may develop early tau pathology because of
strong connectivity with entorhinal cortex (Van Hoesen et al.,
1975; Braak and Braak, 1991); and the inferior temporal gyrus, a
lateral temporal region where tau accumulation is likely related
to Ab and reflects the transition to preclinical AD (Schöll et al.,
2016; Jagust, 2018).

Using these regions of interest (ROIs), we test several key
mechanistic hypotheses of tau accumulation. First, we assess the
role of demographic risk factors such as age and apolipoprotein
E (APOE), expecting these factors to contribute to the initial
accumulation of pathology within MTL. Next, we assess the
impact of baseline tau and Ab pathology on subsequent tau
accumulation rates. We expected baseline entorhinal tau pathol-
ogy to be related to tau accumulation in downstream regions,
supporting theories of trans-synaptic spread of tau pathology.
We predicted that baseline Ab pathology would be associated
with tau accumulation rates in non-MTL regions such as inferior
temporal gyrus. Finally, we examined the role of neural activity
in the increased production of tau pathology. We hypothesized
that higher activation at baseline, assessed with fMRI, would be
associated with increased local tau accumulation.

Materials and Methods
Participants
Seventy cognitively normal older adults (OAs) aged �60years from the
Berkeley Aging Cohort Study who had undergone longitudinal PET
were included in the present study. Inclusion criteria have been
described previously (Schöll et al., 2016). Ab1 participants were prefer-
entially selected to receive tau-PET to obtain sufficient tau variability,
leading to a higher proportion of Ab1 participants in our longitudinal
tau-PET sample than the general population. In the present study, all
participants underwent PET at two or more time points (Table 1) with
18F-flortaucipir (FTP) and 11C-Pittsburgh Compound B (PiB) to mea-
sure tau and Ab pathology, respectively. A subsample of 38 participants
received baseline fMRI while performing a memory task. The
Institutional Review Boards of the University of California, Berkeley,
and the Lawrence Berkeley National Laboratory approved this study. All
participants provided written informed consent.

PET
PET acquisition. FTP and PiB were synthesized at the Biomedical

Isotope Facility at Lawrence Berkeley National Laboratory according to
previously published protocols (Mathis et al., 2003; Schöll et al., 2016),
and data were acquired on a BIOGRAPH PET/CT Truepoint six scanner
(Siemens). FTP scans were acquired from 80 to 100min postinjection
(four 5 min frames). PiB was acquired dynamically for 90min postinjec-
tion (35 frames). PET images were reconstructed with an ordered subset
expectation maximization algorithm, with attenuation correction, scatter
correction, and 4 mm3 smoothing.

1.5T MRI acquisition. Structural MRIs were collected for PET coregis-
tration and processing. A whole-brain high-resolution T1-weighted volu-
metric magnetization-prepared rapid acquisition gradient echo (MPRAGE)
image was acquired on a 1.5T Magnetom Avanto Scanner (Siemens) at
Lawrence Berkeley National Laboratory (voxels=1 mm3; TR = 2110 ms;
TE=3.58ms; flip angle (FA) =15°).

FTP processing. FTP scans were processed with a longitudinal pipe-
line and white matter reference region, a previously described reliable
and sensitive reference region for longitudinal analyses (Harrison et al.,
2019a). For ROI analyses, average MRIs were processed with FreeSurfer
version 5.3.0 (http://surfer.nmr.mgh.harvard.edu/). Mean standardized
uptake value ratios (SUVRs) of each ROI at each time point were quanti-
fied and partial volume corrected using a modified Geometric Transfer
Matrix approach to reduce the effects of off-target FTP binding on
SUVR estimates in MTL (Rousset et al., 1998; Baker et al., 2017).

To measure longitudinal change in FTP, the partial volume cor-
rected SUVR at each time point was entered into linear mixed-
effects models with random effects for participant intercept and
slope. The model-estimated FTP slope for each participant was
extracted for entorhinal cortex (EC), parahippocampal cortex
(PHC), and inferior temporal gyrus (IT). Within the subsample of
participants with fMRI, one participant had an EC FTP slope that
was a negative outlier (.2.5 SDs below mean), and this data point
was removed from analyses within this subsample. Baseline FTP
values were also generated from the longitudinal pipeline.

To replicate whole-brain patterns of FTP accumulation identi-
fied in previous work (Harrison et al., 2019a), we conducted voxel-
wise analyses. For each participant, voxelwise FTP slope images
(non-partial volume corrected) were created by fitting linear
regressions (FTP ; years from baseline) at each voxel. Voxelwise
linear mixed-effects models were not used because of a failure of
model convergence in voxels with low variability. Voxelwise slope
images for each participant were warped to MNI space for group-
level analyses (Harrison et al., 2019a).

PiB processing. Distribution volume ratio (DVR) images were calcu-
lated with Logan graphical analysis over 35–90min of data, normalized
by a whole-cerebellar gray reference region (Logan, 2000; Price et al.,
2005). Global PiB DVR was calculated at each time point from the mean
of cortical FreeSurfer ROIs. Global PiB slopes were extracted from linear
mixed-effects models with random effects for participant intercept and
slope. Baseline Ab status was determined with a DVR threshold of
1.065 (Mormino et al., 2012; Villeneuve et al., 2015).

Table 1. Demographic information and baseline characteristics of the sample

OA full
sample
(n= 70)

OA fMRI
subsample
(n= 37)

PET vs fMRI
subsamples

t or x 2 p

Age (years) 77.1 (5.5) 77.2 (4.6) �0.21 0.84
Sex (F) 41 (58.6%) 24 (64.9%) 1.28 0.26
Education (years) 16.8 (1.7) 16.5 (1.8) 1.47 0.15
MMSE 28.6 (1.3) 28.8 (1.2) 0.32 0.75
Baseline global PiB DVR 1.15 (0.23) 1.14 (0.21) 0.55 0.58
Ab1 31 (44.3%) 17 (45.9%) 0.09 0.77
APOE «41 21 (30.0%) 12 (32.4%) 0.22 0.64
FTP Follow-up (years) 2.5 (1.1) 2.7 (1.1) �2.02 0.048
2/3/4 FTP time points 44/24/2 15/20/2

OA, cognitively normal older adults; F, female; MMSE, Mini-Mental State Examination; PiB, Pittsburgh
Compound B; DVR, distribution volume ratio; APOE, apolipoprotein E; FTP, Flortaucipir.
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Functional MRI
3T MRI acquisition.MRI was performed at the Henry H. Wheeler Jr.

Brain Imaging Center with a 3T TIM/Trio scanner (Siemens Medical
Systems) and a 32-channel head coil. High-resolution whole-brain struc-
tural images were acquired with T1-weighted volumetric MPRAGE
(voxels = 1 mm3; TR = 2300 ms; TE=2.98ms; matrix = 256 � 240 �
160; FOV=256 � 240 � 160 mm3; sagittal plane = 160 slices; 5 min ac-
quisition). fMRI was acquired while participants performed a mnemonic
discrimination task using visually presented objects and scenes with
novel, repeated, and lure stimuli (Berron et al., 2018; Maass et al., 2019).
High-resolution whole-brain functional data were acquired using T2*-
weighted gradient-echo echoplanar images (voxels = 1.54 mm3; multi-
band acceleration factor 4; TR = 2400 ms; TE= 37ms; FA= 45°;
matrix = 138� 138; FOV=212� 212 mm2; interleaved acquisition = 88
slices; posterior-anterior phase encoding, two 13 min runs).

fMRI preprocessing and analysis. Preprocessing was conducted with
Statistical Parametric Mapping 12 (SPM12) using a standard native space
pipeline (Maass et al., 2019; Adams et al., 2021). Outlier volumes in average
intensity and motion were detected with the ArtRepair Toolbox (global in-
tensity z score = 5; movement threshold = 0.9 mm/TR) and included as
spike regressors in the first-level design matrix (Lemieux et al., 2007; Power
et al., 2015). A motion threshold of 20% total outlier volumes was applied
(Maass et al., 2019; Adams et al., 2021), excluding one participant and
resulting in a final fMRI subsample of 37 participants.

First-level analyses were performed in native space using a general linear
model in SPM12 (Maass et al., 2019; Adams et al., 2021). All stimuli types,
motion regressors, and outlier volumes were included as regressors. We
observed some signal dropout in lateral temporal lobe (MTL was largely
unaffected) and therefore applied a conservative implicit mask of 0.8 of the
global signal to remove low-signal voxels. To measure activation, we con-
trasted all task images against a perceptual baseline condition. This general
measure of activation during mnemonic discrimination was chosen because
it is more likely to be generalizable to activation patterns that occur across
various task states. The mean b -value was extracted for the native space
EC, PHC, IT, and hippocampus (HC) FreeSurfer ROIs.

Because of time variation between fMRI and PET acquisition, the
time between fMRI and baseline FTP/PiB (FTP-fMRI = 0.856 1.0 years;
PiB-fMRI = 0.996 1.2 years) was included as a covariate in correlations
between activation and baseline FTP/PiB. We also calculated the time
between fMRI and baseline FTP/PiB, divided by the time interval between
the baseline and final FTP/PiB (fMRI 25%/27% into FTP/PiB follow-up
interval). This measure was included in correlations between activation
and FTP/PiB slope.

Experimental design and statistical analyses
Analyses of demographic variables and ROI-based FTP measures were
performed using SPSS version 25. Demographic variables were com-
pared between groups using independent-samples t tests and x 2 tests.
Group-level tau accumulation was assessed with one-sample t tests, and
group comparisons of tau accumulation with independent-samples t
tests. Pearson partial correlations included age as a covariate in all mod-
els, and fMRI-FTP/PiB timing adjustment in correlations with activa-
tion. Multiple regression models were performed in RStudio (R version
4.0.4) with mean centered variables. Voxelwise FTP accumulation was
assessed in SPM12 using a one-sample t test (gray matter explicit mask;
voxel/cluster-level thresholds of p, 0.005; FWE, p, 0.05). All other
results were considered significant at p, 0.05.

Results
Participants
Demographic and baseline characteristics of the sample are pre-
sented in Table 1. The sample was 44% Ab1 at baseline, result-
ing from selective follow-up of Ab1 participants, and the
average follow-up times were as follows: FTP = 2.5 years; PiB =
2.6 years. Importantly, there were no significant differences in
demographic or baseline characteristics between the PET-only
and the fMRI subsamples, though the fMRI subsample had sig-
nificantly longer FTP follow-up times.

Longitudinal tau accumulation in aging
We conducted a hypothesis-driven investigation of tau accumula-
tion within three critical temporal lobe regions: EC, PHC, and IT.
Individual trajectories of FTP SUVRs over time generally increased
(Fig. 1A). Group-level FTP accumulation, quantified as FTP slopes
extracted from linear mixed models, was significant in EC
(t(69) = 15.35, p, 0.001), PHC (t(69) =20.84, p, 0.001), and IT
(t(69) = 12.53, p, 0.001), depicted in Figure 1B. Significant FTP
accumulation occurred in subgroups of both Ab1 (EC: t(30) =9.34,
p, 0.001; PHC: t(30) =12.04, p, 0.001; IT: t(30) =7.98, p, 0.001)
and Ab� (EC: t(39) = 13.45, p, 0.001; PHC: t(39) =20.58,
p, 0.001; IT: t(39) = 10.92, p, 0.001) participants.

While our primary aim was to investigate drivers of tau accumu-
lation in these three a priori ROIs, we additionally investigated
whole-brain voxelwise FTP accumulation to compare results to our
previous work (Harrison et al., 2019a). At the group level, signifi-
cant FTP accumulation predominantly occurred throughout medial
and lateral temporal lobes (Fig. 1C), overlapping with our a priori
ROIs. Additional clusters were identified in left medial parietal lobe
and lateral prefrontal cortex. This spatial pattern generally replicated
our previous work investigating voxelwise longitudinal FTP accu-
mulation in 42 of 70 participants from this sample (Harrison et al.,
2019a).

Baseline demographic risk factors and pathology
To characterize demographic factors that may predict longitudi-
nal tau accumulation within temporal lobe regions, we tested
relationships between baseline age, sex, and APOE e4 genotype
with FTP slope within the full sample. Higher age at baseline was
significantly associated with increased FTP slope within EC
(r=0.33, p=0.005; Fig. 2A), but not PHC (r=0.21, p=0.09) or
IT (r= 0.17, p= 0.17), supporting the role of age in initial tau
accumulation in EC. There was no significant difference in FTP
slope between female and male participants (EC: t(68) =0.48,
p=0.63; PHC: t(68) = �0.70, p=0.49; IT: t(68) = �0.37, p=0.71).
There was also no effect of APOE e4 genotype on FTP slope (EC:
t(68) =0.95, p=0.35; PHC: t(26.57) =0.93, p=0.36; IT: t(24.65) =1.08,
p=0.29).

We next assessed the effect of baseline pathology on longitu-
dinal tau accumulation. Higher baseline EC FTP was associated
with increased FTP slope in EC (r=0.61, p, 0.001) and PHC
(r=0.54, p, 0.001), but not in IT (r= 0.16, p = 0.20; Fig. 2B).
There was no significant difference in FTP slope by baseline Ab
status in EC (t(49.00) =1.37, p=0.18) or PHC (t(44.49) =1.62, p=0.11),
though there was a trend suggesting higher IT FTP slope in Ab1
participants (t(68) = 1.89, p=0.06; Ab1, 0.0216 0.015; Ab�,
0.0166 0.021). However, the continuous relationship between
higher baseline global PiB and increased FTP slope was significant
in all regions (EC: r=0.28, p=0.02; PHC: r=0.26, p=0.03; IT:
r=0.31, p=0.01; Fig. 2C).

To determine the relative contributions of our baseline pre-
dictors on tau accumulation, we constructed a multiple regres-
sion model predicting FTP slope in each region (Table 2,
Baseline Predictors Model). We included significant univariate
predictors (baseline age, EC FTP, and global PiB), as well as the
interaction between baseline EC FTP and global PiB to deter-
mine whether Ab facilitates tau accumulation. Both EC and
PHC FTP slope were only predicted by baseline EC FTP (p
values, 0.001), with no independent or interactive effects of
baseline global PiB. In contrast, the interaction between baseline
EC FTP and global PiB significantly predicted IT FTP slope
(p=0.02), indicating that Ab may facilitate tau spread from EC
to inferolateral temporal regions.

1354 • J. Neurosci., February 16, 2022 • 42(7):1352–1361 Adams et al. · Distinct Factors Drive Progression of Tau



Associations between longitudinal pathology measures
To determine how tau and Ab pathology may temporally co-
develop, we characterized associations between longitudinal
accumulation of tau and Ab pathology. We first tested whether
the rate of EC FTP accumulation was associated with down-
stream accumulation in PHC and IT, indicating possible spread
of pathology out of EC. There was a significant positive correla-
tion between EC FTP slope and FTP slope in both PHC (r= 0.64,
p, 0.001) and IT (r=0.47, p, 0.001; Fig. 3A). We next tested
whether the rate of global PiB accumulation was associated with
FTP slope. While this association did not reach statistical signifi-
cance, there was trend for a positive correlation between global
PiB slope and FTP slope in each region (EC: r= 0.22, p= 0.07;
PHC: r=0.21, p=0.08; IT: r=0.20, p=0.095; Fig. 3B).

We next tested whether EC FTP slope and global PiB slope
interacted to predict downstream accumulation in PHC and IT
with a multiple regression model (Table 2, Longitudinal
Predictors Model). Both PHC and IT FTP slope were predicted
by EC FTP slope (p values, 0.001), but not global PiB slope or
the interaction between EC FTP slope and global PiB slope (p
values. 0.05). This model indicates that the rate of change of
global PiB does not contribute to FTP change in PHC or IT over
and above change in entorhinal FTP.

Baseline activation as a predictor of local tau accumulation
To pursue findings from animal models that neural activity leads
to the production of tau pathology (Pooler et al., 2013; Wu et al.,
2016) and findings from human neuroimaging studies showing

that tau is cross-sectionally associated with hyperactivation
(Berron et al., 2019; Huijbers et al., 2019; Maass et al., 2019;
Adams et al., 2021), we next tested whether higher baseline acti-
vation was a predictor of longitudinal tau accumulation. We
examined regional fMRI activation during a memory task to
investigate local activation–pathology relationships (Fig. 4).
Some signal dropout in the fMRI data was observed in lateral
temporal regions (Fig. 4A); however, we eliminated low-signal
voxels before analysis (see Materials and Methods). Mean activa-
tion (b -values) was extracted for FTP ROIs to investigate local
relationships with activation, and from HC for subsequent analy-
ses (Fig. 4B).

We first characterized local relationships at baseline between
activation and FTP. There was no significant association between
levels of activation and FTP at baseline (EC: r=0.25, p= 0.15;
PHC: r= 0.07, p= 0.71; IT: r= 0.27, p=0.12). We then tested
whether baseline activation predicted local longitudinal tau accu-
mulation. Higher baseline activation predicted local tau accumu-
lation within EC (r=0.36, p=0.04) and PHC (r= 0.38, p= 0.02),
but not IT (r= 0.22, p = 0.20; Fig. 4C), suggesting a stronger asso-
ciation between activation and longitudinal, rather than baseline,
tau accumulation.

Because findings suggesting activation also leads to produc-
tion of Ab (Palop and Mucke, 2010), we next tested both base-
line and longitudinal relationships between activation and global
PiB. There was no significant baseline association between global
PiB and activation in any region (EC: r = �0.04, p= 0.82; PHC:
r= 0.14, p=0.44; IT: r= 0.16, p= 0.36). However, baseline activa-
tion in IT (r= 0.40, p= 0.02) significantly predicted increased

Figure 1. Longitudinal tau accumulation measured with FTP in cognitively normal older adults. Cognitively normal older adults received at least two time points of FTP, which was processed
with a longitudinal pipeline. A, B, Red data points indicate participants who were Ab1 at baseline, while black data points indicate Ab� participants. A, Individual trajectories of FTP
SUVRs over longitudinal follow-up in entorhinal cortex (EC), parahippocampal cortex (PHC), and inferior temporal gyrus (IT). B, FTP slopes were computed to quantify longitudinal change in
tau with linear mixed-effects models. FTP slopes were significantly greater than zero (one-sample t tests, *p, 0.001) in EC, PHC, and IT, indicating group-level tau accumulation in these
regions. C, Whole-brain voxelwise FTP accumulation occurred predominantly in temporal regions (overlapping with a priori regions), but also in small clusters in medial parietal and frontal
lobe, replicating previous findings in a subset of this sample. See Extended Data Figure 1-1 for whole-brain visualization of mean FTP slope in Ab� and Ab1 groups separately.
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global PiB slope, while there was a trend-level association with
PHC activation (r= 0.29, p=0.09) and no significant association
with EC activation (r= 0.14, 0.42; Fig. 4D).

Because Ab may increase activation (Busche et al., 2008),
subsequently leading to tau production, we constructed a multi-
ple regression model to test whether baseline activation inter-
acted with baseline global PiB to predict FTP accumulation
(Table 3, Activation Model). EC FTP slope was predicted by in-
dependent effects of baseline EC activation (p=0.02) and base-
line global PiB (p=0.003). PHC FTP slope was predicted by
baseline PHC activation (p=0.02), baseline global PiB
(p=0.001), and by the interaction between baseline PHC activa-
tion and global PiB (p=0.045). Investigating this interaction fur-
ther revealed that the positive association between PHC
activation and PHC FTP slope was strongest when PiB levels
were low (global PiB: �1 SD, b = 0.001, p= 0.004; global PiB
mean: b = 0.000, p=0.02; global PiB: 11 SD, b = 0.000,
p=0.82). Finally, IT FTP slope was solely predicted by baseline
global PiB (p, 0.001). These models demonstrate both main
and interaction effects of baseline activation and Ab on tau
accumulation that vary by region.

Hippocampal activation as a biomarker of tau and Ab
accumulation
Because hippocampal activation is related to disease progression
(Dickerson et al., 2005; O’Brien et al., 2010) and AD biomarkers
(Berron et al., 2019; Huijbers et al., 2019; Harrison et al., 2019b;
Adams et al., 2021), we additionally tested relationships between
hippocampal activation and both longitudinal tau and Ab
accumulation. We first assessed baseline relationships between
hippocampal activation and pathology. At baseline, higher hip-
pocampal activation was specifically associated with greater EC
FTP (r= 0.34, p=0.045; Fig. 5A). There was no significant rela-
tionship between hippocampal activation and baseline PHC FTP
(r=0.29, p=0.10), though there was a trending association with
IT FTP (r=0.32, p= 0.06). Hippocampal activation was not asso-
ciated with baseline global PiB (r= 0.14, p= 0.42; Fig. 5B).

We next assessed relationships between baseline hippocampal
activation and longitudinal accumulation of tau and Ab . Higher
hippocampal activation was associated with increased EC FTP
slope (r= 0.39, p=0.02; Fig. 5C), but not FTP slope in PHC
(r=0.29, p=0.10) or IT (r= 0.06, p= 0.73). Higher baseline hip-
pocampal activation had a trend-level relationship with increased

Figure 2. Baseline predictors of longitudinal tau accumulation. Pearson correlations between FTP slope, indicating the rate of longitudinal tau accumulation, and baseline risk factors. A,
Higher age at baseline significantly predicted increased FTP slope in entorhinal cortex (EC). B, Higher baseline EC FTP was associated with increased FTP slope in EC and parahippocampal cortex
(PHC), but not in inferior temporal gyrus (IT). C, Higher baseline global PiB was associated with increased FTP slope in EC, PHC, and IT. ***p, 0.001, **p, 0.01, *p, 0.05,1p, 0.10.
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global PiB slope (r=0.32, p= 0.07; Fig. 5D). These results point
to the specificity between hippocampal function and tau accu-
mulation within EC.

Discussion
We demonstrate that longitudinal tau accumulation across the
temporal lobe in cognitively normal older adults is driven by

regionally distinct factors reflecting varying mechanisms of tau
progression. Older age was associated with tau accumulation in
EC, supporting initial age-related development of tau pathology.
While baseline EC tau alone predicted subsequent tau accumula-
tion within MTL, Ab interacted with EC tau to promote tau
accumulation in IT. These different patterns support that cortical
tau deposition begins in the EC and spreads trans-synaptically,

Figure 3. Longitudinal associations between tau and Ab accumulation. A, FTP slope in entorhinal cortex (EC) was highly correlated with FTP slope in parahippocampal cortex (PHC) and inferior tem-
poral gyurs (IT). Gray shading indicates that this analysis could not be performed due to the autocorrelation between EC FTP slope. B, Global PiB slope was not significantly associated with FTP slope in
any region, though these associations were trending toward significance. ***p, 0.001,1p, 0.10.

Table 2. Multiple regression models predicting longitudinal tau accumulation

EC FTP slopea PHC FTP slope IT FTP slope

b SE p b SE p b SE p

Baseline predictors model: FTP slope
; age 1 EC FTP TP1 � global PiB TP1

Intercept �0.000 0.001 0.99 0.000 0.001 0.86 �0.001 0.001 0.53
Age 0.000 0.000 0.06 0.000 0.000 0.63 0.000 0.000 0.08
EC FTP TP1 0.038 0.007 ,0.001* 0.024 0.005 ,0.001* �0.001 0.008 0.95
Global PiB TP1 0.005 0.006 0.44 0.005 0.004 0.29 0.008 0.007 0.26
EC FTP TP1 global PiB TP1 0.002 0.02 0.94 �0.012 0.017 0.50 0.067 0.028 0.02*

Model Adjusted R2: 0.42
F(65) = 13.26, p, 0.001

Adjusted R2: 0.29
F(65) = 8.11, p, 0.001

Adjusted R2: 0.20
F(65) = 3.98, p= 0.006

Longitudinal predictors model: FTP slope
; age 1 EC FTP slope � global PiB slope

Intercept 0.000 0.001 0.80 �0.000 0.001 0.83
Age �0.000 0.000 0.72 0.000 0.000 0.94
EC FTP Slope 0.452 0.068 ,0.001* 0.460 0.122 ,0.001*
Global PiB Slope 0.033 0.045 0.47 0.076 0.078 0.33
EC FTP slope � global PiB slope �5.014 3.695 0.180 4.349 6.399 0.50

Model Adjusted R2: 0.43
F(64) = 13.77, p, 0.001

Adjusted R2: 0.22
F(64) = 5.73, p, 0.001

TP1, Time point 1 (baseline). EC, entorhinal cortex; PHC, parahippocampal cortex; IT, inferior temporal gyrus; FTP, Flortaucipir; PiB, Pittsburgh Compound B.
aModels predicting to EC FTP slope were not able to be performed because of the inclusion of EC FTP slope as a primary predictor.
*p, 0.05, significant predictor.
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facilitated by Ab in its progression outside the MTL (Schöll et
al., 2016). Finally, higher baseline activation significantly pre-
dicted local tau accumulation in MTL, supporting theories of ac-
tivity-driven tau production (Pooler et al., 2013; Wu et al., 2016).
Our results suggest that initial levels of EC tau, Ab , and activa-
tion promote regionally dependent tau accumulation, informing
on the transition from normal aging to the development of AD.

We investigated tau accumulation in three temporal lobe
regions that reflect distinct stages of tau pathogenesis: EC, the
initial site of cortical tau accumulation (Braak and Braak, 1991);
PHC, an MTL region that develops early tau pathology (Braak
and Braak, 1991); and IT, a lateral temporal region in which tau
accumulation may be facilitated by Ab and reflect the onset of
preclinical AD (Schöll et al., 2016; Jagust, 2018). Importantly, we
found significant group-level tau accumulation in each region,
regardless of baseline Ab status. Previous studies assessing

longitudinal tau-PET have observed the highest rates of tau
change in Ab1 cognitively impaired samples (Jack et al., 2018,
2020; Cho et al., 2019; Pontecorvo et al., 2019; Smith et al., 2020),
consistent with overall increased tau burden in these popula-
tions. Our results are consistent with recent studies demonstrat-
ing that tau accumulation is detectable within the temporal lobe
in cognitively unimpaired samples (Hanseeuw et al., 2019;
Harrison et al., 2019a; Sanchez et al., 2021), expanding this
emerging literature.

The primary aim of this study was to assess predictors of lon-
gitudinal tau accumulation in regions that reflect distinct stages
of tau progression. In EC, we found that older age strongly pre-
dicted subsequent tau accumulation. The specificity of age in
predicting tau accumulation in EC, but not PHC or IT, supports
cross-sectional results (Schöll et al., 2016) and theories that EC
tau pathogenesis is an age-dependent process (Braak and Braak,

Figure 4. Local activation during memory processing and longitudinal accumulation of Alzheimer’s pathology. A, We investigated activity in entorhinal cortex (EC; green), parahippocampal
cortex (PHC; yellow), inferior temporal gyrus (IT; cyan), and hippocampus (HC; red). Signal dropout predominantly occurred in lateral temporal regions, affecting IT; however, we removed low-
signal voxels before analyses. B, Activation (mean b -values) was extracted for each region, contrasting all task images against the perceptual baseline to derive a general measure of activation
during memory processing. C, Baseline activation was associated with increased FTP slope locally within EC and PHC, but not IT. D, Baseline IT activation, but not EC or PHC activation, was asso-
ciated with increased global PiB slope. *p, 0.05,1p, 0.10.
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1991; Jagust, 2018). The ubiquity of EC tau deposition in aging,
regardless of the co-occurrence of Ab (Braak and Braak, 1997),
suggests that tau development in this region may be a separate
process from AD, known as primary age-related tauopathy
(Crary et al., 2014). However, our finding that EC tau accumula-
tion was also related to higher baseline Ab indicates that this
age-related process is subject to exacerbation, perhaps reflecting
the propensity for misfolded protein aggregates to codevelop
(Morales et al., 2013). Finally, we found that higher baseline EC
activation predicts increased EC tau accumulation, suggesting
that increased neuronal activity may play an early role in tau
pathogenesis.

We next investigated predictors of tau accumulation in PHC
to probe a stage of tau pathogenesis that is still contained within
MTL, potentially reflecting both age- and AD-related processes.

PHC tau accumulation was strongly related
to baseline and change in EC tau. As PHC
has strong anatomical connectivity with EC
(Van Hoesen, 1982), these findings support
the trans-synaptic spread of tau pathology out
of EC to interconnected regions. While base-
line Ab was predictive of PHC tau accumula-
tion in univariate models, baseline and
change in EC tau predicted PHC tau accumu-
lation over and above Ab when included to-
gether in multivariate models. This result
further supports the importance of EC tau
and trans-synaptic mechanisms of tau spread
withinMTL. Finally, increased PHC tau accu-
mulation was predicted by higher baseline
PHC activation. Interestingly, increased PHC
activation best predicted PHC tau accumula-
tion when Ab levels were low, suggesting
that activity-driven tau production could be
an early factor in MTL tau accumulation.

We assessed IT tau accumulation to inves-
tigate mechanisms driving the potential tran-
sition from normal aging to preclinical AD.
Baseline Ab , but not age or EC tau pathol-
ogy, was the only univariate baseline predic-
tor of IT tau accumulation. However, baseline
Ab interacted with baseline EC tau to predict
subsequent IT tau accumulation. These findings
support Ab as a facilitator of tau progression
outside the MTL, and the importance of IT tau
accumulation as a potential indicator of preclin-
ical AD. Further, we found that baseline levels

of Ab were a stronger predictor of IT tau accumulation than the
rate of Ab change, perhaps because of the relatively slower develop-
ment of Ab pathology. Finally, there was no relationship between
local activation and tau accumulation in IT. This suggests that activ-
ity-related production of tau may be an earlier process that is re-
stricted to MTL, though some fMRI signal dropout within IT may
have contributed to this lack of association.

Our findings support and extend previous investigations of
longitudinal tau accumulation and mechanisms of tau progres-
sion. While previous reports found differences in tau accumula-
tion by sex (Smith et al., 2020) and APOE e4 positivity (Jack et
al., 2020) in cognitively impaired samples, we did not observe
this in our cognitively normal sample. Our findings provide lon-
gitudinal support for the trans-synaptic spread of EC tau,

Figure 5. Hippocampal (HC) activation and longitudinal accumulation of Alzheimer’s pathology. A, B, At baseline,
increased HC activation was significantly associated with FTP in entorhinal cortex (EC) (A), but not global PiB (B). C, D,
Higher baseline HC activation predicted increased FTP slope in EC (C), and a trend-level association with increased global
PiB slope (D). *p, 0.05,1p, 0.10.

Table 3. Multiple regression models predicting longitudinal tau accumulation by baseline local activation

EC FTP slope PHC FTP slope IT FTP slope

b SE p b SE p b SE p

Activation model: FTP slope ; age
1 FTP-fMRI time adjustment 1 local
activation � global PiB TP1

Intercept �0.000 0.001 0.98 0.000 0.001 0.76 �0.000 0.001 0.85
Age 0.001 0.000 0.11 0.000 0.000 0.07 0.000 0.000 0.27
FTP-fMRI time adjustment 0.000 0.006 0.94 �0.001 0.004 0.75 0.003 0.005 0.53
Local activation 0.000 0.000 0.02* 0.000 0.000 0.02* 0.000 0.000 0.27
Global PiB TP1 0.022 0.007 0.003* 0.019 0.005 0.001* 0.031 0.007 ,0.001*
Local activation � global PiB TP1 �0.001 0.001 0.53 �0.001 0.001 0.045* 0.001 0.001 0.37

Model Adjusted R2: 0.28
F(30) = 3.73, p= 0.01

Adjusted R2: 0.35
F(31) = 4.86, p= 0.002

Adjusted R2: 0.43
F(31) = 6.48, p, 0.001

FTP-fMRI time adjustment, Time adjustment between baseline fMRI and FTP follow-up interval; TP1, time point 1 (baseline). EC, entorhinal cortex; PHC, parahippocampal cortex; IT, inferior temporal gyrus; FTP, Flortaucipir;
PiB, Pittsburgh Compound B.
*p, 0.05, significant predictor.
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consistent with animal models (De Calignon et al., 2012; Wu et
al., 2016) and human neuroimaging models of tau spread based
on EC functional and structural connectivity (Adams et al., 2019;
Vogel et al., 2020). Additionally, our results are consistent with
previous studies demonstrating associations between baseline
Ab and longitudinal tau-PET. Ab has been shown to be a
strong predictor of tau accumulation in cognitively normal par-
ticipants (Jack et al., 2020), interacting with rhinal tau to predict
IT tau accumulation (Sanchez et al., 2021), supporting our
results.

Our results provide the first longitudinal evidence supporting
activity-related tau production in the human brain. Previous
neuroimaging studies have found cross-sectional associations
between increased activation and tau pathology (Berron et al.,
2019; Huijbers et al., 2019; Maass et al., 2019; Adams et al.,
2021), speculating on the temporal directionality of this relation-
ship. However, our data indicate a directional association where
higher activation may lead to increased tau accumulation, con-
sistent with animal models (Pooler et al., 2013; Wu et al., 2016).
Hyperactivity, shown to be associated with poorer cognitive per-
formance (Bakker et al., 2012; Berron et al., 2019), may be an in-
triguing target for interventional trials to prevent tau production,
as reducing hyperactivation with low doses of antiepileptic drugs
has been previously shown to improve memory performance in
mild cognitive impairment (Bakker et al., 2012).

Hippocampal activation is a relatively reliable biomarker of
disease progression, with initial hyperactivation yielding to hypo-
activation as clinical symptoms of AD emerge (Dickerson et al.,
2005; O’Brien et al., 2010). Additionally, hippocampal hyperacti-
vation is related to tau pathology cross-sectionally in cognitively
normal samples (Marks et al., 2017; Berron et al., 2019; Huijbers
et al., 2019; Adams et al., 2021). Because of this, we assessed the
relationship between hippocampal activation and longitudinal
change in pathology to test whether hippocampal activation was
a general predictor of overall tau accumulation. However, higher
baseline hippocampal activation was exclusively associated with
increased tau in EC, both longitudinally and at baseline. The
specificity of this relationship to EC tau suggests that tau accu-
mulation and neuronal activation in the EC–hippocampal circuit
may be fundamentally linked. This finding replicates previous
cross-sectional work (Harrison et al., 2019b; Adams et al., 2021)
and further suggests that EC tau pathology may interfere with in-
formation transfer to hippocampus, disconnecting it and leading
to hyperactivation (Hyman et al., 1984).

This study has several limitations. First, our sample was highly
educated and enriched for amyloid positivity, which may affect
the generalizability of our findings. Future studies should investi-
gate more diverse populations with variability in health and socio-
economic outcomes to explore the relationship between lifetime
health and environmental factors with longitudinal tau accumula-
tion. Second, relationships between activation and AD pathology
were conducted in a subsample of participants. However, even
with reduced statistical power in this smaller sample, we were able
to identify key relationships between activation and tau accumula-
tion that are consistent with longitudinal models developed from
cross-sectional human studies and preclinical research. Third,
baseline PET and fMRI acquisition was not perfectly contempora-
neous; however, we controlled for this time difference in all fMRI-
PET analyses. Fourth, we could not assess relationships between
longitudinal tau accumulation in hippocampus and activation
because of FTP off-target binding in the nearby choroid plexus
(Baker et al., 2017). Fifth, we could not calculate FTP slopes with
linear mixed-effect models in potential control regions or in later

tau-accumulating regions like medial parietal lobe. These models
failed to converge because of limited variability in FTP change in
these regions, suggesting a lack of FTP signal. Finally, future
research should explore the heterogeneity of patterns of tau accu-
mulation, which may not follow the more traditional “Braak-like”
staging, focusing on individual-subject level patterns.

In summary, we show that temporal lobe regions reflecting
different stages of tau progression have varying associations with
baseline predictors. Our results support a model in which older
age is most closely associated with initial cortical tau deposition
in EC. Increased baseline EC tau and activation lead to further
tau accumulation in MTL. Finally, Ab facilitates tau progression
out of MTL to inferolateral temporal regions. Further investiga-
tion of these predictors in larger cognitively normal samples will
provide greater insight into the development of strategies to pre-
vent or reduce tau pathology in the aging brain.
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