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Abstract

Advances in molecular positron emission tomography (PET) have enabled anatomic tracking of
brain pathology in longitudinal studies of normal aging and dementia, including assessment of the
central model of Alzheimer’s disease (AD) pathogenesis, that TAU pathology begins focally but
expands catastrophically under the influence of amyloid-beta (Ap) pathology to mediate
neurodegeneration and cognitive decline. Initial TAU deposition occurs many years prior to Ap in
a specific area of the medial temporal lobe. Building on recent work that enabled focus of
molecular PET measurements on specific TAU-vulnerable convolutional temporal lobe anatomy,
we applied an automated anatomic sampling method to quantify TAU PET signal in 443 adult
participants from several observational studies of aging and AD, spanning a wide range of ages,
AP burdens, and degrees of clinical impairment. We detected initial cortical emergence of
tauopathy near the rhinal sulcus in clinically normal people and, in a subset with longitudinal two-
year follow-up data (n=104), tracked AB-associated spread of TAU from this site first to nearby
neocortex of the temporal lobe and then to extra-temporal regions. Greater rate of TAU spread was
associated with baseline measures of both global AB burden and medial temporal lobe TAU. These
findings are consistent with clinicopathological correlation studies of Alzheimer’s tauopathy and
enable precise tracking of AD-related TAU progression for natural history studies and prevention
therapeutic trials.

One Sentence Summary:
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An automated method to quantify TAU PET detected initial cortical tauopathy in Alzheimer’s
disease and tracked subsequent amyloid-related TAU spread.

Introduction

Results

Medial temporal lobe (MTL) deposition of paired helical filament (PHF) TAU pathology is
reported at autopsy as early as age 20 and is found in nearly all individuals by age 75 (1-4).
In some individuals, TAU pathology has apparently spread from the MTL to nearby
temporal neocortex and, subsequently, to parietal, occipital and frontal cortices, according to
an ordinal staging scheme (1, 5, 6). When PHF TAU has spread to neocortex, it is commonly
associated with amyloid-p (AB), and a widely investigated hypothesis posits an Ap-TAU
interaction that links these pathologies to the neuronal dysfunction and degeneration of
Alzheimer’s disease (AD) (7-9).

Attempts to interrupt this process medically have so far failed, possibly because
interventions took place after the stage at which TAU spread was already catastrophic (10,
11). Imaging of AD-related tauopathy is now possible with TAU positron emission
tomography (PET) (12-15) and longitudinal change in TAU has been demonstrated in
vulnerable populations (16—22). What remains to be identified, however, are the in vivo
features of spatiotemporal progression based on anatomically defined TAU PET measures
with which a tauopathy prevention strategy may be efficiently tested. Here, we report the in
vivo MTL cortical origin and initial longitudinal spread of PHF tauopathy identified with
TAU PET tracked over a two-year period, and relate these observations to age,
apolipoprotein E (APOE) genotype, cortical burden of fibrillar A, and subsequent TAU
spread.

Identification of a cortical origin of tauopathy with PET has been challenging because initial
deposition occurs focally within a gyral anatomy that normally varies between individuals
(1, 5, 23). By identifying this anatomy in each individual participant, we located the
expected site of initial TAU vulnerability described in autopsy studies. We then assessed
statistical elevations in regional TAU PET signal in relation to global A burden in a sample
of 443 individuals. We found that MTL TAU PET signal initially emerges independently of
A, that temporal neocortex TAU elevations emerge subsequently in relation to A
increases, and that rates of neocortical TAU increase are related to baseline TAU burden
particularly in MTL. Rather than reflecting only an age-related accumulation, we show that
MTL TAU PET signal at baseline was associated with subsequent TAU spread into
neocortex. Our findings raise the possibility that intervention against any of these links,
including MTL TAU, could be effective in halting progression of AD pathology.

Initial cortical TAU PET signal is detected in the collateral sulcus independently of Ap

We aimed to determine whether the site of initial cortical PHF TAU deposition as identified
in the neuropathology literature (1) could also be identified with TAU PET. To achieve this,
we used an automated procedure to define sulcal and gyral anatomy on each of 443
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participants (24), using magnetic resonance imaging (MRI) to locate and identify the region
between peri-allocortex and neocortex that corresponds to the “trans-entorhinal” or
perirhinal cortex identified postmortem (5, 25) (Fig. 1). Given the known limitations of PET
spatial resolution, we designed this procedure with PET-compatible size constraints such
that the resulting region-of-interest (ROI), which we term “rhinal cortex” (RC), captured
Brodmann Area (BA) 35 in all cases, as well as portions of BA36 and lateral entorhinal in
some cases (Methods, Fig. S1, Fig. S2). We hypothesized that RC would enable detection of
initial cortical PHF tauopathy.

We tested whether cross-sectional TAU PET measures were consistent with cortical TAU
signal occurring first in RC independently of AB burden and then spreading to temporal
neocortex in association with Ap and clinical impairment. To accomplish this, we first
divided our cross-sectional sample on the basis of A burden (determined by PiB PET,; low-
AP = distribution volume ratio (DVR)<1.35 normalized to cerebellar cortex, partial volume-
corrected (PVC), ~20 Centiloids, Fig. S3) (26) and clinical diagnosis (Table 1) to separately
evaluate the low-Ap clinically normal (CN) subgroup and optimize detection of initial TAU
emergence. Based on post-mortem observations, we hypothesized that a subset of
individuals in the low-Ap CN subgroup would have elevated TAU restricted to RC,
consistent with initial emergence. We identified statistical elevations in TAU PET
(Flortaucipir, FTP) signal (standardized uptake value ratio, SUVr) within these subgroups by
assessing the bimodality of regional FTP SUVTr distributions modeled with Gaussian mixture
models (GMM, see Methods), where greater likelihood of bimodality (likelihood ratio test,
LRT) in a distribution indicates the presence of a subset of individuals with elevated PET
signal distinguishable above a noise floor of negligible FTP retention.

We found that among 327 low-Ap CN participants, RC TAU SUVr was bimodally
distributed (LRT=44, bootstrap p=0.001), consistent with a subset of low-Af CN having
elevated RC TAU PET corresponding to Braak 1/11 stages (Fig. 2A). Those in the low-AB
group with elevated RC TAU (N=31, 9.5% of low-Ap CN) were older (age mean £ SD 79.8
+ 7.8 vs 58.8 + 13.6, t-test p<0.0001) but did not differ in sex, education, mini mental state
exam score (MMSE), or age-adjusted AP burden from those with lower RC TAU (Table S1,
S2).

In order to verify whether elevated TAU in low-Ap CN was anatomically restricted to the
MTL and centered in RC, we also assessed bimodality in TAU PET signal i) vertex-wise
over inferior temporal lobe cortex normalized to standard space; and ii) in 15 additional
cortical ROIs (defined with FreeSurfer (FS), Desikan atlas) vulnerable to TAU deposition in
AD. Vertex-wise analysis showed that bimodally distributed TAU in low-Ap participants
was anatomically restricted to medial temporal cortex, and highest bimodality was observed
in a cluster of vertices surrounding the anterior collateral sulcus, corresponding closely to
RC (Fig. 2B). As expected, we did not observe bimodal distributions of TAU PET among
low-Ap CN in any of 13 neocortical ROIs, despite SUVr means being similar across ROIs
(Fig. 2C, Table S3). Among MTL cortical ROIs (RC, FS-defined entorhinal and
parahippocampal cortices), RC TAU had the highest likelihood of bimodality in low-Ap
individuals (Table S3; Fig. S2 shows comparison of RC and FS entorhinal), consistent with
our hypothesis that RC includes the origin of MTL TAU PET signal.
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Greater anatomic distribution of bimodally distributed TAU PET was observed in high-Ap
CN (N=61; Fig. 2), including both medial temporal and temporal neocortex (fusiform,
inferior temporal). By contrast, participants with a clinical diagnosis of either mild cognitive
impairment or Alzheimer’s dementia (MCI-AD, n=55) showed highest likelihood of TAU
PET bimodality (LRT=25-45, p<0.01) in parietal/occipital (precuneus, cuneus, isthmus
cingulate, inferior and superior parietal) and middle frontal ROIs, consistent with greater
burden of tauopathy occurring later in the course of AD. Vertex-wise analyses of inferior
temporal lobe cortex were congruous with these ROI findings (Fig. 2B). TAU descriptive
and GMM statistics for each ROI in all subgroups are given in Table S3.

Longitudinal PET measures demonstrate emergence of initial tauopathy in rhinal cortex

We then assessed whether participants’ baseline profiles of elevated TAU SUVr and
trajectories over time were consistent with a hypothesis of TAU progression beginning in
MTL, spreading to temporal neocortex in association with AB, and extending further to
extra-temporal neocortex in association with clinical impairment. For this purpose, we
classified participants” TAU PET SUVTr values at baseline and two-year follow-up as high-
or low-TAU based on two-component GMM thresholds for each ROI (Table S3) in the full
baseline sample. We also assessed GMM with >2 components (trimodal or more) in each
TAU PET distribution and found that these did not affect the thresholds or classification of
elevated TAU (Fig. S4).

Cross-sectionally, elevated TAU restricted to a single ROI (consistent with initial emergence)
occurred more frequently in RC than in any other ROI (56 RC vs. 5 other, exact binomial
p<0.0001, Fig. 3A). Elevated TAU restricted to RC was observed within all AB and
diagnostic subgroups (N/total = 32/327 low-Ap CN, 18/61 high-Ap CN, 4/7 low-Ap MCI-
AD, 2/48 high-Ap MCI-AD, Fig. 3A). Among low-Af CN participants with elevated TAU
in at least one ROI at baseline (43/327, 13%), a majority of these (74%) showed elevation
only in RC, consistent with the hypothesis that TAU accumulation is typically restricted to
MTL in those with low AR burden. Elevated RC TAU was observed in a majority of high-
AB CN (37/61, 61%); a subset of high-Ap CN with high RC TAU also had elevated TAU in
at least one neocortical ROI (14/37, 38%), most commonly inferior temporal, middle
temporal, and isthmus cingulate cortices. As expected, elevated TAU was common among
MCI-AD: 95% (52/55, including low- and high-Ap) were classified as high-TAU in at least
one ROI. All 7 low-Ap impaired participants had elevated RC TAU, with limited neocortical
involvement, whereas high-Ap MCI-AD participants showed greater anatomic distribution
of elevated TAU PET signal (Fig. 3A). 65% (30/38) of high-Ap MCI-AD participants had
elevated TAU in parietal regions (precuneus, inferior and superior parietal); these regions
were elevated in just 2% of all CN (Fig. 3A).

Confirming the cross-sectional findings, 54 of 104 longitudinal participants (Table 1) had no
elevated TAU in any ROI at baseline, and 11 (20%) of these showed their initial emergence
of elevated TAU in RC at two-year follow-up (Fig. 3B). Of those who showed initial
emergence in RC on follow-up, 9 were low-Ap CN and 2 were high-Ap CN at baseline (Fig.
3B). Initial emergence of TAU PET signal was observed more frequently in RC than in any
other ROI (11 RC vs 1 other, exact binomial p=0.006), supporting the hypothesis that RC
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contains the cortical origin of tauopathy. Consistent with cross-sectional measures, a
majority of low-Ap CN subjects with elevated TAU (24/28, 86%) showed TAU
accumulation restricted to MTL regions, whereas high-Ap CN showed additional
accumulation in neocortical regions on follow-up, most commonly in temporal neocortex
(Fig. 3B). All MCI-AD (longitudinal n=11, all high-AB) had high TAU in several regions at
baseline and remained high on follow-up, with several subjects showing involvement of
additional neocortical ROIs including parietal cortex on follow-up (Fig. 3B).

We also explored heterogeneity with respect to the origin of tauopathy and found several
atypical cases with apparent non-RC TAU origins (N=7, 5% of all high-TAU, Fig. 3). One
such case with a clinical diagnosis of AD had elevated TAU in neocortical regions but not
MTL at both baseline and follow-up (Fig. S5A). This individual was notable clinically for
having an early age of dementia onset (49 years old at baseline PET) and atypical
symptomatology, but is not a known autosomal dominant AD mutation carrier. One high-Ap
CN participant had elevated TAU limited to cuneus cortex at baseline, and accumulated TAU
in fusiform and superior parietal cortices on follow-up, which may indicate the onset of
atypical AD (Fig. S5B). We observed five atypical low-ApB CN cases: four of these showed
elevated TAU restricted to a single non-RC ROI (one each in parahippocampal, superior
temporal, rostral middle frontal, and cuneus cortices, Fig. 3A), and the fifth showed
involvement of parahippocampal, middle and superior temporal, cuneus, and inferior parietal
cortices (Fig. S5C). In longitudinal measures, four cases showed apparent retrogression from
high-TAU to low-TAU in a single ROI (6% of all transitions observed, Fig. 3B), likely due to
fluctuations in PET signal near the threshold.

TAU deposition is independently associated with age, amyloid, and APOEe4

We next aimed to quantify the extent to which TAU PET signal in RC and inferior temporal
(IT) cortex, a proxy for temporal neocortex, was affected by age, fibrillar Ap, and APOE
genotype in each subgroup. We used a hierarchical regression approach, assessing simple
linear models of age, Ap, APOEe2 and APOEe4 predicting FTP SUVT, as well as multiple
regression models combining these predictors and co-varying sex and education. Our
primary aim in these analyses was to test the hypothesis that MTL and neocortical TAU have
distinct contributions from age, AB, and APOE genotype.

In simple linear models, we observed weak but significant (p<0.0001) effects of greater age
on higher TAU PET signal in both RC and IT among CN participants. In low-Ap
participants (age 21-92), this amounted to an increase in both regions of 0.006 SUVr per
year of age, with stronger effects seen in high-Ap CN (Fig. 4A). Among MCI-AD
participants, greater age was not associated with higher RC TAU (p=0.37), and there was a
significant negative association between age and IT TAU (p=-0.013, p=0.04), consistent
with previous observations (Fig. 4A) (12). As expected, greater AB was associated with
higher unadjusted TAU SUVTr in both RC and IT among all CN and within the low- and
high-Ap CN subgroups (all p<0.03); whereas among MCI-AD, greater AB was associated
with higher TAU in IT ($=0.44, p<0.0001) but not RC (p=0.08, p=0.18 Fig. 4B).

With both age and A in the model (Table S4, top), we observed significant (p<0.001)
independent effects of both age and AB on greater TAU in both RC and IT among all CN
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(including low- and high-Ap). Within low- and high-Ap CN evaluated separately, the age
effects remained significant (p<0.001) and the Ap effects did not (low-Ap CN p>0.6; high-
AP CN p>0.09, Table S4, top), suggesting that although TAU SUVrs were higher overall in
high-Ap compared to low-Af CN, TAU accumulation within these subgroups was
independent of Ap after adjusting for age. Within the MCI-AD subgroup, the negative
relationship observed between age and IT TAU disappeared with the addition of A to the
model (p=0.37, Table S4, top), suggesting that this effect was attributable to greater Ap
burden observed in younger MCI-AD cases. Sex and education did not show effects on TAU
in any of the models we tested when included as covariates.

We observed a significant effect of APOFEe4 on greater RC TAU burden that was
independent of both age and A (f=0.049, p=0.02, Table S5). By contrast, we did not
observe a significant independent APOEe4 effect on IT TAU with both age and AB in the
model ($=0.004, p=0.86, Table S5). Given this finding, we performed a mediation analysis
to quantify the extent to which the effects of APOEe4 on RC and IT TAU were mediated by
AB in the full sample. We found that whereas APOFe4 carriers had elevated unadjusted TAU
burden in both RC ($=0.172, p<0.0001) and IT (B=0.184, p<0.0001), this APOEe4 effect
was partially mediated by A for RC TAU (average causal mediation effect (ACME)
B=0.123, 71.4%) and fully mediated for IT TAU (ACME p=0.180, 98.0%) (Fig. 4C).
Analysis of additional ROIs and surface vertices revealed that significant effects (p<0.01
after cluster-wise multiple comparisons correction) of APOEe4 on TAU with both age and
AB in the model were only observed in MTL (Fig. 4D right, Table S5), suggesting that
APOEe4 may have an Ap-independent effect on greater TAU burden specific to MTL.

In the full sample, APOEe2 carriers had lower TAU burden in both RC (p=-0.096, p=0.02,
Table S6) and IT (B=-0.106, p=0.02, Table S7) compared to non-carriers. These effects were
not significant with AB in the model (both p>0.4, Table S6-S7), suggesting that lower TAU
burden in APOEe2 carriers was attributable to an effect of APOEe2 on lower AP burden. Of
40 APOEe?2 carriers in our sample, none had elevated TAU in IT based on GMM, whereas
18% (7/40) had elevated TAU in RC (Fig. S6). Differences in regional TAU accumulation
between APOEe? carriers and APOEe3 homozygotes did not reach statistical significance
(SUVr difference APOEe2-APOFEe3/e3: RC=-0.037, t-test p=0.191; 1T=-0.043, p=0.068,
Fig. S7).

TAU increase is detectable in all sub-samples in both rhinal cortex and inferior temporal

gyrus

We next characterized rates of TAU change (FTP SUVTr/year) in ROIs and surface vertices
within each subgroup. Significant mean RC and IT TAU increase was observed in both low-
and high-Ap CN (one-sample t-test p<0.001, Table S8), with higher rates observed in high-
AP CN as expected (Fig. 5A). Compared to high-Ap CN, MCI-AD showed marginally
lower rates in RC and marginally higher rates in IT, suggesting that TAU accumulation may
reach a plateau in RC at later stages while continuing to rise in IT. Descriptive statistics for
TAU change rates in additional ROIs by subgroup are given in Table S8, and Fig. 5B shows
surface maps of vertex-wise TAU change rates for each subgroup.

Sci Transl Med. Author manuscript; available in PMC 2022 January 20.
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We then used hierarchical regression to assess the effects of age, Ap (PiB DVR), and APOE
genotype on TAU change rates in RC and IT within CN; MCI-AD were excluded from these
models due to small sample size (n=11). As expected, PiB DVR was associated with higher
unadjusted TAU change rate in RC ($=0.033, p=0.002, Fig. 5A, Table S9) and IT (p=0.041,
p<0.0001, Fig. 5A, Table S10). Age was marginally associated with higher unadjusted TAU
change rate in RC ($=0.001, p=0.085, Table S9) but not in IT ($=0.001, p=0.32). The effect
of age on RC TAU change rate was not significant with Ap in the model (p=0.2, Table S9).
APOEe4 carrier status had a significant effect on higher unadjusted TAU change rates in IT
(B=0.032, p=0.004, Table S10) but not in RC (p=0.017, p=0.147, Table S9). The effect of
APOEe4 on IT TAU change rates was not significant with A in the model (p=0.15),
suggesting that this effect was mediated by Ap (Table S10).

Baseline MTL TAU outperforms neocortical TAU in predicting Ap-associated neocortical
TAU increase

Finally, we used hierarchical linear regression to relate baseline measurements of fibrillar
AB, MTL TAU and neocortical TAU to subsequent neocortical TAU increase, again using
RC and IT as proxy measures for MTL and neocortical TAU, respectively. We evaluated the
extent to which baseline PiB, RC TAU, and IT TAU predicted neocortical TAU propagation
by assessing unique and shared variance (R2) among these baseline predictors related to
subsequent IT TAU change rate. Fig. 6A summarizes the unique and shared variance in IT
TAU change rates explained by each predictor. In simple linear models, baseline RC TAU
explained more variance in subsequent IT TAU change rates than baseline IT TAU (RC
R2=17.2%; 1T=9.3%, p=0.006), suggesting that RC signal is more closely associated with
subsequent neocortical TAU increase. In the model combining RC and IT, baseline IT TAU
explained virtually no unique variance in IT TAU change rates over and above that explained
by baseline RC TAU (unique IT R2= 0.6%, p=0.4, Fig. 6A). Baseline PiB burden alone
explained 15.7% of the variance in IT TAU change rates; in combined models, baseline RC
TAU was found to explain a larger amount of unique (PiB-independent) variance in IT TAU
change rates compared to baseline IT TAU (RC: 7.5%, IT: 2.9%, p=0.038, Fig. 6A). We next
evaluated this finding at the vertex level and found that baseline TAU PET signal around the
collateral sulcus explained the most variance in subsequent IT TAU change rates (Fig. 6B).

Models including an RC TAU:PiB interaction term explained the greatest amount of
variance in IT TAU change rates (R2=35.2%). Given this finding, we identified using the
Johnson-Neyman technique a threshold value of RC SUVr = 1.18 above which the
interaction between baseline RC TAU and baseline PiB predicting subsequent IT TAU
increase reached significance (p=0.147, p=0.0001) (Fig. 6C). Similarly, RC TAU was
associated with subsequent IT TAU change when baseline PiB DVR was > 1.59 (~40 CL)
(Fig 6D).

Discussion

PHF TAU can now be imaged in vivo and its change over time can be tracked, particularly as
it relates to amyloid-b deposition in aging and AD. We identified the initial site of cortical
PHF tauopathy detected with PET by evaluating participants ranging in age from 21 to 93
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years and assessing change over time. TAU PET signal first emerges independently of brain
AP burden in a small medial temporal region of allocortex along the banks of the collateral
sulcus that we termed “rhinal cortex (RC)”, similar in location to the transentorhinal or
perirhinal region reported at autopsy and consistent with Braak Stage | (1, 2, 27, 28). In our
study, 13% of those with low amounts of Ab deposits (43/327) had elevated TAU and ranged
in age from 58-92; of these, 86% had elevated TAU in RC and not in inferior temporal gyrus
or neocortical regions, and in 9% of cases, neocortical regions were involved, and RC was
not. In high-Ap cognitively unimpaired participants, elevated TAU PET signal was seen in
both medial temporal and neocortical regions, consistent with an Ap-associated spread of
TAU from RC to neocortex. In 65% of high-Ap impaired individuals, elevated TAU PET
signal was seen in neocortical regions not affected in CN individuals, including inferior
parietal and precuneus, consistent with both clinicopathological correlation studies (2, 4) and
previous PET studies showing widespread cortical tauopathy among impaired individuals
(12, 13). Overall, these findings are consistent with a successive involvement of MTL,
temporal neocortex, and extra-temporal neocortex that may be tracked over time.

Two-year longitudinal data confirmed these observations: among participants without
evidence of elevated TAU at baseline, 20% (11/54) were found to have TAU deposition at
follow-up, but only in medial temporal allocortex (11/11 in RC; 3/11 additionally in
posterior parahippocampal cortex) and not in any neocortical ROI. Of participants with
elevated TAU in MTL but not temporal neocortex (inferior temporal gyrus, IT) at baseline
(N=37), only those with elevated AP showed emergence of elevated TAU in temporal
neocortex on follow-up (0/19 low-A, 6/18 high-Ap). Together, these data support
successive involvement that begins in RC, is initially independent of and often prior to
global elevation of fibrillar AB, and spreads to temporal neocortex when fibrillar AR burden
is high. Over the 2-year follow-up period, TAU PET signal increased in all diagnostic and af
subgroups in both medial temporal and temporal neocortex, enabling evaluation of
longitudinal TAU outcome measures. Importantly, baseline RC TAU PET measure was the
best predictor of subsequent TAU expansion into neocortex characteristic of AD. These
findings suggest that RC is a biomarker of downstream TAU spread to neocortex with
potential utility for AD therapeutic trials in which reduction of TAU spread is an outcome
measure. When PHF TAU deposition in the medial temporal lobe reached approximately 1.2
SUVr and amyloid burden reached approximately 40 CL, subsequent neocortical TAU
accumulation was observed. These threshold values suggest that TAU spread into a typical
AD-involved region, inferior temporal gyrus, begins at relatively low medial temporal TAU
burden and global amyloid burden above a threshold generally considered to indicate
abnormality.

Although validation of our RC findings requires postmortem correlations, they are consistent
with existing postmortem observations implicating RC as the typical site of initial cortical
tauopathy. We also explored heterogeneity with respect to the anatomic specificity of the
origin and found that in 5% of those with elevated TAU SUVr, RC was apparently not the
initial cortical site. These cases highlight the importance of evaluating TAU PET at the
individual level to account for heterogeneity of AD pathology (29-31).
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We assessed the contributions of age, AB, and APOEe4 to TAU PET signal and found cross-
sectionally that RC TAU burden was independently associated with each of these three
variables. Of note, direct effects of APOEe4 on increased TAU, independent of Ap, were
only observed in MTL regions, in contrast to neocortical regions, where the observed effects
of APOEe4 on TAU PET signal were fully mediated by Ap. These results are consistent
with recent findings from animal studies showing that APOEe4 may have an effect on
tauopathy and neurodegeneration that is independent of AB (32), and previous studies
showing that Ap mediates neocortical tauopathy more than it mediates MTL tauopathy (33).
Additionally, neuropathological studies have reported that among young individuals without
substantial AR deposition at autopsy, APOEe4 carriers were more likely to have NFT stage |
tauopathy than APOEe4 non-carriers (34). Intriguingly, of 40 APOEe2 carriers in our
sample, 18% had elevated MTL TAU and none had elevated TAU in temporal neocortex.
TAU accumulation in APOEe2 carriers may be more conspicuous in MTL because the e2
allele protects against Ap accumulation, limiting progression of TAU to neocortical regions.
Differences in neocortical TAU accumulation between APOFEe? carriers and APOEe3
homozygotes were inconclusive in our data, but the effects of APOEe2 on regional TAU are
worthy of additional investigation in future studies with larger samples.

We did not observe an independent effect of APOEe4 on RC TAU change rate, possibly due
to a smaller sample with longitudinal measures or that APOEe4-carrying MCI-AD
participants driving this cross-sectional association had high baseline RC TAU but low rates
of RC TAU change. Interestingly, in longitudinal PET measures, although impaired
participants showed the greatest rates of TAU change in most regions, we observed lower
rates of TAU change in MTL regions in these individuals compared to CN. This finding is
consistent with other longitudinal PET reports (18, 19) that have shown lower rates of TAU
change in MTL compared to neocortex among impaired; on the other hand, another study
found that entorhinal TAU change rates were higher in MCI and AD compared to CN, and
that MCI participants showed higher rates of TAU change in entorhinal than in neocortex
(22). Lower rates of MTL TAU change observed may be because MTL TAU burden has
reached a plateau in these individuals.

We observed widespread cross-sectional associations between age and TAU in CN
participants, particularly in MTL and temporal neocortical regions, and these associations
were independent of Ap burden and APOFEe4 genotype. Notably, in low-Ap CN, age was
associated cross-sectionally with higher TAU in every ROI we tested, including extra-
temporal regions where neuropathology data would not predict substantial accumulation of
TAU in these participants . This is consistent with work from other groups showing a global
age-related increase in FTP binding that may or may not be entirely TAU-related (35). By
contrast, in longitudinal measures, age was associated with greater TAU change rate only in
MTL regions, and only among the CN and low-Af CN subgroups, consistent with the
common age-related accumulation of TAU in MTL (36, 37), although this effect was not
statistically significant in RC and was fully explained by AB. Age-related MTL tauopathy in
the absence of substantial Ap deposits has been characterized as an independent
phenomenon, known as primary age-related tauopathy (PART), that is discontinuous with
progression to AD (37). Alternatively, some have held that early MTL tauopathy is
continuous with and increases risk for Ap-mediated AD pathologic change (36, 38). We
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observed elevated RC TAU PET signal in a sizable proportion (24%) of low-Ap participants
over the age of 60; determining whether these represent cases of PART or early AD will
require additional longitudinal tracking of both TAU and Ap.

Several studies have reported that higher entorhinal TAU PET signal is associated with
worse memory performance in low-Ap, CN individuals (39, 40), adding to the body of
evidence that MTL TAU accumulation among those with AP deposition below typical
thresholds is not benign, and may represent a therapeutic target (41). We did not assess
correlations with memory performance in this study; however, it is notable that all seven
low-Ap MCI participants in our study had elevated TAU in RC but not IT, consistent with an
effect of MTL TAU on cognitive impairment without elevated fibrillar Ap. Additionally, two
out of five of these low-AB MCI participants with known genotype information were
APOEe?2 carriers, consistent with the reported overrepresentation of APOEe2 in individuals
with PART (42).

Our approach was based on autopsy reports of the pathoanatomy of early TAU vulnerability
that led us to identify in each individual an MTL area we hypothesized to be the site of
initial TAU deposition, to confirm this site of origin with a comprehensive search of cortical
vertices, and to test whether TAU PET signal in this area was associated with subsequent
spread into neocortex. We used GMM to identify statistically bimodal TAU PET
distributions and corresponding SUVT thresholds of abnormality in each region or vertex,
and the generalizability of these thresholds to independent samples is currently being
evaluated. Alternative approaches to thresholding (43, 44) and quantification, including z-
scoring (45), proportion of supra-threshold voxels (46, 47), and component scoring from
independent component analysis (48), may provide important opportunities to confirm our
findings.

Consistent with previous observations comparing neocortical and MTL TAU PET (12), we
found that FTP SUVrs in IT were frequently higher than in RC; however, the SUVr
distribution in RC was more bimodal than in IT, and the GMM thresholds differed between
the two regions (RC: 1.21, IT: 1.56). Such differences in regional PET signal properties may
reflect regional differences in the number of available FTP binding sites. It has been reported
that FTP binds both neurofibrillary tangle (NFT) and neuritic plague (NP) substrates of PHF
TAU (49, 50), and neuropathological studies have shown that allocortex and limbic peri-
allocortex, including our RC ROI, have fewer NPs than temporal neocortex, including IT
(6). Thus, similar FTP SUVr values in different cortical regions may in fact reflect different
amounts of pathological TAU burden: RC likely has fewer FTP binding sites, and therefore
lower SUVT, than IT, despite it being the locus of initial NFT accumulation (51). These
considerations, in combination with our findings, highlight the utility of using region-
specific thresholds of elevated TAU in order to detect initial MTL tauopathy and account for
the variety of substrates of TAU found in different regions of cortex.

We hypothesized that RC would be a more sensitive measure of initial MTL tauopathy than
entorhinal cortex (EC), a commonly used MTL TAU proxy, owing to the specific design
goal of RC to capture the trans-entorhinal region by utilizing individual measures of gyral
and sulcal anatomy. Our data support this hypothesis: compared with EC, RC showed higher
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mean SUVr, lower within-ROI SUVT standard deviation, and detected a greater number of
high-TAU individuals in cross-sectional data. We also assessed the RC for proximity to
sources of known off-target FTP binding such as dura mater, and found that such artifacts
were less likely with RC, being relatively confined to the banks of the anterior collateral
sulcus, compared to EC, which abuts dura mater (52).

Our study has several limitations. First, our ability to detect the initial emergence of PET
signal was limited by the sensitivity and noise characteristics of PET; it is likely that many
more of our participants have MTL tauopathy than we report here (1), but that the amount of
TAU deposition at this early stage is below the current detection threshold for PET. Second,
our longitudinal TAU PET findings were based on two time points over a two-year follow-up
period, whereas additional longitudinal tracking may allow for more robust estimates of
change rates and enable the use of models that further clarify the temporal relationship
between TAU and AR accumulation. Third, the lack of racial and ethnic diversity among the
participants in this study potentially limits the generalizability of our findings; additional
efforts to enhance diversity in clinical and translational research are urgently needed.

These limitations notwithstanding, our findings have important implications for the central
model of AD pathogenesis as well as AD therapeutic strategies. We demonstrate that initial
emergence of TAU PET signal is detectable in MTL on an individual basis, and MTL TAU is
a harbinger of future neocortical TAU accumulation. TAU spread into neocortex is observed
when both MTL TAU and global Ap are elevated, implying that intervention against either
of these pathologies at an early stage could be effective in halting AD progression.

Materials and Methods

Study Design

Our primary objective was to observe and longitudinally track the progression of cortical
tauopathy across a range of ages, AP burdens, and degrees of clinical impairment. We
hypothesized that initial emergence of TAU PET signal would be observed in RC,
particularly among those with low AP burden, and that both cross-sectional and longitudinal
TAU PET measurements would be consistent with a progression from MTL to temporal
neocortex to extratemporal neocortex. To test this, we included 443 participants (Table 1)
who underwent TAU and A PET from several observational studies of aging and AD: 230
were from the Harvard Aging Brain Study (HABS) (12); 134 were from the Framingham
Heart Study (FHS), representing an initial subsample of 200 FHS 3" generation participants
(53) aged 35-75 years and randomly selected across deciles of vascular risk; 24 were
clinically normal, Presenilin-1 E280A non-carrying participants (age mean+SD [range] =
38+7 [28-55] years) from the COLBOS Study (54); and 55 participants with a clinical
diagnosis of mild cognitive impairment (MCI) or Alzheimer’s dementia (AD) based on
standard criteria (55), excluding atypical AD cases, were recruited from memory disorders
clinics at Massachusetts General Hospital and Brigham and Women’s Hospital. 371/443
(84%) self-identified as non-Hispanic white; details for self-identified race and ethnicity of
participants are given in Table S11. All participants received magnetic resonance (MR)
imaging and TAU and AB PET at baseline. A subset (N=104, Table 1) underwent two-year
follow-up TAU PET; of these, 90 were CN HABS, 11 were MCI-AD, and 3 were CN non-
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carriers from COLBOS. All participants provided informed consent after having the nature
and possible consequences of the study explained to them and were studied under protocols
approved by the Partners Human Research Committee. Image evaluation was performed by
individuals blinded to participants’ clinical status; each participant underwent identical
evaluations, so no randomization occurred. Sample sizes were not calculated or determined
in advance; all available cross-sectional and longitudinal data from the above studies were
used.

Structural T1-weighted data were acquired in non-FHS participants using a Siemens 3 Tesla
Tim Trio (Siemens; TR 2,300ms, TE 2.95ms, angle 9 degrees, voxels 1.05 x1.05 x 1.2mm),
and in FHS using a Philips 3 Tesla Achieva (Philips; TR 6,800ms, TE 3.1ms, angle 9
degrees, voxels .98 x .98 x 1.2mm). Images were FreeSurfer (FS v6.0) processed (http://
surfer.nmr.mgh.harvard.edu) to identify cortical surfaces and standard regions of interest
(ROI) for PET sampling (56-58).

11¢-pittsburgh Compound B (PiB) and 18F-Flortaucipir (FTP) were prepared and PET was
acquired according to previously published protocols (12). Briefly, PiB retention was
expressed as the distribution volume ratio (DVR) by Logan (40-60 min) with cerebellar
cortex reference. FTP was expressed as SUVr (80-100 min) with cerebral white matter
reference (21). The DVR is a more quantitative measure of ligand binding that requires
longer scan times (60 min or more) than SUVr (10-30 min). The /n vivo kinetics of PiB
permits estimates of DVR from 60-minute datasets and it was routinely feasible to do so.
The in vivo kinetics of FTP do not yield robust 60-minute DVR estimates, as longer post-
injection imaging times are required (compared to PiB), and a late scan SUVTr is used instead
(80-100 min). These quantification methods have been validated for each radioligand
against fully quantitative approaches (full dynamic modeling with arterial sampling) and
minimize patient burden. PET data were evaluated with and without partial volume effect
correction (PVC) using GTM for voxel-based ROI (59) and extended Muller—Gartner for
surface analyses (56) (Fig. S9). The meanzstandard deviation (SD) lag time between PiB
and FTP PET examinations was 11.3+12.3 weeks (maximum, 50.9).

PET images were co-registered to the corresponding baseline T1 image (SPM8), and FS-
derived ROIs were sampled. Global Ap burden was represented using PiB DVR in a large
neocortical aggregate (FS-defined FLR region) (12, 60). For dichotomous A, low-Ap was
defined as PiB DVR (PVC) <1.35 based on full sample GMM. PiB PET data were
normalized to an approximate Centiloid (CL) scale (26) for comparison with other studies;
details of this procedure are given in Fig. S3.

Cortical FTP retention was assessed using vertex-wise surface mapping at the grey matter
midpoint (12). Based on previous neuropathology (1) and PET data (12, 20), we assessed
medial temporal, temporal neocortex, parietal/occipital neocortex, and anterior midline
regions (FS Desikan parcellation) (57). We excluded regions vulnerable to nearby off-target
binding, including lingual and lateral occipital gyri and hippocampus (61, 62). For standard
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space vertex-wise analyses, FTP SUVr images were projected onto the fsaverage surface and
surface-smoothed to an equivalent 8mm FWHM Gaussian kernel.

Identification of a Rhinal Cortex ROI for detection of initial MTL TAU PET signal

We identified a “rhinal cortex” (RC) ROI using a procedure that served two purposes: to
identify each brain’s transentorhinal region accounting for anatomic variability, and to
sample a target volume of brain tissue sufficient for reliable TAU PET measures. We opted
for the name “rhinal cortex” so as to distinguish it from microscopy terms as well as from
the existing Desikan atlas ROIs (57). Gyral and sulcal temporal anatomy were identified on
each individual hemisphere (24, 63), sulcal fundi were identified by tracing local surface
curvature maxima (64), and collateral sulcus (CS) was identified as the sulcus separating
fusiform and parahippocampal gyri (57) (Fig. 1, Fig. S1). The CS identification procedure
was optimized to account for the expected normal anatomic variability in CS as either
continuous or discontinuous (25, 28, 65), details for this procedure are given in Fig. S1.

To delimit an RC of sufficient volume to permit reliable PET measures to be acquired, we
defined the RC boundaries as follows. The anterior and posterior bounds were the anterior
extent of the collateral sulcus and the caudal end of the amygdala (posterior bound of FS
entorhinal cortex) (57), respectively. The medial boundary included 8mm (geodesic) of the
medial bank of CS, capturing trans-entorhinal/perirhinal cortex in all cases, and the lateral
bound included 3mm (geodesic) of the lateral bank of CS (Fig. 1C,E). We found that the
mean=SD surface area of RC defined in this way was 349+57 mm?, which we note is
compatible with the resolution of the PET camera and comparable to FS-defined entorhinal
cortex (Fig. S2).

RC surface labels were projected onto source slice data and assessed visually by a
neuroanatomist (J.A.), in order to ensure that this automated procedure correctly identified
the anterior collateral / rhinal sulcus and RC was consistent with the region identified by
Braak as the location of AT8 positivity indicating Stage 1 tauopathy (1, 25). In all cases, RC
included BA 35 as well as portions of BA 36 (lateral bank of CS); in some cases, due to
expected variability in CS depth, RC additionally contained portions of lateral entorhinal
cortex (Fig. S1).

Statistical Analysis

We assessed bimodality of FTP SUVr distributions using Gaussian mixture modeling
(GMM), as follows. Each distribution was modeled using one- and two-component GMM,
allowing for equal or unequal variances between modes in two-component models. We then
compared two- versus one-component GMM fits using a likelihood ratio test (LRT),
allowing for formal testing of the hypothesis that a distribution contains two components
against the null hypothesis that it contains one. Larger LRT values provide evidence of
bimodality, and the null distribution of the LRT statistic was approximated empirically by
bootstrapping (1000 resamples). GMM with >2 components were assessed using Bayesian
information criteria (BIC). All GMM analyses were implemented in R (version 3.4.1) using
package mclust (version 5.3) (66). Vertex-wise LRT analyses were multiple comparisons
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corrected using a cluster-wise correction method (67) (p<0.01, minimum cluster extent
k=100mm?).

We used hierarchical linear regression to assess the contributions of age, Ap, and APOE
genotype, covarying sex and education, to TAU PET signal and change rates. We tested
hierarchical models predicting RC and IT TAU in each subgroup, and the full model
predicting TAU in every ROI and surface vertex. Vertex-wise analyses used a threshold of
p<0.05 after cluster-wise multiple comparisons correction. Mediation analyses shown in Fig.
4C were performed in R using the mediation package (v4.4.6).

We quantified the proportion of variance (R2) in IT TAU change rates explained by unique
and shared variance among baseline PiB, RC TAU, and IT TAU using hierarchical modeling
and variance decomposition. This same method was used to assess the variance in IT TAU
change rates explained by baseline TAU PET SUVTr at each vertex, in simple linear models
and independently of baseline PiB and IT TAU. Surface maps were corrected for multiple
comparisons as above (F test p<0.05, k=100mm2). Interaction models were probed using the
Johnson-Neyman technique (R package probemod, v0.2.1) with a significance threshold of
p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Rhinal cortex identification method.
(A) Flattened temporal cortical ROI of a 69-year-old participant’s right hemisphere,

indicating surface curvature with contour lines at increments of 0.15mm™1.

(B) Surface shown in (A), color encoded by surface curvature according to color bar; dashed
curves approximate fundi as defined by connected vertices of maximum curvature; anterior
collateral / rhinal fundus shown in red.

(C) Boundary of the rhinal cortex (RC) ROI (white overlay) defined as described in
Methods, in relation to rhinal fundus (red line).

(D) Corresponding right hemisphere pial surface in medial (upper) and inferior (lower)
views, with FreeSurfer parcellation overlaid in colors corresponding to (A).

(E) RC surface label (yellow) projected back onto slice data in coronal and axial views, with
cursor and arrows corresponding to same location cursor and arrow from (C).

(F) Top, slice image showing neuropathologist’s transentorhinal region at postmortem,
defined by black bars (from Braak & Del Tredici, 2015 (5), Fig. 3A); bottom, enlarged
coronal view of RC volume label (yellow) in vivo.
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Fig. 2. Initial cortical tauopathy typically occurs around collateral sulcusindependently of Ap.
(A) Distributions of baseline TAU PET for rhinal cortex (¢pper) and inferior temporal gyrus

(/owen) within subsamples (columns). Bimodality of each distribution was statistically
evaluated using likelihood ratio tests (LRT) comparing two- versus one-component GMM
fits; higher LRT indicates greater likelihood of bimodality, * indicates significant bimodality
(LRT bootstrap p<0.05). Best-fit GMM containing either one or two components are shown
for each distribution as black curves; vertical dashed line indicates SUVr cut-point derived
from two-component GMM.

(B) Left, inferior view of temporal lobe cortex shows region (yellow) in which vertices were
tested for bimodal TAU. Middle to right, flat-map representations of temporal lobe cortex for
each subgroup showing LRT value (colorbar) at vertices where FTP SUVr distributions were
found to be bimodal (LRT p<0.01 after cluster-wise multiple comparisons correction).
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(C) Regional distributions of baseline TAU for each subgroup. Fill color (inset legend)
indicates bimodality of each distribution (LRT); white diamond indicates distribution mean.

Sci Transl Med. Author manuscript; available in PMC 2022 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sanchez et al.

Page 24

A Baseline (N=443)

Low-AB CN + High-AB CN
43/327 high-TAU ‘ 38/61 high-TAU

High-AB MCI-AD
45/48 high-TAU T

.'.

Rhinal cortex

Parahippocampal
Fusiform
Inferior temporal

Middle temporal
Superior temporal
Rostral mid.frontal
Caudal mid.frontal

Cuneus | [ | ] ANCRCRRROL VO OO OO SRR 10
Isthmus cingulate GMM ‘ I
classification | 111111 [ I [

Il High-TAU ' I} i
AR

Precuneus

Inferior parietal

Superior parietal D Low-TAU

Longitudinal (N=104)

B Low-AB CN * High-AB CN % High-AB MCI-AD
28/66 high-TAU 1 23/27 high-TAU —t 10/11 high-TAU
Rhinal cortex ,’.f |
A
Parahippocampal ‘2

Fusiform
Inferior temporal

Middle temporal
Superior temporal f
Rostral mid.frontal -

ostral mid.fronta | Baseline - follow-up

Caudal mid.frontal GMM classification |
[l stable high |
Emerged high 2
|:| Stable low

[] Retrogressed

Cuneus

Isthmus cingulate
Precuneus
Inferior parietal

7
Mean + SD follow-up time: 2.1 + 0.6 years *Initial TAU emergence tAtypical TAU pattern

Superior parietal

Fig. 3. Longitudinal PET measures demonstrateinitial emergence of cortical tauopathy in rhinal
cortex.

(A) Cross-sectional patterns of elevated TAU in participants who had elevated TAU in at
least one ROI at baseline; each column represents an individual participant, and filled cells
indicate in which ROIs (rows) TAU was elevated (based on GMM cut-points in full baseline
sample, Table S3) in each participant. Participants (columns) are ordered and colored
according to Ap status and clinical diagnosis for visualization purposes. Elevated TAU in
RC (top row) without elevated TAU elsewhere occurred more than in any other ROI,
consistent with RC being the cortical origin of tauopathy. “Atypical” cases (5%) with
apparent non-RC origins are indicated by .

(B) Longitudinal patterns of TAU accumulation in participants (columns) who had elevated
TAU in at least one ROI at baseline or two-year follow-up, colored according to subgroup,
with fill pattern according to inset legend. Cases whose initial tauopathy emerged on follow-
up are indicated by (*); several retrogressions were observed (yellow).
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Fig. 4. TAU PET isindependently associated with age, Ap, and APOEe4.
(A) Scatter plots show relationships between age and TAU in RC (/eff) and IT (righ?). Dot

color encoded by subgroup according to inset legend; inset table gives the effect of age on
TAU in each subgroup, quantified as the simple linear model estimate (SUVr/year,
*p<0.001), with linear model fits shown graphically as lines with 95% confidence interval in

shaded region.

APOEe4

(B) Relationships between Ap and TAU PET in RC (/ef?) and IT (right). Color encoding,
inset table, and linear model fits are shown as in (A).
(C) Path diagram illustrating Ap-mediated effects of APOEe4 carrier status on higher TAU
PET signal in medial temporal (MT, fop) and neocortical (Neo., bottom) regions, typified by
RC and IT, respectively. All models were adjusted for age, sex, and education. Standardized
regression coefficients are given for each path; green arrows and * indicate significant

effects (p<0.05).
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(D) Independent effects of age, A, and APOFEe4, covarying sex and education, on TAU
PET across the cortex. Results are displayed as -log(p), p<0.05 after cluster-wise correction
for multiple comparisons.
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Fig. 5. Baseline Ap predicts greater subsequent TAU increasein CN.
(A) Relationship between baseline AR and TAU PET change rates in RC (/eff) and IT

(right). Dot color indicates subgroup (inset legend), and linear model fits to all CN are
shown as grey lines with 95% confidence interval in shaded region. Box-and-whisker plots
at right of each scatter plot describe TAU change rates in each subgroup, with group
difference significance estimates (two-sample t-tests) indicated above.

(B) Surface maps show unadjusted group mean annualized TAU PET change rates across the
cortical surface in each subgroup, according to color bar (middle). Similar surface plots for
low- and high-AB CN with multiple comparisons correction applied are shown in Fig. S8.
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Fig. 6. BaselineMTL TAU predicts subsequent

neocortical TAU increase.

(A) Bar plot showing the amount of variance in inferior temporal (IT) TAU change rate

explained by baseline predictors. The length

of each bar represents the total variance in IT

TAU change rates explained by those predictors (R2*100); the length of each color segment

indicates the amount of variance attributable
among predictors, according to inset legend.

to unique (color) or shared (grey) variance
RC=rhinal cortex TAU (FTP SUVT);

IT=inferior temporal TAU, PiB=neocortical PiB DVR.
(B) Surface plots showing the amount of variance (R2, F-test p<0.05 after cluster-wise

multiple comparisons correction) in IT TAU

change rates explained by baseline TAU at each

vertex: Left total variance (simple linear model); Middle, unique variance of each vertex not
shared with PiB; Right, unique variance not shared with baseline IT.

(C) Johnson-Neyman plot showing effects of baseline Ap burden on IT TAU change at
various values of RC TAU SUVT, with 95% confidence interval (Cl) indicated by grey

dashed lines.
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(D) Johnson-Neyman plot showing effects of baseline RC TAU on IT TAU change at various
values of PiB DVR, with 95% CI.

Sci Transl Med. Author manuscript; available in PMC 2022 January 20.



Sanchez et al. Page 30

Table 1.
Participant characteristics.

Demographics for continuous variables given as mean+SD [range]. For APOE, e2+ includes e2/e3, e2/e2; e4+
includes e4/e3, e4/e4. 51 subjects did not have available APOE data (39 low-AB CN, 2 high-Ap CN, 2 low-AB

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

MCI, 8 high-AB MCI-AD).

Baseline (N=443) Low-AB CN High-AB CN Low-AB MCI High-AB MCI-AD All
N 327 61 7 48 443
Age 60.8 + 14.6 [20.8— 75.3 7.5 [57.8— 80.9+5.4 70.1+9.2 [49.5- 64.1+14.4[20.8-
92.8] 91.5] [75.2-90.0] 87.8] 92.8]
Females, N (%) 170 (52.0) 36 (59.0) 2(28.6) 21 (43.8) 229 (51.7)
Ap burden (PiIBDVR) | 1.14£0.07 [0.90- 1.90 +0.39 [1.36— 1.20 +0.06 2.42 +0.46 [1.51~ 1.38 +0.49 [0.90—
1.35] 2.89] [1.12-1.29] 3.37] 3.37]
Education (Y) 15.2 +3.2 [2-20] 16.1+27[12-20] | 16.9 12%.]8 [12- | 16.3+25[12-20] 15,5+ 3.1 [2-20]
APOEe2+ N (%) 35(12.2) 3(5.1) 2 (40.0) 0(0.0) 40 (10.2)
APOEed+ N (%) 51 (17.7) 36 (61.0) 0(0.0) 33(82.5) 120 (30.6)
Longitudinal (N=104) Low-AB CN High-AB CN Low-AB MCI High-AB MCI-AD All
N 66 27 0 11 104
Follow-up (Y) 2.27+0.50 [1.09- 1.90 + 0.50 [0.70— - 1.86 % 0.99 [0.89- 2134059 [0.70-
3.51] 3.05] 3.62] 3.62]
Age 73.4+11.0 [28.5- 77.6 £5.2[68.2— - 65.5 +10.5 [49.5— 73.6 £10.3 [28.5-
90.0] 88.2] 86.5] 90.0]
Females, N (%) 39 (59.1) 14 (51.9) - 3(27.3) 56 (53.9)
Ap burden (PIBDVR) | 1.17+0.07 [1.03- 2.08+0.41 [1.36- - 2.40 +0.28 [1.91~ 154 +0.55 [1.03—
1.35] 2.89] 2.82] 2.89]
Education (Y) 15.4 +3.2 [8-20] 16.3 % 2.8 [12-20] - 15.5 + 2.6 [12-20] 15.6 + 3.1 [8-20]
APOEe2+ N (%) 4(6.3) 3(11.1) - 0(0.0) 7(7.0)
APOEe4+ N (%) 10 (15.9) 17 (63.0) - 7 (70.0) 34 (34.0)
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