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Abstract

Objective—To determine the rate of tau accumulation in healthy older adults (OA) and patients
with Alzheimer disease (AD), as well as the relationship of tau accumulation to cortical atrophy.

Methods—Two longitudinal flortaucipir (FTP) positron emission tomography (PET) and
magnetic resonance imaging (MRI) scans were acquired from 42 OA (21 Pittsburg compound B
[PiB]*, age = 77.6 * 4.6 years, 25 female [F]/17 male [M]) and 19 PiB™ patients with AD (age =
63.1 £ 10.3 years, 12 F/7 M) over 1 to 3 years of follow-up. FTP change, structural MRI measures
of atrophy, and cross-modal correlations were examined on a voxelwise level. Regional annual
percentage change in FTP was also calculated.

Results—Voxelwise FTP change in AD showed the greatest increases in lateral and medial
frontal lobes. Atrophy over the same interval was more widespread and included posteromedial
cortical areas, where tau accumulation rates were lower. In OA, FTP binding increased in bilateral
temporal lobe and retrosplenial cortex, accompanied by atrophy in the same regions. There were
no associations between voxelwise change in FTP and sex, PiB, or APOE. Regional FTP
significantly increased at follow-up in OA and patients with AD. Mixed effects models showed
greater FTP increases in AD compared to OA, and no differences within OA based on PiB status.

Interpretation—Our findings indicate that tau accumulates even in amyloid-negative healthy OA
and this process can be measured with in vivo tau-PET. In OA, tau accumulation and atrophy share
a similar topography. In AD, tau increases more rapidly and accumulation occurs in frontal regions
that are not yet undergoing significant atrophy.
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Accumulation of hyperphosphorylated tau in intracellular neurofibrillary tangles (NFTSs) is a
hallmark of Alzheimer disease (AD)! and is common in healthy aging.2 The topology of tau,
however, differs in patients with AD compared to cognitively healthy older adults (OA).
Based on cross-sectional autopsy studies in both aging and disease, cortical tau
accumulation appears to begin in the transentorhinal region of the medial temporal lobe
(MTL) and spreads to neighboring regions in ventral and lateral temporal lobe, as well as
retrosplenial cortex and posterior cingulate.3 In AD, tau accumulation becomes more
widespread, affecting large areas of neocortex. The neurobiological distinction between
early tau accumulation in normal aging compared to AD, which is marked by subsequent
severe tauopathy, remains unclear.

Flortaucipir (FTP; [18F]-AV-1451) is a tau positron emission tomography (PET) tracer that
binds to paired helical filament tau within NFTs.# Since the recent advent of tau-PET
imaging, several cross-sectional studies have shown that FTP retention in vivo reveals
patterns consistent with the known neuropathological topology of NFTs.>~°Furthermore,
FTP signal has been shown to relate to cognition in normal controls and patients with AD.
5-10 Very few studies, however, have examined longitudinal FTP imaging.1112 These
longitudinal studies employed markedly different methods and reported conflicting results in
regard to rate of FTP accumulation, highlighting the need for further exploration of the
optimal methods for analyzing longitudinal FTP data. Importantly, optimal methods for
quantification of cross-sectional and longitudinal PET data are not necessarily in agreement,
especially in reference region selection.13-16

Postmortem studies have shown that the accumulation of NFTSs is related to cognitive
deficits1”:18 and to neurodegeneration, although data suggest other independent mechanisms
also drive synaptic dysfunction and neuronal loss.1%20 Imaging studies reveal a strong
relationship between FTP binding and atrophy in cross-sectional cohorts, which indicates
that these pathologies likely interact over time.1921 Normal aging is accompanied by a
stereotyped pattern of cortical thinning but, similar to the accumulation and spread of tau,
there is an acceleration of this process manifesting as frank neurodegeneration in AD. It is
unclear whether longitudinal changes in FTP are related to longitudinal cortical shrinkage
and how this relationship may compare in AD and typical healthy aging.

To address these gaps in our understanding of longitudinal FTP and its correlates, we aimed
to develop an analytic approach optimized to sensitively measure FTP change, even in OA,
and relate that change to neurodegeneration, also measured in vivo. To that end, the present
study had 2 main goals: first, to identify the magnitude and pattern of FTP change in OA and
patients with AD and second, to compare the spatial correspondence between FTP
accumulation and cortical atrophy during the same interval. We predicted that FTP
accumulation would be more pronounced in AD compared to OA, and that, within OA, p-
amyloid (AB) burden would be related to FTP rate of change. We further predicted that
regional distributions of FTP accumulation and atrophy would differ between patients with
AD and OA.
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Subjects and Methods

Participants

The present study included 2 cohorts: 42 cognitively healthy OA enrolled in the Berkeley
Aging Cohort Study (BACS) and 19 patients with probable AD recruited from the
University of California, San Francisco (UCSF) Alzheimer’s Disease Research Center. OA
participants are part of an ongoing longitudinal study of normal cognitive aging. Each
participant in the present study had no imaging contraindications and had undergone
baseline tau-PET imaging with FTP, AB-PET imaging with Pittsburg compound B (PiB),
and 1.5T structural magnetic resonance imaging (sSMRI), as well as follow-up FTP and
SMRI scans. Each OA participant completed a neuropsychological testing session at baseline
and follow-up. Most of the OA participants also had at least one annual neuropsychological
testing session preceding the baseline imaging visit (n = 37). Additional inclusion criteria
included a baseline Mini-Mental State Examination (MMSE) score = 25, no neurological,
psychiatric, or major medical illness, no medications affecting cognition, and that all
participants were community-dwelling. The institutional review board (IRB) at Lawrence
Berkeley National Laboratory (LBNL) and the University of California, Berkeley approved
the BACS project, and written, informed consent was obtained from all BACS participants.

UCSF participants underwent a clinical evaluation including neurological history, physical
and neurological examinations, structured caregiver interviews, 3T sSMRI, and
neuropsychological testing. Clinical diagnosis was determined by consensus of a
multidisciplinary team of experts. All UCSF participants had a positive PiB scan
(established by both visual read and quantitatively) and met criteria for probable AD or mild
cognitive impairment due to AD.22:23 |n addition, 5 patients met criteria for posterior
cortical atrophy and 1 for the logopenic variant of primary progressive aphasia.?4:2> UCSF
participants received baseline FTP and PiB scans as well as follow-up FTP and MRI scans.
Informed consent was obtained from all patients or their surrogates, and the IRB at UCSF
and at LBNL approved the study.

Cognitive Assessment

Neuropsychological assessments for BACS and patients with AD from UCSF have been
previously described.10-26 Briefly, BACS subjects undergo testing to measure performance
on global cognitive (eg, MMSE) and specific cognitive tasks including those related to
verbal and visual memory, working memory, processing speed, executive function, language,
and attention. UCSF patients with AD are assessed for episodic and semantic memory,
language, and executive and visuospatial functioning as well as global functioning with the
MMSE and the Clinical Dementia Rating (CDR) scale.

APOE Genotyping

Determination of APOE alleles was performed as described previously using a TagMan
Allelic Discrimination Assay using a Real-Time PCR system (Applied Biosystems, Foster
City, CA).2" APOE genotyping was completed for 41 OA and all 19 patients with AD.
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Image Acquisition
Detailed descriptions of FTP and PiB PET acquisition are available in previous publications.
57 All PET scans for both cohorts were acquired at LBNL on a Siemens (Erlangen,
Germany) Biograph 6 Truepoint PET/computed tomography (CT) scanner in 3-dimensional
acquisition mode. Prior to each PET scan, a low-dose CT scan was collected for attenuation
correction. FTP was synthesized at the LBNL Biomedical Isotope Facility (BIF) using a
TracerLab FXN-Pro (GE Medical Systems, Milwaukee, WI) synthesis module with a
modified protocol based on an Avid Radiopharmaceuticals (Philadelphia, PA) protocol
supplied to the facility. Participants were injected with 10 mCi of tracer and scanned in
listmode 80 to 100 minutes postinjection (4 x 5-minute frames). [11C] PiB was also
synthesized at the LBNL BIF according to a previously published protocol.28 Beginning at
the start of an injection of 15 mCi of PiB into an antecubital vein, 90 minutes of dynamic
emission data were acquired and subsequently binned into 35 frames (4 x 15, 8 x 30, 9 x 60,
2 x 180, 10 x 300, and 2 x 600 seconds). FTP and PiB images were reconstructed using an
ordered subset expectation maximization algorithm with weighted attenuation and smoothed
with a 4 mm Gaussian kernel with scatter correction (image resolution = 6.5 x 6.5 x 7.25
mm3).

High-resolution T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sMRI
scans were acquired for each BACS participant with the following parameters: sagittal slice
orientation, repetition time (TR) = 2,110 milliseconds, echo time (TE) = 3.58 milliseconds,
flip angle = 15°, voxel size = 1 mm isotropic. These data were collected on a 1.5T Siemens
Magnetom Avanto scanner at LBNL. High-resolution T1-weighted MPRAGE data were
acquired for UCSF participants on either a 3T Siemens Tim Trio or 3T Siemens Prisma Fit
scanner with the following parameters: sagittal slice orientation, voxel size = 1 mm
isotropic, matrix = 240 x 256, TR = 2,300 milliseconds, TE = 2.9 milliseconds (2.98
milliseconds on the Trio), inversion time = 900 milliseconds, flip angle = 9°. Six UCSF
participants were scanned on the Trio at baseline and the Prisma at follow-up, which did not
systematically affect atrophy measurements.

Image Processing

FTP standardized uptake value ratio (SUVR) images were created based on mean tracer
uptake 80 to 100 minutes postinjection.?® Based on pilot analyses, a longitudinal
preprocessing pipeline was established that allowed for voxelwise analyses of change over
time in both FTP and sMRI data, and used a single unbiased reference region for both
baseline and follow-up FTP data. Specifically, SMRI scans from baseline and follow-up
visits were used to create a midpoint, average SMRI image using SPM1230 and SUVR
images from baseline and follow-up were registered to this midpoint subject space. Midpoint
SMRI scans were processed with FreeSurfer3! for region of interest (ROI) analyses and
segmented with SPM12. The white matter (WM) segment from each participant’s midpoint
SMRI was thresholded at 0.95 and then eroded by 1 voxel. This participant-specific WM
ROI in midpoint SMRI subject space was used to normalize the baseline and follow-up FTP
data. We chose to use a white matter reference region because this approach resulted in more
stable estimates of change over time, especially in OA. FTP change images were created by
subtracting the FTP value at baseline from the value at follow-up for each voxel in midpoint
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SMRI subject space. DARTEL32 tools were then used to warp the following images to
Montreal Neurological Institute (MNI) space: sMRIs, gray matter (GM)-masked Jacobian
determinants, and FTP change images. Once in standard space, FTP change images were
multiplied by an inclusive, group-specific intracranial mask and then smoothed with a 6mm3
Gaussian kernel. GM-masked Jacobian images were smoothed with an 8mm3 Gaussian
kernel and were used for longitudinal voxel-based morphometry (VBM) analyses.30
Voxelwise annual percentage change (APC) maps were also created by calculating APC at
every voxel in midpoint SMRI subject space. Individual participant APC maps were then
warped to MNI space with DARTEL, and group mean APC images were used to quantify
effect size of change in FTP.

ROI analyses of FTP data were performed using Geometric Transfer Matrix partial volume
correction (PVC) on FreeSurfer ROIs derived from the midpoint sSMRI.33:34 pvC FTP
SUVRs from ROIs defined based on concurrent SMRI (without creating a midpoint SMRI
image) were correlated with SUVRs derived from our longitudinal approach at 7> 0.94.
Results of ROI analyses did not change based on ROI definition method. Therefore, we used
a single processing approach that resulted in unbiased estimates of the reference region and
allowed us to complete both voxelwise and ROI analyses. APC was calculated for mean
PVC SUVR values in 6 a priori ROIs: entorhinal cortex (ERC), inferior temporal lobe (IT),
retrosplenial cortex (RSC), posterior cingulate cortex (PCC), a temporal lobe meta region3®
(Meta ROI), and a region corresponding to Braak stage I11/1V.9:34

Distribution volume ratios (DVRs) for PiB images were generated with Logan graphical
analysis on PiB frames corresponding to 35 to 90 minutes postinjection using a cerebellar
GM reference region.36:37 Participants were determined to be AB-positive (PiB*) based on a
mean global cortical DVR > 1.065 at the baseline visit (patients with AD were also positive
based on visual read).38

Statistical Analysis

In each cohort, using voxelwise data, general linear models (GLMs) covarying for age and
interval between scans were used to determine regions where tau had significantly increased
at follow-up (ie, 1-sample ttests with covariates). Mean group (OA or AD) APC was
calculated for each voxel in regions where tau was significantly increasing at the group level
based on the 1-sample #test (voxel p < 0.001, cluster familywise error [FWE] p< 0.05 in
OA,; voxel p<0.001, uncorrected in AD). Different statistical thresholds for OA and AD
were used to reduce bias resulting from differing statistical power in our cohorts of 42 and
18 participants, respectively. Statistical thresholds were kept consistent across modalities
within group so FTP-atrophy associations could be measured within group. We also created
masks based on the regions that were significant in each group, resulting in 2 different
masks, 1 for OA and 1 for AD. Next, we calculated mean voxelwise APC in OA and AD
masks for each participant. A 1-way repeated measures analysis of variance (ANOVA) was
used to determine the effect of group on mean APC (repeated measures are participant mean
SUVR APC in OA and AD masks). In OA, a 2-sample ¢test was used to determine whether
there were differences in FTP accumulation based on PiB status. In addition, baseline PiB
DVR was treated as a continuous variable of interest in a GLM predicting voxelwise FTP
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change. To reveal regions of significant atrophy, voxelwise Jacobian determinants
accounting for scan interval were used to run GLMs controlling for age.

One sample ttests were used to determine whether group mean APC in ROIs was
significantly greater than zero. Pearson correlations were used to test for significant
associations between baseline PiB DVR and FTP APC in each ROI. Linear mixed effects
(LME) models were used to predict repeated measures of FTP in each ROI with fixed effects
of age, sex, PiB status, and years from baseline as well as a random effect for participant
intercept. An LME model that included only OA participants was fitted to test for an
interaction effect between PiB status and time on regional FTP change.

Characteristics of the OA and AD cohorts are summarized in Table 1. OA were significantly
older than AD subjects (p < 0.001), and the groups did not differ on sex composition or
education. In the OA cohort, 34% (n = 14) carried the APOEe4 allele; 53% (n = 10) of
patients with AD were APOEe4 carriers. By design, all patients with AD were PiB*,
whereas 50% (n = 21) of OA were PiB*. Importantly, in the OA cohort PiB* subjects were
slightly younger than the PiB~ subjects (PiB*: 76.2 + 3.9 years, PiB™: 79.0 = 5.0 years; p =
0.048). This is likely due our FTP-PET recruitment strategy, which initially oversampled
older and/or PiB™ participants in the OA group.

Within baseline and follow-up visits, SMRI scans were acquired on average 1.1 + 3.0 months
before FTP scans in the OA cohort and 1.1 + 1.8 months before FTP in the patients with
AD. PiB scans were acquired 0.9 + 2.7 months before the FTP scans in the OA cohort. In the
AD cohort, all PiB scans were acquired on the same day as FTP scans except for 1 patient
whose PiB scan was 4.9 months before their FTP scan. One patient with AD was not
included in FTP voxelwise analyses or longitudinal VBM because midpoint sSMRI
registration failed. Another patient with AD was excluded from ROI analyses due to
unresolvable parcellation errors in FreeSurfer.

Voxelwise Analyses: Longitudinal FTP

At baseline, FTP signal in OA was highest in MTL, with slightly elevated mean signal in
ventral and lateral temporal lobes as well as posterior medial and orbitofrontal regions (Fig
1). In AD, FTP mean and peak signal was higher compared to OA and the predominant
topology included temporal, lateral parietal, and posterior medial regions. The results of the
longitudinal voxelwise FTP change analyses in OA are shown in Figure 2A. FTP
significantly increased in bilateral temporal lobes and retrosplenial cortex, as well as small
clusters in left frontal lobe (voxel p < 0.001, cluster FWE p < 0.05). The pattern in the
temporal lobe was slightly asymmetric, with greater involvement of the left inferior temporal
lobe, fusiform gyrus, and parahippocampal gyrus than the homologous regions on the right.
In AD, the pattern of increases in FTP predominantly involved lateral and medial frontal
lobe, left greater than right (voxel p< 0.001, uncorrected; see Fig 2). At the more
conservative statistical threshold used for OA, only the left hemisphere medial and lateral
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frontal regions show significant FTP increases in AD. There were no significant decreases in
FTP binding in either cohort. OA and AD FTP significant increase masks overlaid on
voxelwise group mean APC maps showed significant FTP increases of 2 to 3% per year in
OA and 3 to 6% per year in AD. OA and AD FTP increase masks were also used to calculate
mean APC for each participant in each mask. A 1-way repeated measures ANOVA revealed
significant effects of mask, group, and the mask x group interaction (all p< 0.001;
Supplementary Table). Post hoc tests revealed that FTP increases in AD were not
significantly greater than in OA in the OA mask (Tukey p= 0.99). There was no significant
difference between AD APC in the OA mask and OA APC in the AD mask (Tukey p=
0.59), but all other group by mask post hoc tests showed significant differences (all Tukey p
<0.05).

Voxelwise Analyses: Longitudinal VBM

To relate longitudinal FTP change to structural change over the same follow-up interval, we
completed longitudinal VBM analyses. In OA, a posterior predominant pattern of cortical
volume loss was observed (voxel p< 0.001, cluster FWE p < 0.05; Fig 3A). Large areas of
temporal, parietal, and medial occipital lobe significantly decreased in volume, whereas the
frontal lobe was relatively spared. In AD, the pattern of atrophy was similar but did not
include medial occipital regions (voxel p < 0.001, uncorrected; see Fig 3D).

Voxelwise Analyses: Cross-Modal Associations

The spatial overlap of regions with significant FTP increase and regions with significant
atrophy are shown for OA in Figure 3B and for AD in Figure 3E. In OA, there was overlap
between regions of FTP increase and GM loss. In AD, however, the overlap was minimal,
with FTP increases occurring in frontal regions, and atrophy predominating in posterior
regions. We plotted GM voxelwise group statistical maps for FTP increase and atrophy and
fit linear models to quantify the strength of the correlations (see Fig 3C, F). In OA, FTP
change explained 21.2% of the variance in atrophy, whereas this relationship was not
meaningful in AD, explaining only 2.7% of the variance.

ROI Analyses: APC

Patients with AD had higher FTP SUVR than OA at baseline across all examined ROls (p <
0.001; Table 2). OA showed significant regional increases in FTP at follow-up across all a
priori ROIs (p < 0.001), and patients with AD showed significant increases in IT, RSC, the
Meta ROI, and the Braak I11/1V ROI (p< 0.008). Mean APC in FTP was higher in AD
compared to OA in the Meta and Braak 11/IV ROIs (p < 0.05), larger regions where variance
was smaller relative to the mean. Results were similar if annual difference in SUVR (SUVR
per year) was used as the change metric. Longitudinal regional FTP data are plotted in
Figure 4. Spaghetti plots show individual trajectories of change over time in raw SUVR,
whereas boxplots highlight the interindividual variance in APC in each ROI. There were no
significant differences in APC between PiB* and PiB~ OA in any ROI (p> 0.30).
Furthermore, in OA there were no significant associations between PiB DVR at baseline and
APC in any a priori ROI (p> 0.50).
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Results from voxelwise analyses revealed regions of frontal lobe with baseline FTP signal
and significant FTP change in OA. As an exploratory analysis, we also examined 2 frontal
ROIs: orbitofrontal cortex (FOrb; includes frontal pole ROI) and inferior frontal gyrus (IFG;
comprised of pars orbitalis, pars triangularis, and pars opercularis). Patients with AD had
higher FTP SUVR at baseline in FOrb and IFG (p < 0.001; see Table 2). FTP signal
significantly increased at follow-up for both frontal ROIs in OA and AD, and AD patients
had greater APC compared to OA (p < 0.05).

ROI Analyses: LME Models

LME models controlling for age and sex produced results consistent with regional APC
analyses. Across ROIs, there was a main effect of group such that patients with AD had
greater FTP than OA across all timepoints (p < 0.001; Fig 5). There was also a significant
time by group effect such that AD patients’ FTP increased more than that of OA in IT, the
Meta ROI, and Braak I11/1V ROI (p < 0.01). The time by group effect comparing AD to OA
was not significant in the ERC, RSC, or PCC ROIs (p> 0.2). There were no differences in
rate of change between PiB* and PiB~ OA participants in any ROI in the full model or in
models fitted with just OA participants. Full model parameter estimates for models
predicting ERC, Meta ROI, and Braak 111/IV FTP are provided in Table 3.

Discussion

We addressed the first main goal of our study by employing voxelwise and ROI-based
approaches to measure the magnitude of FTP change over time in OA (~2-3% per year) and
patients with AD (~3-6% per year). The spatial topology of FTP accumulation in OA was
predominantly temporal and medial parietal, and differed from the pattern in AD, which was
predominantly frontal. Although we did not find that PiB* OA accumulated FTP faster than
PiB™ OA, we showed significant FTP accumulation over an average 1.9-year follow-up in
the whole OA group.

To address our second goal, we used voxelwise, whole brain data to reveal a pattern of FTP
accumulation that was consistent with known topology and spread of tau pathology in aging.
Strikingly, the pattern of FTP accumulation resembled the pattern of concurrent atrophy in
the OA participants. Regions where FTP increased in OA were also similar to the areas
where FTP binding was detected at baseline. In contrast, in AD, FTP increased in frontal
regions outside of the areas of major FTP binding at baseline. This indicates that areas of
high baseline FTP binding in symptomatic patients with AD are no longer rapidly
accumulating pathology across individuals, but rather “downstream” regions associated with
greater disease severity are the areas with the most marked tau accumulation. Consistent
with this, the pattern of atrophy in AD also more closely resembled baseline FTP binding
and did not spatially correspond to the pattern of FTP increases.

The differing spatial relationships between FTP increases and atrophy in OA and AD may
reflect a temporal lag between tau pathology and subsequent neurodegeneration that widens
in the clinical phase of the disease as tau accumulation and spread accelerate. In contrast, the
initial phase of tau spread in cognitively intact OA is an indolent process accompanied by
atrophy in overlapping areas. The distinction between AD and OA may reflect acceleration
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of tau deposition in AD, or greater vulnerability to tau in temporoparietal cortex than
prefrontal regions. Both possibilities are consistent with the finding that FTP accumulation
in AD did not differ from OA in regions where OA FTP was significantly increasing (see Fig
2A). It is also possible that the rate of tau accumulation slows over time, similar to amyloid
accumulation.3°Regardless of interpretation, it is important to note that voxelwise analyses
were completed without PVC, which may affect our ability to detect FTP changes in
atrophic brain regions. Previous work has shown that cross-sectional FTP is associated with
cross-sectional atrophy patterns in AD,10:21 but our study extends these findings by
revealing that FTP longitudinal accumulation occurs in regions that are relatively less
affected by atrophy.

Regional PVC analyses revealed significant FTP increases in both OA and AD across
multiple ROIs. Patients with AD had significantly greater accumulation in the 2 larger ROIs
we examined, the temporal Meta ROI and Braak 111/1V regions, but there was no significant
difference in mean FTP change in ERC between OA and AD, consistent with other reports.
11 These ROI findings could reflect greater ability to detect change due to higher signal to
noise in the larger regions, or a slowing of tau deposition in the ERC, which is the first
cortical region affected. In contrast to previous data showing a lack of FTP increase in AB-
negative normal adults, we found that FTP increased across ROIs in our OA cohort.1112 we
did not observe a difference in FTP change between PiB* and PiB~ groups. Across the OA
group, our estimates of APC were higher than previous work, which measured 0.5% APC in
PiB* normal controls.1: Human and animal data suggest that AB pathology is important in
facilitating the spread of tau.49-42 Thus, we hypothesized that PiB* OA would have higher
rates of FTP accumulation than PiB~ OA. That we did not observe this is likely related to
our limited sample size, and also to the age of our OA participants. PiB~ OA participants in
our study were slightly older than the PiB* OA participants, and the mean age for the entire
group was 77.6 years. In a true random sample, we would expect PiB* OA to be older on
average than PiB~ individuals. In a recent large study of longitudinal FTP that reported
differences in FTP change based on PiB status, the PiB* group had a median age of 80
years, whereas in the PiB~ group median age was 66 years.1! It is also possible that the
difference in FTP accumulation rate between PiB* and PiB™ individuals is too subtle to
detect over the ~2-year follow-up in our sample.

Previous studies examining longitudinal FTP have used different reference regions, and it
remains unclear which approach is optimal.11:12 Work in our laboratory has indicated that
FTP signal in WM and GM are still correlated even after PVC. Our choice of a WM
reference region, derived from midpoint SMRI subject space, corrects for this shared signal.
WM reference regions have previously been shown to be superior for longitudinal analyses
of AB PET tracers,13-15 and WM reference regions perform better on 4-week test-retest
FTP data (variability from 1.7 to 2.8%) than GM reference regions.12 Another possible
advantage of WM as a reference is the relatively large size of the region, as nonspecific
signal in larger regions is likely to be more stable over time. It has also been argued that
reference regions that share the same axial location as ROIs correct for differences in
perfusion, to which SUVR values are extremely sensitive.3 A risk of our approach is that
true FTP signal from cortex may bleed into the reference region despite our thresholding and
erosion steps. This could explain the differences between our findings and those of
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Southekal and colleagues, who also used a WM reference region optimized to minimize
signal contamination.12 Our results, however, indicate our approach is a robust way to
measure the spatial topography of FTP change.

Evidence from model systems has emerged supporting a theory that hyperphosphorylated
tau spreads trans-synaptically through circuits and propagates in a prion-like manner.44:45
Given that tau accumulation appears to begin in the transentorhinal cortex, it is hypothesized
that tau first spreads through the memory circuitry of the temporal lobe. This is supported by
Braak staging which, as a neuropathological staging scheme, is unavoidably crosssectional.
Our results with in vivo longitudinal FTP-PET also support this model of tau propagation
with baseline levels of FTP highest in MTL and FTP increasing in MTL-connected
posteromedial regions such as retrosplenial cortex, and anterior regions such as inferior
temporal gyrus and inferior frontal cortex.46 The MTL is connected to these regions via the
cingulum bundle and the uncinate fasciculus, two key structural pathways underlying normal
memory function through which tau may spread. The wider involvement of these memory
circuits is in line with findings from Jack and colleagues, who showed that early
accumulation of tau pathology is not limited to ERC, despite Braak staging indicating
otherwise.1 Importantly, our data also suggest that tau spread occurs outside the MTL in
ApB-negative individuals, which indicates that either peri-MTL tau accumulation is not
entirely dependent on Ap or that AP species undetectable by PET are involved in the earliest
propagation of tau across networks.

Our study has several limitations. First, our small sample size may have limited our
statistical power in general and especially to detect differences in rate of accumulation
between PiB* and PiB~ OA. Second, our cohort of patients with AD included individuals
with less common phenotypes, such as posterior cortical atrophy and individuals with early
onset AD. Thus, our UCSF AD cohort is significantly younger than our community-
dwelling OA, and our findings may be less generalizable to the more common late onset AD
(LOAD). Itis likely that the topography and rate of tau accumulation differs in LOAD
compared to our less typical, early onset cases. Therefore, further studies are needed to
assess the relationship between tau accumulation and atrophy in LOAD. One benefit of the
younger clinical cohort is that we can reasonably be more assured that the clinical syndrome
is caused by AD pathology and not markedly exacerbated by age-related comorbidities, like
advanced neurovascular disease or other proteinopathies. Another limitation of the present
study is the known off-target binding of FTP in the basal ganglia, especially the putamen
and pallidum, which may be related to age-related iron deposition.*’ FTP also often binds to
choroid plexus and the meninges, and has been shown to bind to incidental findings on MRI
(eg, meningiomas, cavernous malformations).*8 These off-target sources of signal are
unlikely to have driven our results, because we applied PVC for regional analyses, and the
voxelwise FTP increases were seen in brain areas remote from off-target binding sites.

Because FTP-PET has been available for a relatively short time, large longitudinal datasets
are not available yet. The optimal methods for processing these data and their potential
utility for both basic neuroscience and translational applications remain unclear. Here we
show that using an explicitly longitudinal approach to preprocessing allowed us to identify
voxelwise FTP change patterns in OA and a cohort of patients with AD. Our findings
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monstrate the temporospatial relationship of FTP increase and atrophy is different in

typical aging and disease. Future work will focus on causal relationships between markers of
tau pathology and subsequent atrophy as well as cognitive trajectory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1:
Baseline flortaucipir (FTP) patterns in healthy older adults (OA) and Alzheimer disease

(AD) revealed the regions with highest tau burden in each group. (A) Mean group baseline
FTP standardized uptake value ratio (SUVR) image for OA (n = 42) reveals that FTP signal
is highest in medial temporal lobe, with some signal in the ventral and lateral temporal lobes
and in posterior medial regions. (B) Mean group baseline FTP SUVR image for AD (n = 18)
reveals high FTP tracer retention in temporal lobe, posterior lateral regions (eg,
temporoparietal junction), and posterior medial regions (eg, retrosplenial cortex, posterior
cingulate, and precuneus). Note that the upper limit of the color scale was adapted to
highlight topology of FTP in each cohort.
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FIGURE 2:
Flortaucipir (FTP) accumulation is spatially distinct in healthy older adults (OA) and

Alzheimer disease (AD). (A) Onesample #tests show regions where the OA group (n = 42)
showed a significant increase in FTP from baseline to follow-up (voxel p < 0.001, cluster
familywise error p < 0.05). (B) Voxelwise mean group annual percentage change (APC) in
regions where FTP was significantly increasing (A) in OA. (C) One-sample ftests show
regions where the AD group (n = 18) showed a significant increase in FTP from baseline to
follow-up (voxel p < 0.001, uncorrected). (D) Voxelwise mean group APC in regions where
FTP was significantly increasing (C) in patients with AD. Note that the upper limits of the
color scales in B and D were adapted to highlight variation in mean voxelwise APC in each
cohort.
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FIGURE 3:
Atrophy and its spatial relationship to flortaucipir (FTP) accumulation in healthy older

adults (OA) and Alzheimer disease (AD). (A) One-sample #tests show regions of significant
gray matter volume loss in the OA group (n = 42, voxel p< 0.001, cluster FWE p < 0.05).
(B) Overlap (purple) of atrophy pattern from A (red) and pattern of FTP accumulation (blue;
see Fig 2A) in OA. (C) Voxelwise cross-modal correlation of t maps from atrophy (A) and
FTP accumulation (see Fig 2A) analyses. A linear model was fit to the data to estimate
variance explained. Color bar represents the density of points falling within each plotted
hexagon. (D) One-sample ¢tests show regions of significant gray matter volume loss in the
AD group (n = 18, voxel p< 0.001, uncorrected). (E) Overlap (purple) of atrophy pattern
from D (red) and pattern of FTP accumulation (blue; see Fig 2C) in AD. (F) Voxelwise
cross-modal correlation of t maps from atrophy (D) and FTP accumulation (see Fig 2C)
analyses.
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Regional changes in flortaucipir (FTP) have high variance, show no differences based on
Pittsburg compound B (PiB) status in healthy older adults, and reveal that patients with
Alzheimer disease (AD) have greater FTP accumulation in large regions of interest (ROISs).

Regional changes were assessed in 6 ROIs: entorhinal cortex (ERC), inferior (Inf.) temporal

cortex, retrosplenial cortex (RSC), posterior cingulate cortex (PCC), a temporal lobe Meta
ROI, and Braak I11/1V regions. (A) Spaghetti plots show individual trajectories of regional
partial volume—corrected standardized uptake value ratio (SUVR) values from baseline to
follow-up. (B) Individual annual percentage change (APC) values are plotted by group for
each ROLI.
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Linear mixed effects models show higher flortaucipir (FTP) load and faster accumulation in
Alzheimer disease (AD) compared to healthy older adults. Models were fit to predict FTP in

6 regions of interest (ROIs): entorhinal cortex (ERC), inferior (Inf.) temporal cortex,

retrosplenial cortex (RSC), posterior cingulate cortex (PCC), a temporal lobe Meta ROI, and
Braak HI/1V regions. Predicted standardized uptake value ratio (SUVR) values are plotted
for each group over time, measured in years. Age and sex were included as fixed covariates
of no interest. A random effect of participant intercept was also included in each model. PiB
= Pittsburg compound B.
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TABLE 1.

Cohort Characteristics

Characteristic OA,n=42 AD,n=19 p

Age, yr 77.6+4.6 (68-93) 63.1+10.3(48-83) <0.001%

Sex, M/F, n 17/25 7112 0.788

Education, yr 16.4+1.6 17.0+21 0.247

PiB +/-, bl, n 21/21 19/0 —

APOEe4 carriers,n 14 (1 NA) 10 0.174

FTP follow-up, yr 19+0.6(1.0-32) 1.3+0.3(1.0-2.2) <0.001%

MMSEb, bi 28.5+1.3(25-30) 23.7+4.0(14-29) <0.001%

Group count data or mean + standard deviation (range) is shown. OA and AD were compared using 2-sample #tests for continuous variables and
Fisher exact tests for sex and APOE status.

aSignificant differences at p < 0.05 (uncorrected).

bPossibIe range = 0-30.

AD = patients with Alzheimer disease; APOE = apolipoprotein E; bl = baseline; F = female; FTP = flortaucipir; M = male; MMSE = Mini-Mental
State Examination; NA = not available; OA = healthy older adults; PiB = Pittsburgh compound B.
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