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Abstract
Objective
To assess whether Alzheimer disease (AD) clinical presentation and APOE4 relate to the
burden and topography of β-amyloid (Aβ) and tau pathologies using in vivo PET imaging.

Methods
We studied 119 Aβ-positive symptomatic patients aged 48–95 years, including 29 patients with
logopenic variant primary progressive aphasia (lvPPA) and 21 with posterior cortical atrophy
(PCA). Pittsburgh compound B (PiB)–Aβ and flortaucipir (tau)–PET standardized uptake
value ratio (SUVR) images were created. General linear models assessed relationships between
demographic/clinical variables (phenotype, age), APOE4, and PET (including global cortical
and voxelwise SUVR values) while controlling for disease severity using the Clinical Dementia
Rating Sum of Boxes.

Results
PiB-PET binding showed a widespread cortical distribution with subtle differences across
phenotypes and was unrelated to demographic/clinical variables or APOE4. Flortaucipir-PET
was commonly elevated in temporoparietal regions, but showed marked phenotype-associated
differences, with higher binding observed in occipito-parietal areas for PCA, in left temporal and
inferior frontal for lvPPA, and in medial temporal areas for other AD. Cortical flortaucipir-PET
binding was higher in younger patients across phenotypes (r = −0.63, 95% confidence interval
[CI] −0.72, −0.50), especially in parietal and dorsal prefrontal cortices. The presence of APOE4
was associated with a focal medial temporal flortaucipir-SUVR increase, controlling for all other
variables (entorhinal: + 0.310 SUVR, 95% CI 0.091, 0.530).

Conclusions
Clinical phenotypes are associated with differential patterns of tau but not amyloid pathology.
Older age and APOE4 are not only risk factors for AD but also seem to affect disease expression
by promoting a more medial temporal lobe–predominant pattern of tau pathology.

RELATED ARTICLE

Editorial
Spatial Distribution of Tau
and β-Amyloid Pathologies
and Their Role in Different
Alzheimer Disease
Phenotypes

Page 191

From the Memory and Aging Center, Department of Neurology, Weill Institute for Neurosciences (R.L.J., A.V.V., O.H.L.-V., L.E., L.I., D.N.S.-M., T.M., Z.A.M., D.C.P., J.P., A.S., M.L.G.-T.,
H.J.R., B.L.M., G.D.R.), and Department of Radiology and Biomedical Imaging (G.D.R.), University of California, San Francisco; Department of Diagnostic Imaging (O.H.L.-V.), Sheba
Medical Center, Tel Hashomer, Ramat Gan, Israel; Molecular Biophysics and Integrated Bioimaging Division (S.L.B., M.J., W.J.J., G.D.R.), Lawrence Berkeley National Laboratory; and
Helen Wills Neuroscience Institute (W.J.J., G.D.R.), University of California Berkeley.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

e650 Copyright © 2020 American Academy of Neurology

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/WNL.0000000000011270
mailto:Renaud.lajoie@ucsf.edu
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000011270


The clinical expression of Alzheimer disease (AD) is hetero-
geneous and expands beyond the traditionally described older
age amnestic dementia syndrome.1–3 First, age at symptom
onset is highly variable; whereas the incidence of AD dementia
increases with age,4;5% of patients with sporadic AD develop
symptoms before age 65.5 The e4 allele of APOE (APOE4) is
associated with an earlier disease onset.3 Second, memory loss is
a frequent but inconsistent presenting feature of AD such that
evidence of memory impairment is no longer required for the
diagnosis of probable AD dementia.6 Nonamnestic AD phe-
notypes have been well characterized: visuospatial-predominant
posterior cortical atrophy (PCA)7 and language-predominant
logopenic variant primary progressive aphasia (lvPPA).8 These
atypical variants tend to have an early age at onset, but they are
associated with a relatively low frequency of APOE4.3 Estab-
lishing the relationships between clinical variability and the key
pathophysiologic processes in AD, β-amyloid (Aβ), and tau, and
neurodegeneration, could inform our understanding of mech-
anisms driving disease heterogeneity.

We aimed to determine the molecular pathology correlates of
phenotypic variant, age at onset, and APOE4 in patients at
symptomatic stages of AD, using PET to quantify Aβ and tau.
Based on previous case series9–11 and autopsy studies,12,13 we
expected that the distribution of tau, not Aβ, would mirror
cognitive phenotypes. We also expected tau burden to be
higher in younger patients,9,14 but investigated whether this
relationship was driven by the higher frequency of atypical
variants at younger ages or whether it existed across pheno-
types. Finally, we expected APOE4 to be associated with a
more medial temporal lobe (MTL)–predominant pattern,3

especially for tau pathology.15,16

Methods
Patients
This retrospective study included patients recruited from the
University of California San Francisco (UCSF) Alzheimer
Disease Research Center. All patients underwent a compre-
hensive clinical evaluation including medical, physical exam-
ination, a structured caregiver interview, and
neuropsychological testing. Clinical diagnosis was established
by consensus in amultidisciplinary conference blinded to CSF
or PET biomarker results.

For this study, we selected patients who fulfilled the following
criteria: (1) clinical diagnosis of mild cognitive impairment or

dementia due to AD based on the National Institute on
Aging–Alzheimer’s Association 2011 criteria,6,17 (2) available
3T-MRI and PET with both [11C] Pittsburgh compound B
(PiB) for amyloid and [18F] flortaucipir (FTP) for tau, and
(3) PiB-PET read as positive based on both visual read and
image quantification (see below). Patients with a known
pathogenic mutation in APP/PSEN1/PSEN2 were excluded.

As of July 15, 2020, 119 patients fulfilled these criteria, in-
cluding 29 patients who also fulfilled criteria for lvPPA8 and
21 patients who fulfilled criteria for PCA7 at the time of en-
rollment into our study. The remaining 69 patients are simply
referred to as having AD as they did not fulfill additional
existing diagnostic criteria for an AD subtype at the time of
their clinical visit. Based on this definition by default, this
latter group is expected to be more clinically heterogeneous
than the other 2 and to include a mix of patients with various
types of presentations: some with prominent memory deficits,
some with a more dysexecutive presentation,18,19 some with
no clear predominant cognitive pattern.

A total of 49/119 patients (39%) were at the mild ormoderate
stage of dementia, based on a Clinical Dementia Rating
(CDR) score of 1 (n = 47) or 2 (n = 3). Demographics are
available in table 1.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from all patients or
their surrogates. The study was approved by the institutional
review boards at UCSF, University of California Berkeley, and
Lawrence Berkeley National Laboratory (LBNL).

Imaging Acquisition
Patients underwent 3T MRI at UCSF on either a 3T Siemens
Tim Trio (n = 37) or a 3T Siemens Prisma Fit (n = 82)
scanner. T1-weighted magnetization prepared rapid gradient
echo MRI sequences were used in the present study (sagittal
slice orientation; 1 × 1 × 1 mm resolution; slices per slab =
160; matrix = 240 × 256; repetition time = 2.3 ms; inversion
time = 900 ms; flip angle = 9°; echo time = 2.98 ms for Trio,
1.9 for Prisma).

PET scanning was performed at the LBNL on a Siemens
Biograph PET/CT scanner. Radiotracers were synthesized
and radiolabeled at LBNL’s Biomedical Isotope Facility. We
analyzed PET data that were acquired from 50 to 70 minutes
after the injection of;15 mCi of PiB (four 5-minute frames)

Glossary
Aβ = β-amyloid; AD = Alzheimer disease;CDR = Clinical Dementia Rating;CDR-SB = Clinical Dementia Rating scale, Sum of
Boxes;CI = confidence interval; FTP = flortaucipir; FWE = familywise error;GLM =General Linear Model;GM = gray matter;
LBNL = Lawrence Berkeley National Laboratory; lvPPA = logopenic variant primary progressive aphasia; MTL = medial
temporal lobe; PCA = posterior cortical atrophy; PiB = Pittsburgh compound B; PVC = partial volume correction; SUVR =
standard uptake value ratio; UCSF = University of California San Francisco; VBM = voxel-based morphometry.
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Table 1 Demographics and Cognitive Scores

AD (n = 69) PCA (n = 21) lvPPA (n = 29) Significance

Age, y 66.9 ± 10.0 62.5 ± 7.7 63.5 ± 8.1 η2 = 0.04, p = 0.08

Female 36 (52%) 12 (57%) 14 (48%) V = 0.06, p = 0.83

Years of education 16.8 ± 2.4 16.0 ± 3.3 17.7 ± 2.6 η2 = 0.05, p = 0.07

Right-handedness 58 (84%) 17 (81%) 26 (90%) V = 0.08, p = 0.67

APOE4 carriers 38 (64%); n = 59 8 (44%); n = 18 13 (57%); n = 23 V = 0.15, p = 0.31

MMSE (/30) 22.4 ± 5.8 21.2 ± 4.7 21.0 ± 6.0 η2 = 0.01, p = 0.47

CDR-SB (/18) 4.1 ± 2.2 4.4 ± 2.4 3.3 ± 1.8 η2 = 0.03, p = 0.15

CVLT: total immediate recall (/36) 19 ± 6.0; n = 63 17.7 ± 6.6; n = 18 15.0 ± 7.1; n = 26 η2 = 0.06, p = 0.03
AD > lvPPA*

CVLT: 10 minutes recall (/9) 2.0 ± 2.5; n = 63 3.6 ± 2.6; n = 18 3.0 ± 3.1; n = 26 η2 = 0.06, p = 0.045
AD < PCA,† AD < lvPPA‡

CVLT: forgettinga 3.7 ± 2.3; n = 63 1.8 ± 2.0; n = 18 1.7 ± 1.2; n = 26 η2 = 0.18, p < 0.001
AD > PCA,§ AD > lvPPA§

Benson figure, copy (/17) 13.1 ± 4.2; n = 68 5.4 ± 4.3; n = 19 14.1 ± 3.8; n = 29 η2 = 0.35, p < 0.001
PCA < AD,§ PCA < lvPPA§

Benson figure,
10 minutes recall (/17)

4.3 ± 3.7; n = 67 3.4 ± 3.8; n = 18 6.7 ± 4.4; n = 29 η2 = 0.09, p = 0.007
AD < lvPPA,* PCA < lvPPA*

Benson figure forgettinga 8.8 ± 4.8; n = 67 1.9 ± 2.3; n = 18 7.4 ± 4.6; n = 29 η2 = 0.23, p < 0.001
AD > PCA,§ lvPPA > PCA§

Boston Naming Test, correct (/15) 12.4 ± 3.3; n = 67 10.1 ± 3.8; n = 18 10.1 ± 4.0; n = 29 η2 = 0.09, p = 0.004
PCA < AD,† lvPPA < AD*

Verbal fluency (letter D), 1 min 11.0 ± 5.3; n = 66 11.4 ± 6.0; n = 19 9.4 ± 5.7; n = 28 η2 = 0.02, p = 0.35

Verbal fluency (animals), 1 min 12.5 ± 5.9; n = 64 10.8 ± 5.9; n = 20 10.3 ± 6.5; n = 28 η2 = 0.03, p = 0.22

DKEFS Design Fluency, 1 min 6.5 ± 3.6; n = 64 2.9 ± 1.8; n = 15 6.7 ± 2.5; n = 25 η2 = 0.15, p < 0.001
PCA < AD,§ PCA < lvPPA§

Sentence repetition (/5) 4.2 ± 1.2; n = 64 3.6 ± 1.4; n = 21 2.0 ± 1.3; n = 29 η2 = 0.37, p < 0.001 lvPPA
< AD,§ lvPPA < PCA,§ PCA < AD†

Modified Trail Making Test, time 70.0 ± 40.6; n = 55 101 ± 26.6; n = 10 81.4 ± 38.2; n = 25 η2 = 0.06, p = 0.06

Stroop color naming, correct, 1 min 56.6 ± 22.3; n = 60 40.2 ± 20; n = 13 38.0 ± 19.9; n = 25 η2 = 0.15, p < 0.001
PCA < AD,† lvPPA < AD§

Stroop interference, correct, 1 min 27.3 ± 16.2; n = 52 17.4 ± 12.6; n = 11 15.1 ± 12; n = 21 η2 = 0.13, p = 0.004
PCA < AD,† lvPPA < AD*

Digit span forward, length 6.0 ± 1.3; n = 68 5.6 ± 1.1; n = 21 4.3 ± 0.8; n = 28 η2 = 0.28, p < 0.001 lvPPA
< AD,§ lvPPA < PCA§

Digit span backward, length 4.0 ± 1.6; n = 68 3.2 ± 1.3; n = 21 3.4 ± 0.9; n = 26 η2 = 0.06, p = 0.04
PCA < AD,† lvPPA < AD‡

VOSP number location, correct (/10) 7.5 ± 2.5; n = 61 5.3 ± 2.9; n = 12 8.0 ± 2.3; n = 23 η2 = 0.09, p = 0.01
PCA < AD,* PCA < lvPPA*

Geriatric Depression Scale (/30) 7.3 ± 5.2; n = 61 7.9 ± 4.9; n = 18 7.2 ± 4.2; n = 25 η2 < 0.01, p = 0.85

Abbreviations: AD = typical Alzheimer disease; CDR-SB = Clinical Dementia Rating scale, Sum of Boxes; CVLT = California Verbal Learning Test (second edition,
short form); DKEFS = Delis-Kaplan Executive Function System (condition 1); lvPPA = logopenic variant primary progressive aphasia; MMSE =Mini-Mental State
Examination; PCA = posterior cortical atrophy; VOSP = Visual Object and Space Perception battery.
Data shown as mean ± SD for continuous variables or n (%) for categorical variables; for variables with missing data, the number of available values is
indicated. Group comparisons were run using one-way analyses of variance or χ2 tests; effect sizes (η2 or Cramer V, respectively) are provided. When p < 0.05,
post hoc tests were conducted, and significant contrasts are reported (*p < 0.01, †p < 0.05, ‡p < 0.1, §p < 0.001).
a For the 2 memory tests, forgetting scores were created; higher scores reflect more severe forgetting over time. For CVLT: number of recalled items on 4th
learning trial minus number of recalled items on 10-minute delayed recall; for Rey figure: copy score minus 10-minute delayed recall score.
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and 80–100 minutes after the injection of ;10 mCi of FTP
(four 5-minute frames). A low-dose CT scan was performed
for attenuation correction prior to PET acquisition, and PET
data were reconstructed using an ordered subset expectation
maximization algorithmwith weighted attenuation and scatter
correction; a 4-mm Gaussian smoothing kernel was applied
during reconstruction (image resolution: 6.5 × 6.5 × 7.25 mm
estimated based on Hoffman phantom).

Imaging Processing
Image processing was performed as previously described.20

T1MRIs were segmented using Freesurfer version 5.3 (surfer.
nmr.mgh.harvard) and warped with Statistical Parametric
Mapping 12 (Wellcome Department of Imaging Neurosci-
ence, Institute of Neurology, London, UK). PET frames were
realigned, averaged, and coregistered onto their correspond-
ing MRI. Standard uptake value ratios (SUVRs) were created
using tracer-specific reference regions: cerebellar gray matter
(GM) for PiB and inferior cerebellar GM for FTP. PiB scans
were visually read as positive or negative.20

To obtain a measure of global cortical Aβ and tau burden, we
extracted a mean cortical SUVR value for each tracer in native
space using a weighted average of all Freesurfer-derived cortical
regions. For volumetric analyses (i.e., voxel-based morphom-
etry), GM segments were warped to template, modulated, and
smoothed using an 8-mm isotropic Gaussian kernel. SUVR
maps were also warped to template space using SPM12 and the
parameters defined from the MRI procedure to conduct vox-
elwise analyses. Warped SUVR images were masked with the
intracranial mask and smoothed with a 4-mm isotropic
Gaussian kernel20 to reach final 8 mm3 and match MRI reso-
lution. This masking step was meant to limit contamination
from nonrelevant areas (e.g., off-target binding from meninges
or skull).

Unless otherwise specified, PET values presented in this
manuscript are not corrected for partial volume effects. For
some confirmatory analyses, we used data that were corrected
using a method based on the geometric transfer matrix ap-
proach and tailored for FTP-PET.21

Statistical Analyses
We first aimed to test the association between (1) global
cortical burden of Aβ and tau and (2) clinical variables, in-
cluding patient age, disease severity (measured using the CDR
Sum of Boxes [CDR-SB]), and phenotype (3 levels: AD,
lvPPA, PCA). We first explored these associations using bi-
variate Pearson correlations and Welch 1-way analyses of
variance. Then, a General Linear Model (GLM) was run for
each tracer using the cortical SUVR as the dependent variable
and age, CDR-SB, and phenotype as independent variables.
Subsequent models were run adding an age*phenotype in-
teraction, to test whether the expected relationship between
tau and age differed between phenotypes. Finally, the main
models (without the age*phenotype interaction) were re-run,
adding APOE genotype as an independent variable (coded as

positive or negative for the e4 allele) on the subset of patients
with available APOE data (n = 100 due to missing values).

Voxelwise analyses were run in SPM12 to assess relationships
between clinical features and the regional distribution of PiB,
FTP, and GM volume. For PiB and FTP, GLMs were con-
ducted in every cortical GM voxel with age, CDR-SB, phe-
notype, and global cortical SUVR as independent variables.
The latter was introduced in the models comparing pheno-
types due to our interest in studying the relative distribution
of pathology regardless of the absolute amount. When com-
paring GM volume between phenotypes using voxel-based
morphometry (VBM), the global GM volume was introduced
as a covariate instead of global cortical SUVR.

Voxelwise analyses were thresholded using 2 approaches. First, a
relatively liberal threshold consisted of an uncorrected p < 0.001
at the voxel level combined with a familywise error (FWE)–
corrected p < 0.05 at the cluster level using the CAT12 toolbox
(neuro.uni-jena.de/cat/). Second, a more stringent pFWE < 0.05
voxel level threshold was applied. When displaying associations
between voxelwise SUVR values and age, SPM T-maps were
converted to correlation coefficient maps using CAT12. For the
sake of visualization, all voxel-basedmaps derived fromPET and
VBM analyses were rendered on a 3D brain surface using the
BrainNet Viewer software (nitrc.org/projects/bnv/). More-
over, volumes corresponding to all group-level voxel-wise fig-
ures are freely available for viewing or download on neurovault,
including thresholded and nonthresholded images (neurovault.
org/collections/WMNXGOCS/).

Data Availability
Data are available upon request (memory.ucsf.edu/research-
trials/professional/open-science).

Results
The patients included in the current study covered a large age
range (48–95 years old, mean 65.3, SD 9.3), 52% female, and
had all completed at least a high school education (table 1). A
total of 96% of the patients were White. Phenotypic groups
were comparable on demographics, APOE4 genotype, or
global clinical measures, i.e., MMSE and CDR-SB, but clear
differences emerged when looking at specific cognitive tests
(table 1). As expected, the PCA group had marked deficits on
all visuospatial tests (figure copy, design fluency, modified
Trail-Making Test, number location), while the lvPPA group
had major deficits in verbal tests, especially those involving
phonologic short-term memory (learning trials for the Cal-
ifornia Verbal Learning Test, sentence repetition, Digit Span
Forward). The AD group showed lower delayed memory
scores than the other phenotypes, with marked forgetting of
both verbal and visual items over a 10-minute period.

Clinical Correlates of Global Aβ and TauBurden
Global cortical PiB uptake was not related to any clinical var-
iable (see figure 1 for univariate analyses and table 2 for GLMs).
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The full model including age, CDR-SB, and phenotype as in-
dependent predictors only explained 2.8% of PiB SUVR vari-
ance and was not significant (F4,114 = 0.82, p = 0.52). The
added phenotype*age interaction term was not significant (p =
0.24, η2 = 0.025; see figure 1 to visualize age–PiB relationships
within each phenotype separately). Similarly, APOE4 was not
associated with PiB SUVR (p = 0.50, η2 = 0.005, table 2).

In contrast, global FTP was associated with all 3 clinical vari-
ables (figure 1, bottom row). In the GLM, the 3 clinical pre-
dictors were independently associated with FTP, altogether
accounting for 48.0% of total variance (F4,114 = 26.3, p < 0.001).
SUVR values decreased with patient age and increased with
CDR-SB (see table 2 for specific estimates). In the samemodel,
cortical FTP varied across phenotypes (F = 4.1, p = 0.02, η2 =
0.067) and post hoc analyses showed that both lvPPA and PCA
had higher FTP-SUVR than AD (see table 2). Adding a phe-
notype*age interaction term showed that the relationship be-
tween increasing age and lower FTP did not differ across
phenotypes (p = 0.86, η2 = 0.003). Inverse associations be-
tween age and FTP can be seen within each phenotype group
in figure 1, showing very similar age–FTP slopes: −0.028
(−0.036, −0.019) for AD, −0.025 (−0.044, −0.005) for PCA,
and −0.025 (−0.040, −0.011) for lvPPA. APOE4 was not as-
sociated with global cortical FTP (p = 0.69, η2 = 0.002, table 2).

Voxelwise Analyses

Phenotypes

The regional distribution of PiB and FTP across phenotypes is
shown in figure 2.

PiB (figure 2A, top) was distributed throughout the cortex,
especially in medial areas (medial prefrontal areas, posterior
cingulate, and precuneus), lateral frontal, and temporo-
parietal cortices. PiB patterns were mostly similar across
phenotypes (figure 2B, top), although the PCA group had
slightly elevated SUVR values in the right medial occipital area
compared to the other variants and the AD group showed
slightly elevated PiB values in the left middle and inferior
temporal gyri. However, none of these contrasts survived
stringent FWE correction for multiple comparisons.

The pattern of elevated FTP (figure 2A, bottom) was more
restricted than PiB. All groups had high FTP SUVR values in
the temporoparietal and dorsolateral frontal areas with rela-
tive preservation of the sensorimotor and medial prefrontal
cortex. FTP patterns showed strong between-phenotype
variations, all contrasts being significant at pFWE < 0.05 at the
voxel level (figure 2B, bottom). The PCA group had higher
bilateral occipital and to a lesser extent right parietal SUVR

Figure 1 Relationships Between Global Cortical PET Standard Uptake Value Ratio (SUVR) Values and Clinical Variables:
Univariate Analyses

All data are raw, i.e., not adjusting for other variables, and statistics correspond to simple (univariate) models; see text and table 2 for general linear models
with multiple variables. Regression plots are shown with regression line (dark line) and 95% confidence interval (CI) (dotted lines). Dotplots show average
values (thick black bar) and 95%CI (thinner bars). *Mean difference = 0.210, 95%CI (0.030, 0.390), p = 0.02; **mean difference = 0.316, 95%CI (0.113, 0.519), p =
0.003; logopenic variant primary progressive aphasia (lvPPA)–posterior cortical atrophy (PCA) mean difference = 0.106 (−0.127, 0.340), p = 0.37. Plots in the
rightmost column illustrate relationships between age and SUVR values, with regression lines calculated for each phenotype separately; see Results section
for details. AD = Alzheimer disease; CDR-SB = Clinical Dementia Rating scale, Sum of Boxes; FTP = flortaucipir; PiB = Pittsburgh compound B.
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values. The lvPPA group had increased signal in the left
perisylvian cortex, including superior and anterior temporal
and frontal areas. The AD group had relatively increased FTP
in the bilateral MTLs.

We also tested group differences in GM volumes using voxel-
basedmorphometry. Results are presented in figure 3 and show
patterns that were highly similar to the pattern of FTP differ-
ences (figure 2, bottom). The main difference is that the only
small cluster of significantly lower volume in the AD group was
located in the right orbito-frontal cortex, not in the MTL as
observed with FTP-PET. However, further investigation of the
voxelwise results showed differences in the bilateral MTL at a
voxel-wise uncorrected threshold of p < 0.001; these group
differences do not show on figure 3 because they did not sur-
vive the cluster-level correction we prespecified for this study
(see nonthresholded map on neurovault).

Age
Voxelwise analyses were conducted to further assess the
negative association between age and cortical FTP-SUVR
(figure 1 and table 2) and test whether this effect was re-
gionally distributed.

FTP-SUVR was strongly and negatively correlated with pa-
tient age in most of the frontal and parietal cortex (r values
down to −0.7 in peak regions), including the posterior

cingulate and precuneus regions (figure 4A). An additional
voxelwise model showed no significant phenotype*age in-
teraction on FTP SUVR, and figure 4B shows that negative
age–FTP relationships existed in all phenotypic groups,
mostly in frontal and parietal areas. Regions previously
identified as particularly elevated in each phenotype (MTL in
AD, left temporo-parietal in lvPPA, and occipital in PCA)
showed minimal age effect in their respective group.

No positive association (i.e., higher FTP-SUVR values in
older patients) was significant, even at the liberal (puncorrected
< 0.001) threshold.

APOE4
Voxelwise analyses of the association between APOE4 and
PiB SUVR did not show any significant cluster, even at the
liberal threshold.

In contrast, the presence of 1 or more e4 alleles was associated
with increased FTP SUVR in the bilateral MTLs, with voxels
reaching pFWE < 0.05 while controlling for age, phenotype, and
CDR-SB (figure 5A). No cluster was significant in the reverse
contrast.

Because of the focality of the significant cluster and due to the
proximity of off-target binding sources (e.g., choroid plexus
and extra-axial areas medial to the entorhinal cortex), we

Table 2 Relationships Between Clinical Measures and Global Cortical PET Measures

Full sample (n = 119) APOE sample (n = 100)

Estimate (95% CI) Standardized estimates Estimate (95% CI) Standardized estimates

Dependent variable: cortical PiB

Intercept 1.971 (1.894, 2.047) — 1.965 (1.85, 2.08) —

Age −0.004 (−0.010, 0.003) −0.110 −0.003 (−0.009, 0.004) −0.085

CDR-SB 0.000 (-0.027, 0.028) 0.003 0.003 (-0.028, 0.033) 0.019

PCA 0.077 (−0.082, 0.236) 0.244 0.056 (−0.115, 0.226) 0.183

lvPPA −0.039 (−0.181, 0.103) −0.123 −0.047 (−0.201, 0.107) −0.154

APOE4 — — 0.043 (−0.083, 0.170) 0.142

Dependent variable: cortical FTP

Intercept 1.687 (1.612, 1.763) — 1.672 (1.553, 1.791) —

Age −0.026 (−0.033, −0.02) −0.573 −0.027 (−0.034, −0.02) −0.582

CDR-SB 0.047 (0.02, 0.074) 0.238 0.040 (0.008, 0.071) 0.189

PCA 0.187 (0.03, 0.345) 0.438 0.181 (0.006, 0.357) 0.419

lvPPA 0.158 (0.017, 0.299) 0.369 0.187 (0.029, 0.346) 0.433

APOE4+ — — 0.026 (-0.105, 0.157) 0.060

Abbreviations: AD = Alzheimer disease; CDR-SB = Clinical Dementia Rating scale, Sum of Boxes; CI = confidence interval; FTP = flortaucipir; lvPPA = logopenic
variant primary progressive aphasia; PCA = posterior cortical atrophy; PiB = Pittsburgh compound B.
Results of 4 separate general linear models assessing the effect of age (in years), clinical severity (CDR-SB), clinical phenotype (coded as a 3-level categorical
variable using the ADgroupas a reference), and APOE4 status (coded as e4 carriers vs noncarrier, using the latter as a reference) on global cortical amyloid- or tau-
PETsignal. AgeandCDR-SBaremean-centered so thateachmodel’s intercept represents themodel estimate forapatientwithADforage= 65.3 andCDR-SB= 4.0.
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performed post hoc analyses using partial volume correction
(PVC) in 2 bilateral Freesurfer-defined regions: the ento-
rhinal cortex and amygdala.

Resulting mean entorhinal SUVRPVC were higher in direct
comparison of APOE4 carriers vs noncarriers with a 2-sample
t test (difference = 0.348, 95% confidence interval [CI]

Figure 2 Differences in the Regional Distribution of Pittsburgh Compound B (PiB) and Flortaucipir Across Alzheimer
Disease (AD) Phenotypes

(A) The relative distributions of Pittsburgh compound B (PiB) (top) and flortaucipir (FTP) (bottom) within each phenotype. Maps show marginal means, i.e.,
predicted standard uptake value ratio (SUVR) values for the whole cohort’s average age (65.3 years), Clinical Dementia Rating scale, Sum of Boxes (CDR-SB)
(4.0), and global cortical SUVR. (B) Results of the voxelwise analysis of covariance testing for phenotype differences, controlling for age, CDR-SB, and global
cortical PiB/FTP SUVR. Each group comparison is shown with a liberal (dark; unc: uncorrected) and stringent (bright; FWE: familywise error corrected)
statistical threshold. All panels represent voxel-based images derived from Statistical Parametric Mapping 12 that were interpolated onto a brain surface
using BrainNetViewer for visualization purposes. Corresponding unthresholded and thresholded 3D voxel-wise maps are available at neurovault (neuro-
vault.org/collections/WMNXGOCS/). lvPPA = logopenic variant primary progressive aphasia; PCA = posterior cortical atrophy.

Figure 3 Gray Matter Volume Differences Between Phenotypes

Results of the voxelwise analysis of covariance, testing for phe-
notype differences in gray matter volume, controlling for age,
Clinical Dementia Rating scale, SumofBoxes, and global cortical
gray matter volume. Each group comparison is shown with a
liberal (dark; unc: uncorrected) and stringent (bright; FWE:
familywise error corrected) statistical threshold. The figure il-
lustrates voxel-based results obtained with Statistical Para-
metric Mapping 12 that were interpolated onto a brain surface
usingBrainNetViewer forvisualizationpurposes.Corresponding
unthresholded and thresholded 3D voxelwise maps are avail-
able at neurovault (neurovault.org/collections/WMNXGOCS/).
AD = Alzheimer disease; lvPPA = logopenic variant primary
progressive aphasia; PCA = posterior cortical atrophy.
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[0.127, 0.570], η2 = 0.09; see figure 5B, green). Entorhinal
FTP-SUVRPVC was then entered as the dependent variable of
a GLM with age, phenotype, CDR-SB, and APOE4 as

predictors (figure 5B, gray). In the full model (F = 3.8, p =
0.004, R2 = 0.17), the presence of APOE4 was associated with
higher entorhinal FTP-SUVRPVC values (difference = 0.310

Figure 4 Relationships Between Patients’ Age and Flortaucipir (FTP)–Standard Uptake Value Ratio (SUVR): Voxelwise
Analyses

(A) Statistical model was run on the full
sample (n = 119) and included disease
severity (Clinical Dementia Rating scale,
Sum of Boxes [CDR-SB], continuous
variable) and phenotype (categorical
variable, 3 levels) as covariates. Results
were thresholded using puncorrected <
0.001at thevoxel level (corresponding to
r = −0.28) with pFWE < 0.05 at the cluster
level and expressed as correlation coef-
ficients; a black line represents an r value
of −0.38, which corresponds to a voxel-
level pFWE < 0.05 threshold in the full
sample (n = 119). (B) Associations be-
tween age and flortaucipir standard up-
take value ratio within each phenotype.
Maps were obtained from 3 separate
voxelwise models, each controlling for
CDR-SB. Results were not thresholded
using a p value to avoid bias due to dif-
ferent sample size and power, but
shown using the same color scale as in
panel A. All panels represent voxel-
based images derived from Statistical
Parametric Mapping 12 that were in-
terpolated onto a brain surface using
BrainNetViewer for visualization pur-
poses. Corresponding unthresholded
and thresholded3Dvoxel-wisemapsare
available at neurovault (neurovault.org/
collections/WMNXGOCS/). AD = Alz-
heimer disease; FWE = familywise error;
lvPPA = logopenic variant primary pro-
gressiveaphasia; PCA= posterior cortical
atrophy; unc = uncorrected.

Figure 5 APOE4-Associated Differences in Flortaucipir (FTP)–Standard Uptake Value Ratio (SUVR)

(A) Results of the voxelwise analysis of covariance testing for APOE4 differences in flortaucipir SUVR, controlling for age, Clinical Dementia Rating scale, Sumof
Boxes (CDR-SB), and phenotype, and shown with both a liberal (unc: uncorrected) and a stringent (FWE: familywise error corrected) statistical threshold; no
significant clusters were found in the reverse contrast. Top panel represents a voxel-based analysis derived from Statistical Parametric Mapping 12 that was
interpolated onto a brain surface using BrainNetViewer for visualization purposes. Lower panel shows significant clusters displayed on the ch2better
template using MRICRON. Corresponding unthresholded and thresholded 3D voxelwise maps are available at neurovault (neurovault.org/collections/
WMNXGOCS/). (B) Confirmatory region of interest (ROI) analyses using partial volume corrected (PVC) SUVR values extracted from the bilateral entorhinal
cortex and amygdala. Plot shows raw data with mean values and 95% confidence interval (CI) in green and the estimated marginal means and 95% CI
(controlling for age, CDR-SB and phenotype) in gray.
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[0.091, 0.530], η2 = 0.07), while higher CDR-SB (p = 0.051,
η2 = 0.04), phenotype (p = 0.11, η2 = 0.06), and age (p = 0.37,
η2 < 0.01) had little to no effect. Finally, no phenotype*A-
POE4 interaction was observed on entorhinal SUVRPVC (p =
0.55, η2 = 0.01) and the effect of APOE4 on entorhinal FTP-
SUVRPVC remained significant (difference = 0.408 [0.106,
0.709], η2 = 0.11 controlling for age and CDR-SB) when
restricting the analysis to the 59 cases from the AD group with
available APOE genotype.

Results were comparable when testing the effect of APOE4 on
amygdala FTP-SUVRPVC (figure 5): APOE4 carriers had
higher FTP-SUVRPVC binding than noncarriers in a 2-sample
t test (difference = 0.359, 95% CI [0.146, 0.571], η2 = 0.103),
and in a full model controlling for age, CDR-SB, and phe-
notype (difference = 0.319, 95% CI [0.123, 0.516], η2 =
0.079). No phenotype*APOE4 was observed (p = 0.35, η2 =
0.02), and the APOE4-related difference was observed in the
AD group alone (difference = 0.440, 95% CI [0.182, 0.698],
η2 = 0.134, controlling for age and CDR-SB).

The effect of APOE4 on medial temporal FTP-SUVRPVC

remained unchanged when controlling for cortical PiB-SUVR
in the models also including age, CDR-SB, and phenotype:
mean APOE4-related FTP-SUVRPVC difference = 0.306 95%
CI (0.085, 0.527) in the entorhinal cortex and 0.309 95%
CI (0.113, 0.504) in the amygdala.

Discussion
There is a need to better characterize the heterogeneity of AD
in order to develop precision medicine approaches for AD
biomarker and drug discovery.1,22 In the past decade, the var-
iability of clinical and cognitive trajectories2 or patterns of
atrophy23,24 has been highlighted in symptomatic patients with
AD, but the neuropathologic underpinnings of this heteroge-
neity are not fully understood. Using PET imaging, we showed
that Aβ pathology showed absent-to-weak correlations with
clinical features, while the severity and regional distribution of
tau was associated with age at onset, clinical severity, pheno-
type, atrophy patterns, and APOE4. While some of these as-
sociations were noted in previous articles, the size and
heterogeneity of our cohort allowed us to look at these different
factors all together.

Our finding that the pattern of tau, but not Aβ pathology,
mirrors AD phenotype and atrophy patterns is in line
with previous imaging reports11,25–27 and neuropathologic
investigations.12,13 Although various studies have reported that
Aβ is usually widespread and relates weakly to clinical and
radiologic measures,28,29 we did observe higher occipital Aβ
load in the PCA group. This finding echoes a previous study
from our laboratory on a nonoverlapping patient group30 and
an independent laboratory31 while other studies have failed to
replicate this effect.32 In contrast to Aβ, tau distribution showed
strong phenotype differences, consistent with well-described

correlations between patterns of tau-PET and cognitive defi-
cits.33 Yet, over and above differences, tau-PET patterns clearly
overlapped across phenotypes with the involvement of the
inferolateral temporal cortex, lateral parietal, and posterior
cingulate/precuneus areas in all groups. This temporoparietal
tau-PET signal appears as the core AD signature common to
most symptomatic patients with AD, while additional features
(e.g., occipital tau in PCA, left predominant pattern in lvPPA)
seem to account for atypical clinical presentations.

Curiously, we observed a phenotype-related difference where
both atypical variants exhibited greater global cortical tau
burden compared to the other patients with AD (similar to a
small imaging case series31 and a neuropathology study13),
even when controlling for age and CDR-SB. This difference
may reflect the limitations of CDR-SB as an index for disease
severity across all patients (e.g., if CDR-SB is more sensitive to
atypical amnestic symptoms), potentially resulting in a residual
confounding issue when comparing atypical to typical variants.
Alternatively, there might be actual differences in the disease
pathophysiology between typical and atypical AD, either due to
the involvement of different molecular Aβ or tau species34 or
differences in premorbid brain properties that could lead to a
more rapid accumulation of pathology. For instance, lvPPA and
PCA have been associated with a higher prevalence of de-
velopmental differences35,36; future studies are needed to un-
derstand how these might affect later-life pathology.

As previously reported,9,14 we showed a strong relationship
between patient age and global cortical tau-PET signal, with an
average 0.026 SUVR unit decrease per year. This effect was
mainly found in parietal and dorsolateral frontal cortices, and
this phenomenon was observed across AD phenotypes, as
suggested by a recent study.37 The inverse correlation does not
mean that tau burden decreases with disease progression:
longitudinal FTP studies have shown PET signal increases over
time, especially in symptomatic patients.38 Instead, the age–
FTP correlation could reflect secular cohort differences be-
tween early- vs late-onset AD, with younger patients being able
to tolerate higher pathology burden than older patients while
functioning at the same level, i.e., having higher resilience.39

The association between age and tau-PET could also be related
to different neuropathologic underpinnings between early- and
late-onset AD, with the involvement of different molecular
forms of tau.40,41 In addition, late-onset AD dementia tends to
be associated with mixed etiology, where multiple pathologies
contribute to neurodegeneration and cognitive decline,42 while
patients with early-onset AD typically have more isolated or
pure AD pathology.43 Because of the lack of major age-related
copathologies, younger patients could be able to tolerate higher
levels of tau pathology before reaching the clinical stage of AD,
explaining the cross-sectional correlation we observed between
age and tau. The development of biomarkers for age-related
copathologies will be needed to test this hypothesis.

In our cohort, APOE4 had a very specific and focal effect on tau
distribution in the MTL, and was unrelated to Aβ burden or
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distribution. While the existence of an amyloid-independent
APOE4 effect on tau-PET is controversial,16,44 our result rep-
licates recent observations from a multi PET tracer study
spanning cognitively normal controls and impaired patients
with more typical AD presentations,15 and shows that the
APOE4 effect on MTL tau is robust and does not depend on
clinical characteristics. While a vast literature shows that APOE4
is associated with an increased likelihood of Aβ positivity and an
earlier onset of Aβ accumulation,45 our data are in line with
recent evidence that APOE4 does not affect the later stages of
the amyloidosis process.46 Our results support the hypothesis of
a pleiotropic effect of APOE4 in AD pathophysiology, including
amyloid-independent pathways47 that exacerbate tau pathology,
as observed from human-induced pluripotent stem cells48 or in
Aβ pathology–free rodent models.49

Interestingly, older age at onset and presence of APOE4, the 2
main risk factors for sporadic AD, appeared to have a compa-
rable effect on the distribution of tau pathology: both factors
resulted in a more limbic predominant12 pattern, characterized
by a higher MTL/cortical tau ratio.16 Altogether, this indicates
that clinical studies selecting participants based on older age
and APOE4 positivity are automatically enriched in typical,
MTL-predominant pattern of tau deposition. This finding has
implications for future AD clinical trials and observational
studies, as any tau-PET–based measure of interest should be
tailored to the demographic, genetic, and phenotypic charac-
teristics of the cohort.

The present findings should be interpreted in light of the
limitations of our cohort and study design. First, the current
analyses were not conducted on a representative AD patient
sample: our cohort was intentionally enriched for patients with
nonamnestic phenotypes and individuals across a wide age
range (i.e., extreme cases of the AD clinical spectrum) to en-
compass a large scope of AD clinical heterogeneity. However,
other atypical phenotypes such as behavioral-dysexecutive
AD18,19 or corticobasal syndrome were not included in the
present study. In contrast to the clinical heterogeneity, our
cohort lacked diversity in terms of race/ethnicity and socio-
economic status, which also limits the generalizability of our
findings. The cohort was highly educated, which may affect the
association between pathology and brain atrophy or symptoms
due to higher resilience.39 Future studies are warranted to as-
sess potential interactions between race/ethnicity and APOE4,
as suggested by epidemiologic studies.50 In addition, our results
are based on cross-sectional data so we could not track the
dynamics of neuroimaging changes over time. Longitudinal
data will be needed to test whether atypical AD is associated
with a more aggressive biological process (e.g., higher rates of
tau burden increase) than typical AD.

We showed that atypical AD phenotypes share various features
with typical AD: (1) widespread cortical Aβ deposition, (2) tau
pathology in the temporo-parietal areas, and (3) higher tau
burden associated with earlier disease onset. Themain between-
phenotype differences were variations in the distribution of tau,

which mirrored differences in cortical atrophy. Our data also
showed that the 2 main risk factors for sporadic AD (older age
and APOE4) affect disease expression by promoting a more
MTL-predominant pattern of tau pathology.
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