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Alzheimer’s disease can present clinically with either the typical amnestic phenotype or with atypical phenotypes, such as logopenic

progressive aphasia and posterior cortical atrophy. We have recently described longitudinal patterns of flortaucipir PET uptake

and grey matter atrophy in the atypical phenotypes, demonstrating a longitudinal regional disconnect between flortaucipir accumu-

lation and brain atrophy. However, it is unclear how these longitudinal patterns differ from typical Alzheimer’s disease, to what de-

gree flortaucipir and atrophy mirror clinical phenotype in Alzheimer’s disease, and whether optimal longitudinal neuroimaging bio-

markers would also differ across phenotypes. We aimed to address these unknowns using a cohort of 57 participants diagnosed

with Alzheimer’s disease (18 with typical amnestic Alzheimer’s disease, 17 with posterior cortical atrophy and 22 with logopenic

progressive aphasia) that had undergone baseline and 1-year follow-up MRI and flortaucipir PET. Typical Alzheimer’s disease par-

ticipants were selected to be over 65 years old at baseline scan, while no age criterion was used for atypical Alzheimer’s disease

participants. Region and voxel-level rates of tau accumulation and atrophy were assessed relative to 49 cognitively unimpaired

individuals and among phenotypes. Principal component analysis was implemented to describe variability in baseline tau uptake

and rates of accumulation and baseline grey matter volumes and rates of atrophy across phenotypes. The capability of the principal

components to discriminate between phenotypes was assessed with logistic regression. The topography of longitudinal tau accumu-

lation and atrophy differed across phenotypes, with key regions of tau accumulation in the frontal and temporal lobes for all phe-

notypes and key regions of atrophy in the occipitotemporal regions for posterior cortical atrophy, left temporal lobe for logopenic

progressive aphasia and medial and lateral temporal lobe for typical Alzheimer’s disease. Principal component analysis identified

patterns of variation in baseline and longitudinal measures of tau uptake and volume that were significantly different across pheno-

types. Baseline tau uptake mapped better onto clinical phenotype than longitudinal tau and MRI measures. Our study suggests

that optimal longitudinal neuroimaging biomarkers for future clinical treatment trials in Alzheimer’s disease are different for MRI

and tau-PET and may differ across phenotypes, particularly for MRI. Baseline tau tracer retention showed the highest fidelity to

clinical phenotype, supporting the important causal role of tau as a driver of clinical dysfunction in Alzheimer’s disease.
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Introduction
The accumulation of tau neurofibrillary tangles and the loss

of grey matter are two key biomarkers of Alzheimer’s dis-

ease, which show non-random spreading patterns that differ

across Alzheimer’s disease clinical phenotypes (Braak and

Braak, 1991; Ossenkoppele et al., 2015; Jones et al., 2017;

Jack et al., 2018; Phillips et al., 2019; Sintini et al., 2019).

With flortaucipir PET and structural MRI, respectively, tau

deposition and volume loss have been measured in vivo in

Alzheimer’s disease, both cross-sectionally (Ossenkoppele

et al., 2016; Jones et al., 2017; Scholl et al., 2017; Xia et al.,

2017; Whitwell et al., 2018b) and longitudinally (Lehmann

et al., 2012; Rohrer et al., 2013; Brambati et al., 2015; Jack

et al., 2018; Firth et al., 2019; Harrison et al., 2019; Phillips

et al., 2019; Pontecorvo et al., 2019; Rogalski et al., 2019;

Sintini et al., 2019). In atypical Alzheimer’s disease, baseline

patterns of tau uptake on PET and atrophy on MRI are

largely concordant and differ across phenotypes, with logo-

penic progressive aphasia (LPA) showing abnormalities pri-

marily in left temporoparietal regions and posterior cortical

atrophy (PCA) showing abnormalities primarily in occipito-

parietal regions (Galton et al., 2000; Whitwell et al., 2007a;

Ossenkoppele et al., 2016; Dronse et al., 2017; Xia et al.,

2017; Sintini et al., 2018; Tetzloff et al., 2018). However,

we and others have shown that longitudinal patterns of tau

accumulation in both atypical Alzheimer’s disease pheno-

types involve mostly the frontal regions while atrophy

remains in posterior areas (Firth et al., 2019; Sintini et al.,

2019). Furthermore, in atypical Alzheimer’s disease, regions

of the brain with high baseline tau burden and regions with

high rates of tau accumulation are disconnected, with the

baseline tau burden across the cortex correlating to the rates

of tau accumulation in frontal and sensorimotor regions,

while regions of the brain with reduced baseline grey matter

volume tend to also experience more atrophy over time

(Sintini et al., 2019). In typical Alzheimer’s disease, longitu-

dinal tau accumulation is observed throughout the brain

(Jack et al., 2018), particularly in temporal regions in

patients with low baseline tau burden and in parietal and

frontal regions in patients with high baseline tau retention,

suggesting that the amount and location of tau influence its

longitudinal spread (Pontecorvo et al., 2019). Longitudinal

studies that have examined Alzheimer’s disease cohorts con-

sisting of both atypical and typical phenotypes have also

observed longitudinal tau accumulation in the frontal lobe

(Harrison et al., 2019), although it is unclear whether these

patterns would be observed in typical Alzheimer’s disease

with an old age at onset as these patients often show little

tau uptake on PET (Whitwell et al., 2018a). In contrast,

atrophy spreads predominately within the medial temporal

lobe and temporoparietal cortex in typical Alzheimer’s dis-

ease patients (Scahill et al., 2002; Whitwell et al., 2007b;

Leow et al., 2009; Ossenkoppele et al., 2015; Firth et al.,

2019). A common temporoparietal atrophy pattern has been

reported across Alzheimer’s disease phenotypes (Whitwell

et al., 2011; Ossenkoppele et al., 2015). Longitudinal tau ac-

cumulation has also been investigated in Alzheimer’s disease

using tracers different from flortaucipir (Chiotis et al., 2018;

Leuzy et al., 2019). Flortaucipir PET uptake has outper-

formed MRI measures in discriminating between

Alzheimer’s disease and other neurodegenerative disorders

and has been advocated as a sensible instrument for differen-

tial diagnosis (Ossenkoppele et al., 2018). Additionally,

data-driven analysis of spatial patterns of flortaucipir PET

signal across the Alzheimer’s disease spectrum has revealed

distinct spatial distributions that mirror the functional brain

networks that support cognitive functioning impaired in

Alzheimer’s disease variants (Jones et al., 2017).

We aimed to determine to what degree baseline and longi-

tudinal patterns of tau-PET uptake and MRI grey matter

volume loss mirror clinical phenotype in Alzheimer’s disease,

both by characterizing differences across clinical phenotypes

and by using a data-driven principal component analysis to

describe variability in each modality blinded to clinical

phenotype. The overarching objective was to better under-

stand the relationships between tau-PET, cortical volumes

and neurocognitive dysfunction in Alzheimer’s disease. This

investigation will also allow the identification of appropriate

longitudinal neuroimaging biomarkers for these Alzheimer’s

disease clinical phenotypes.

Materials and methods

Participants

Fifty-seven participants [18 meeting clinical criteria for amnestic
dementia or typical Alzheimer’s disease (McKhann et al., 2011),
17 meeting clinical criteria for PCA (Crutch et al., 2012) and 22
meeting clinical criteria for LPA (Gorno-Tempini et al., 2011)]
were recruited from the Department of Neurology between
2015 and 2019 and underwent baseline and 1-year follow-up
structural MRI and flortaucipir tau-PET scans. All Alzheimer’s
disease participants had also undergone Pittsburgh compound B
(PiB) PET imaging at baseline and were determined to be amyl-
oid-b( + ). The PCA and LPA participants had been recruited by
the Neurodegenerative Research Group (NRG) and the typical
Alzheimer’s disease participants had been recruited into the
Mayo Clinic Alzheimer’s Disease Research Center. The atypical
Alzheimer’s disease participants analysed in this study com-
prised 12 PCA and 18 LPA participants that were included in a
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previous study by the NRG (Sintini et al., 2019). Only typical
Alzheimer’s disease participants over the age of 65 years at base-
line scan were selected in order to ensure a more homogeneous
and predominantly amnestic group. Participants were excluded
from the study if they had a stroke or tumour that could explain
their symptoms, if they had poor vision (20/400), if MRI was
contraindicated (e.g. metal in head, cardiac pacemaker), if there
were conditions that may confound brain imaging studies (e.g.
structural abnormalities, including subdural haematoma or
intracranial neoplasm), or if they met specific criteria for an-
other neurodegenerative disorder, including semantic dementia,
frontotemporal dementia, primary progressive apraxia of
speech, corticobasal syndrome or progressive supranuclear
palsy. Clinical and neuropsychological tests that were available
for analysis across both cohorts included a test of general cogni-
tive function [Montreal Cognitive Assessment Battery (MoCA)]
(Nasreddine et al., 2005), the Clinical Dementia RatingVR

Dementia Staging Instrument (CDR) (Hughes et al., 1982), ani-
mal fluency (Lezak et al., 2012) and the Rey-Osterrieth (Rey-O)
Complex Figure test copy trial (Osterrieth, 1944). Naming was
assessed with either the Boston Naming Test (BNT) (Lansing
et al., 1999) or the Multilingual Naming Test (MINT) (Gollan
et al., 2012). Memory was assessed with the Auditory-Visual
Learning Test (AVLT) (Rey, 1958). Verbal fluency was assessed
with the Letter fluency test (letter F only) (Loonstra et al.,
2001). Apolipoprotein E (APOE) genotyping was also per-
formed for all participants.

Forty-nine cognitively unimpaired amyloid-b(–) individuals
that had been recruited into the Mayo Clinic Study of Aging
(Roberts et al., 2008) and underwent the same imaging modal-
ities as the participants were also included in the study as a con-
trol group. Forty-five of these cognitively unimpaired
individuals were selected to be in the same age range as the
atypical Alzheimer’s disease participants [median age at baseline
scan = 63 (interquartile range, IQR: 57, 72) years, 42% female,
baseline Mini-Mental State Exam (MMSE) = 29 (IQR: 29, 29),
follow-up MMSE = 29 (IQR: 29, 30)], while 24 (20 were over-
lapping) of them were selected to be in the age range of the typ-
ical Alzheimer’s disease group, which was composed of older
participants [median age at baseline scan = 73 (IQR: 66, 78)
years, 50% female, baseline MMSE = 29 (IQR: 28, 29), follow-
up MMSE = 29 (IQR: 28, 30)]. The study was approved by the
Mayo Clinic IRB, and all participants provided written
informed consent to participate in this study.

Image acquisition

Tau-PET scans at both time points were acquired using the
same PET/CT scanner (GE Healthcare) operating in 3D mode.
An intravenous bolus injection of �370 MBq (range 333–407
MBq) flortaucipir was administered, followed by a 20 min PET
acquisition performed 80 min after injection. The flortaucipir
scans consisted of four 5-min dynamic frames following a low
dose CT transmission scan. Standard corrections were applied.
Emission data were reconstructed into a 256 � 256 matrix with
a 30-cm field of view (in-plane pixel size = 1.0 mm). All partici-
pants also underwent a 3 T head MRI protocol at both time-
points that included a magnetization prepared rapid gradient
echo (MPRAGE) sequence (repetition time/echo time/inversion
time, 2300/3/900 ms; flip angle 8�, 26-cm field of view;
256 � 256 in-plane matrix with a phase field of view of 0.94,
and slice thickness of 1.2 mm) (Jack et al., 2008). A

fluid-attenuated inversion recovery (FLAIR) (repetition
time/echo time = 11 000/147 ms; 22-cm field of view; slice thick-
ness = 3.6 mm) sequence was included in the MRI protocol for
48 participants. The MRI scans were performed on one of two
GE scanners (GE Healthcare) with identical protocols. The MRI
scans were performed a median of 1 day from the flortaucipir
PET scan at both baseline and follow-up (Table 1). The baseline
PiB PET scans were performed and analysed to determine amyl-
oid-b positivity as previously described (Jack et al., 2017).

Image processing

Each tau-PET image was rigidly registered to its corresponding
MPRAGE using SPM12 (Wellcome Trust Centre for
Neuroimaging, London, UK). Using ANTs (Avants et al., 2008),
the Mayo Clinic Adult Lifespan Template (MCALT, https://
www.nitrc.org/projects/mcalt/) atlases (Schwarz et al., 2017)
were propagated to the native MPRAGE space and used to cal-
culate regional PET values in the grey and white matter. Tissue
probabilities were determined for each MPRAGE using Unified
Segmentation (Ashburner and Friston, 2005) in SPM12, with
MCALT tissue priors and settings (Schwarz et al., 2017).
Standardized uptake value ratios (SUVR) were created normaliz-
ing each tau-PET image to the cerebellar crus grey matter. PET
images were not partial volume corrected in order to keep PET
and MRI analyses relatively methodologically independent of
each other; however, the adopted approach of masking atlas
regions based on the segmentation avoids outlying voxels that
are mostly non-tissue, and it thus reduces the effects of partial
volume. Annualized rates of tau accumulation were calculated
as the difference between the follow-up SUVR and the baseline
SUVR, divided by the year difference between the two images
(Chiotis et al., 2018; Jack et al., 2018). Eighty-four regions of
interest (ROIs) covering frontal, sensorimotor, temporal, parietal
and occipital lobes were selected (Sintini et al., 2018) and ROI-
based SUVR were calculated, using the median value. Grey mat-
ter volume was calculated in the same set of ROIs and normal-
ized with respect to the total intracranial volume (TIV) of each
participant. Annualized rates of grey matter volume loss were
estimated with an in-house developed version of tensor-based
morphometry using symmetric normalization (TBM-SyN),
which produces annualized log Jacobian images, as previously
described (Vemuri et al., 2015; Sintini et al., 2019). Briefly, the
baseline and follow-up MPRAGE images of each subject were
co-registered to their common mean. Using ANTs, we computed
and applied the SyN deformation from the late to the early
image, and vice versa, and averaged the deformed image with
the stationary image to generate ‘synthetic’ early and late
images. We saved the image log of the determinant of the
Jacobian for the deformations, and divided them by the year dif-
ference between the two scans to get an annualized log Jacobian
image. Mean annualized log Jacobian values (which can be
thought as annualized percent change in grey matter volume)
were calculated in each region of interest. MRI log Jacobians
were not adjusted for TIV since they are unit-less. Using
SPM12, PET and grey matter magnetic resonance images of
each participant were subsequently spatially normalized to the
MCALT template and blurred with a 6 and 8 mm full-width at
half-maximum kernel, respectively, for the voxel-wise analyses.
White matter hyperintensities were segmented and manually
edited on the FLAIR images by a trained image analyst using a
semi-automated method (Raz et al., 2013).
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Statistical analyses

Voxel-based statistics

Alzheimer’s disease phenotypes were compared to the cognitive-

ly unimpaired individuals, and compared to each other, using

multiple linear regression models in SPM12. The LPA and PCA

groups were compared to the 45 cognitively unimpaired individ-

uals that were matched to the atypical Alzheimer’s disease par-

ticipants, and the typical Alzheimer’s disease group was

compared to the 24 cognitively unimpaired individuals that

were matched to the typical Alzheimer’s disease participants.

Age was modelled as a covariate in all analyses. SPM analyses

were run on tau-PET SUVR and grey matter segmentation mag-

netic resonance images at baseline and follow-up as well as on

annualized tau-PET SUVR change and MRI annualized log

Jacobians images. SPM maps were visualized with BrainNet

Viewer (Xia et al., 2013).

Region-based statistics

To investigate the patterns of tau accumulation and atrophy

across the phenotypes, two-sided Wilcoxon rank-sum tests were

performed to identify the ROIs that best discriminated between
each Alzheimer’s disease phenotype and cognitively unimpaired
individuals in terms of longitudinal changes. Subsequently, area
under the receiver operator curve (AUROC) values were calcu-
lated. The AUROC is the probability that a positive observation
(e.g. the rate of tau accumulation in a region for the Alzheimer’s
disease participants) is ranked higher than a negative observa-
tion (e.g. the rate of tau accumulation in the same region for the
cognitively unimpaired individuals). Therefore, the higher the
AUROC, the better the discrimination between groups. The P-
values of the AUROC were adjusted for multiple comparisons
using the Bonferroni method and statistical significance was set
at P50.05. These analyses were performed in MATLAB
2018a (The Mathworks, Inc., Natick, MA, USA) and R (version
3.4.4; R Foundation for Statistical Computing).

Principal component analysis

Principal component analysis is a multivariate statistical tech-
nique used to identify and rank the independent modes of vari-
ation in a dataset (Jolliffe, 1986), with a completely data-driven
approach. It can be used to transform a set of possibly

Table 1 Demographic and clinical features of the participants

Typical Alzheimer’s disease (n = 18) PCA (n = 17) LPA (n = 22)

Female sex, n (%) 8 (44) 11 (65) 14 (64)

Age at baseline, years 75 (73, 80)a,b 65 (61, 72) 68 (62, 75)

Disease duration, years 5 (3, 7) 4 (3, 5) 2 (2, 3)b,c

Left handedness, n (%) 2 (25)d 3 (18) 4 (18)

Global PiB SUVR at baseline 2.59 (2.41, 3.02) 2.47 (2.29, 2.59) 2.47 (2.22, 2.97)

APOE E4 frequency, n (%) 13 (76)b 7 (44) 9 (43)

White matter hyperintensity volume at baseline, cm3 13.2 (11.1, 26.1) 15.8 (12.4, 23.3) 12.3 (9.8, 18.3)

Scan interval for MRI, years 1.03 (0.98, 1.09) 1.05 (0.98, 1.11) 0.99 (0.98, 1.04)

Scan interval for tau-PET, years 1.03 (0.95, 1.09) 1.06 (0.98, 1.11) 0.99 (0.98, 1.03)

Time between MRI and tau-PET baseline, days 1 (1, 7) 1 (1, 1) 1 (0, 1)

Time between MRI and tau-PET follow-up, days 1 (1, 2) 1 (1, 1) 1 (1, 1)

MoCA (/30) baseline 14 (12, 19)b 18 (14, 24) 20 (17, 22)

MoCA (/30) annualized change 2 (1, 5)a,b 4 (1, 6) 5 (4, 7)

CDR Dementia Staging Instrument (/18) baseline 4 (2, 4.5) 3 (2, 6) 1.5 (1, 2.5)b,c

CDR Dementia Staging Instrument (/18) annualized change 0.5 (0, 1.5) 1.5 (0.5, 2) 2 (1, 2.5)

BNT/MINTe % correct baseline 78 (70, 91) 67 (57, 90) 73 (55, 87)

BNT/MINT % correct annualized change 0 (–1, 9)b 6 (0, 14) 14 (6, 25)

AVLTf delayed% recall MOANS baseline 5 (4, 6)b 6 (5, 8) 6 (5, 12)

AVLT delayed% recall MOANS annualized change 0 (0, 1) 0 (–1, 2) 0 (–2, 3)

Animal fluency baseline 10 (9, 14) 12 (9, 17) 11 (8, 15)

Animal fluency annualized change 1 (–2, 4) 2 (1, 4) 2 (1, 4)

Rey-O MOANSg baseline 7 (4, 8) 2 (2, 2)a,c 6 (2, 10)

Rey-O MOANS annualized change 0 (–2, 0) 0 (0, 0) 0 (0, 2)

Letter fluency F baseline 11 (6, 18) 13 (10, 16) 11 (8, 12)

Letter fluency F annualized change 1 (0, 2) 0 (–3, 3) 3 (1, 5)b,c

Data are shown as median (IQR), or n (%). AVLT = Auditory-Verbal Learning Test (Rey, 1958); BNT = Boston Naming Test (Lansing et al., 1999); CDR = Clinical Dementia Rating

(sum of boxes) (Hughes et al., 1982); MINT = Multilingual Naming Test (Gollan et al., 2012); MOANS = Mayo Older American Normative scale (Ivnik et al., 1992; Machulda et al.,

2007); MoCA = Montreal Cognitive Assessment Battery (Nasreddine et al., 2005); PiB SUVR = Pittsburgh Compound B standardized uptake value ratio; Rey-O = Rey Osterrieth

(Osterrieth, 1944).
aTypical Alzheimer’s disease is statistically different from PCA (P5 0.05 using Students t-test or Fisher’s exact test).
bTypical Alzheimer’s disease is statistically different from LPA (P5 0.05 using Students t-test or Fisher’s exact test).
cPCA is statistically different from LPA (P5 0.05 using Students t-test or Fisher’s exact test).
dData available for eight participants.
eBNTwas administered for the LPA and PCA groups, while the MINTwas administered to the typical Alzheimer’s disease group. In order to compare across groups performance

on each test is shown as % correct.
fAVLT delayed% recall MOANS is age-adjusted.
gMOANS scores are constructed to have an average of 10, standard deviation of 3, in controls.
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correlated variables into a set of uncorrelated variables, called

principal components. Principal component analysis was per-

formed on the participants’ tau-PET SUVR baseline and annual-

ized change images and ROI grey matter baseline volumes and

MRI annualized log Jacobians to describe the patterns of great-

est variance in the population and verify whether these patterns

matched the three Alzheimer’s disease phenotypes. Principal

component analysis was applied to the z-scores of each image

modality separately, using the singular value decomposition al-

gorithm in MATLAB 2018a. Z-scores were computed for the

Alzheimer’s disease participant’s tau-PET SUVR images, sub-

tracting from each participant’s image the mean of the cognitive-

ly unimpaired images and dividing by the standard deviation of

the cognitively unimpaired images. The effect of age in the cog-

nitively unimpaired group was regressed out of the Alzheimer’s

disease participant’s images using SPM12, similar to a previous

study (Ossenkoppele et al., 2015). Age effects were estimated in

the cognitively unimpaired individuals in this way to avoid

removing specific disease-related age associations within the

Alzheimer’s disease cohort, as previously published (Sintini

et al., 2019). Similarly, z-scores were computed for the ROI

grey matter baseline volumes (Phillips et al., 2018) and MRI

annualized log Jacobians and the effect of age in the cognitively

unimpaired group was regressed out of the participants’ regional

quantities. To visualize the variability that the voxel-based and

ROI-based principal components captured, brain maps were

reconstructed using the 5th and 95th percentile of each tau-PET

uptake principal component and Pearson’s R correlation coeffi-

cients between each principal component and each ROI volume

and MRI annualized log Jacobian were calculated, respectively.

Only the first four principal components are reported, as they

explained most of the variability in the population and the sub-

sequent principal components were associated with more subtle

patterns. Statistical differences between the principal compo-

nents of the three clinical phenotypes were assessed with un-

paired t-tests. To examine the effect of disease severity on the

imaging patterns that the principal component analyses uncov-

ered, Pearson’s R correlation coefficients were calculated be-

tween principal component scores of each modality and baseline

MoCA scores, as a quantitative measure of disease severity.

Penalized multinomial logistic regression was used to assess

the capability of the principal components to discriminate be-

tween clinical phenotypes, as described in a previous study

(Josephs et al., 2018). The elastic net technique was used in the

logistic regression models for regularization. Models were fit

within each modality (tau-PET SUVR baseline and annualized

change images; ROI grey matter baseline volumes and MRI

annualized log Jacobians) with increasing numbers of principal

components, from two up to 15 principal components, which

explained a cumulative variation of at least 80% in every mo-

dality. The fidelity of the different imaging modalities to the

clinical phenotypes was compared using the per cent of partici-

pants correctly classified into their phenotype by the logistic re-

gression models. These analyses were performed using R version

3.6.0.

Data availability

Data that support the findings in this study area available from

the corresponding author upon reasonable request.

Results

Demographic and clinical findings

By design, the typical Alzheimer’s disease group was older

than the PCA (P = 0.0001) and LPA (P = 0.0006) groups

(Table 1). The LPA group had shorter disease duration than

typical Alzheimer’s disease (P = 0.001) and PCA (P = 0.04).

There were more APOE E4 carriers in typical Alzheimer’s

disease compared to LPA (P = 0.05) and PCA (P = 0.08).

Typical Alzheimer’s disease participants performed worse on

baseline MoCA (P = 0.04) than LPA and declined less than

LPA (P = 0.02) and PCA (P = 0.05). LPA participants had

lower baseline CDR than PCA (P = 0.04) and typical

Alzheimer’s disease (P = 0.04). LPA participants declined

more on MINT/BNT % correct (P = 0.007) and performed

better on baseline AVLT delayed% recall MOANS

(P = 0.02) than typical Alzheimer’s disease. PCA participants

performed worse on the Rey-O Complex Figure at baseline

compared to LPA (P = 0.002) and typical Alzheimer’s dis-

ease (P = 0.001). LPA participants declined more than PCA

(P = 0.02) and typical Alzheimer’s disease (P = 0.04) on the

Letter fluency test. No differences were observed between

groups in the severity of white matter hyperintensities.

Comparisons across Alzheimer’s
disease phenotypes

Baseline and follow-up patterns of tau uptake and grey mat-

ter volume loss are shown in the Supplementary material

and were largely consistent with expected regional distribu-

tions in the Alzheimer’s disease phenotypes when compared

to cognitively unimpaired individuals, with left temporopar-

ietal abnormalities observed in LPA, occipitoparietal abnor-

malities in PCA and medial temporal with milder

temporoparietal abnormalities in typical Alzheimer’s disease

(Supplementary Fig. 1). Similar to what we have previously

reported (Sintini et al., 2019), the LPA and PCA participants

showed increased rates of tau accumulation predominantly

in the frontotemporal (PCA, LPA) and parietal (LPA) lobe,

with increased rates of atrophy in the occipitotemporal

(PCA) and left temporal (LPA) lobe compared to cognitively

unimpaired individuals (Fig. 1). The typical Alzheimer’s dis-

ease participants showed increased rates of atrophy mostly

in the temporal regions and did not show any regions with

increased rates of tau accumulation after correction for mul-

tiple comparisons, although at an uncorrected threshold

increased rates of tau accumulation were observed in the

right occipital, right lateral temporal and bilateral frontal

regions (Fig. 1). Unthresholded maps relative to cognitively

unimpaired are reported in Supplementary Fig. 2.

Comparisons of patterns of cross-sectional tau-PET uptake

and grey matter volume loss among phenotypes are shown

in the Supplementary material as uncorrected maps at

P5 0.001. Cross-sectionally at baseline and follow-up, LPA

participants showed elevated tau-PET uptake in the left
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temporoparietal and frontal regions and reduced grey matter

volume in the left temporal regions compared to PCA, while

PCA participants showed elevated tau-PET uptake and

reduced grey matter volumes in the right occipital regions

relative to LPA (Supplementary Fig. 3). Typical Alzheimer’s

disease participants showed elevated tau-PET uptake and

reduced grey matter volume in the right medial temporal

lobe relative to LPA (Supplementary Fig. 3). Typical

Alzheimer’s disease participants also showed elevated tau-

PET uptake in frontal regions, and lower tau-PET uptake

and higher grey matter volume in bilateral occipital regions

relative to PCA (Supplementary Fig. 3). Longitudinally, LPA

showed higher rates of tau accumulation than PCA in the

right temporoparietal regions, while PCA showed higher

rates of atrophy than LPA in bilateral occipital regions

(Supplementary Fig. 4). Very few voxels survived when typ-

ical Alzheimer’s disease longitudinal measures were com-

pared to PCA and LPA (Supplementary Fig. 4).

Longitudinal ROI biomarkers

The ROIs whose annual rates of tau accumulation best

discriminated between the Alzheimer’s disease participants

and cognitively unimpaired individuals were predominant-

ly frontal and temporal lobe regions for all three

Alzheimer’s disease phenotypes (Fig. 2A). The ROIs with

the highest AUROC for typical Alzheimer’s disease partic-

ipants were in the right temporal lobe followed by regions

in the bilateral frontal and occipital lobes, which did not

survive correction for multiple comparisons. PCA and

LPA participants showed the highest annual rates of tau

accumulation relative to cognitively unimpaired in the left

frontal and bilateral temporal lobes and in the left frontal

and right temporal lobes, respectively. Relevant ROIs

were also found in the parietal lobe for LPA and sensori-

motor for PCA. The ROIs whose rates of atrophy best dis-

criminated between Alzheimer’s disease participants and

cognitively unimpaired individuals were bilateral medial

Figure 1 Longitudinal tau-PET uptake and atrophy patterns in Alzheimer’s disease phenotypes. SPM maps of higher annualized

rates of tau-PETuptake accumulation and of atrophy (i.e. MRI annualized log Jacobians) for typical Alzheimer’s disease (AD), PCA and LPA partic-

ipants relative to cognitively unimpaired (CU). Results are shown after FWE correction for multiple comparison (P5 0.05), except for the typical

Alzheimer’s disease rates of atrophy map, which is shown uncorrected (P5 0.001).
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temporal lobe regions for typical Alzheimer’s disease and

inferior temporal and fusiform regions for both PCA and

LPA (Fig. 2B). Additional ROIs were the left insula for

typical Alzheimer’s disease and LPA, the occipital lobe

regions for PCA, and the left frontal, left occipital and left

parietal regions for LPA.

Principal component analysis

Voxel-based variability in tau uptake in Alzheimer’s disease

as described by the first four principal components is shown

in Fig. 3. For baseline tau uptake, PC1 captured 49% of the

variability in the population and described severity of uptake

in the temporal, parietal and occipital lobes (Fig. 3A). PC2

(17%) and PC3 (6%) described bilateral occipital tau uptake

(PC2, 95th percentile) versus temporal, parietal and frontal

uptake, particularly on the left (PC2, 5th percentile) and

right occipital uptake (PC3, 95th percentile) versus left oc-

cipitotemporal uptake (PC3, 5th percentile), respectively.

PC4 (5%) described a pattern of variability that was com-

mon across phenotypes: bilateral occipitoparietal uptake

(PC4, 95th percentile) versus bilateral occipitotemporal up-

take (PC4, 5th percentile). For rate of tau accumulation,

PC1 (41%) described severity of tau accumulation through-

out the brain, particularly in the temporal, parietal and oc-

cipital regions (Fig. 3B). PC2 (7%) and PC3 (5%) described

patterns of tau accumulation in bilateral frontal regions

(PC2, 5th percentile) versus right temporoparietal regions

(PC2, 95th percentile) and in left temporal and parietal

regions (PC3, 5th percentile) versus right occipital regions

(PC3, 95th percentile), respectively. PC4 (5%) described a

pattern of tau accumulation in the left occipital lobe (PC4,

95th percentile) versus the right temporoparietal and left

frontal regions (PC4, 5th percentile).

ROI-based variability in MRI grey matter volume in

Alzheimer’s disease as described by the first four principal

components is shown in Fig. 4. Only statistically significant

correlations (P5 0.05) were reported. For baseline grey mat-

ter volumes, PC1 (26%) was proportional to volumes across

the brain, with an emphasis on posterior regions, while PC2

(12%) was proportional to medial temporal volumes. Baseline

grey matter volume PC1 and PC2 were the only principal com-

ponents that had a mild correlation with baseline MoCA score

(R = 0.25 for both, P = 0.06), that is participants with a higher

baseline MoCA score tended to have larger grey matter vol-

umes. PC3 (7%) was proportional to frontal and sensorimotor

Figure 2 AUROC estimates of longitudinal regional measures. AUROC estimates for each Alzheimer’s disease (AD) phenotype against

cognitively unimpaired individuals. AUROC were calculated using ROI-based rates of tau accumulation (A) and atrophy (B). ROIs are listed

according to a decreasing order of their AUROC and only the first 10 regions are reported. The reported P-values were adjusted for multiple

comparisons using the Bonferroni method. CI = confidence interval.

Neuroimaging biomarkers in Alzheimer’s disease phenotypes BRAIN 2020: 143; 2281–2294 | 2287



volumes and inversely proportional to occipital volumes. PC4

(5%) was inversely proportional to right occipital and bilateral

frontal volumes and proportional to left temporal volumes.

For rates of atrophy estimated with MRI annualized log

Jacobians, PC1 (47%) was inversely proportional to rates of

atrophy, i.e. proportional to MRI log Jacobians, throughout

the brain. PC2 (10%) was proportional to atrophy in the

frontal lobes and inversely proportional to atrophy in the sen-

sorimotor and parietal regions. PC3 (7%) was inversely pro-

portional to atrophy in the occipital regions. PC4 (6%) was

inversely proportional to atrophy in the left temporal and right

parietal regions, and proportional to atrophy in the right front-

al regions.

The penalized logistic regression models showed that prin-

cipal components from baseline tau-PET uptake

measurements outperformed the other modalities in their fi-

delity to the specific neurocognitive dysfunction exhibited by

the three syndromes, when using the first two (70% correctly

classified) to five (77%) principal components (Fig. 5).

Baseline MRI principal components did not do as well. Sixty

percent of the participants were correctly classified by the lo-

gistic regression model fitted on the first two principal com-

ponents from baseline MRI volume measures. This result

went up to 68% using three principal components and to

89% using 15 principal components. Models based on longi-

tudinal measurements performed worse with low numbers of

principal components, with 540% of participants correctly

classified using the first two principal components, but

reached similar outcomes to the models based on baseline

measures as the number of principal components increased:

Figure 3 Principal component analyses of tau-PETuptake. Variability in baseline tau-PETuptake (A) and annualized rates of tau accumu-

lation (B) as described by the first four principal components. To visualize the variability captured by the principal components, brain maps were

reconstructed using the 5th and 95th percentile of each principal component. For example, from A, a participant with a high PC2 score (i.e.

closer to the 95th percentile) has high lateral occipital uptake, while a participant with a low PC2 score (i.e. closer to the 5th percentile) has high

lateral temporal uptake. The tables below the brain maps show which phenotypes have statistically different principal component scores. For ex-

ample, from A, PC2 is statistically higher for PCA participants, meaning that PCA participants will resemble more the 95th percentile map of

PC2, while LPA and typical Alzheimer’s disease (AD) will resemble more the 5th percentile map of PC2.
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77% and 78% of participants were correctly classified with

eight principal components for rates of tau accumulation and

with 14 principal components for rates of atrophy,

respectively.

Discussion
In this study, we investigated the variability in the spatial

patterns of tau burden and atrophy across the typical

(amnestic) and atypical (visual dysfunction and logopenic

aphasic) Alzheimer’s disease clinical spectrum and the fidel-

ity with which such patterns mirrored clinical dysfunction in

Alzheimer’s disease. Specifically, we used baseline and rate

of change measures from flortaucipir PET uptake and struc-

tural MRI, with the goal of finding variant-specific imaging

biomarkers and quantifying and comparing the ability of

these imaging modalities to discriminate between

Alzheimer’s disease clinical phenotypes. We found that, not

only do the baseline patterns of tau and atrophy differ

across phenotypes, but each phenotype presented its unique

longitudinal regional patterns of disease progression on tau-

PET and MRI, with some commonalities. Frontal tau

accumulation appeared to be a specific biomarker for the

two atypical Alzheimer’s disease variants, with the temporal

lobes being additional key regions of change characterized

by high AUROC estimates for differentiating PCA and LPA

from cognitively unimpaired individuals. This finding

strengthens the idea of a disease spreading from the regions

that are most affected at baseline to new regions of the brain

(Sintini et al., 2019), that is, from the left temporal lobe pri-

marily into the left frontal, right temporal and parietal lobes

for LPA and from the occipital lobe into the left frontal and

bilateral temporal lobes in PCA. Although frontal regions

also showed tau accumulation over time in typical

Alzheimer’s disease, the annual rates were milder in this

phenotype and the AUROC estimates differentiating typical

Alzheimer’s disease from cognitively unimpaired individuals

were lower, suggesting that annual rates of tau accumulation

would be a more efficient outcome measure in trials of atyp-

ical than in typical Alzheimer’s disease. Longitudinal MRI

biomarkers differed from the tau-PET ones. Atrophy in bi-

lateral occipitotemporal regions provided optimal bio-

markers in PCA (i.e. biomarkers that best differentiate

between PCA and cognitively unimpaired), and left temporal

Figure 4 Principal component analyses of grey matter volumes. Variability in baseline MRI grey matter volumes (A) and MRI annualized

log Jacobians (B) as described by the first four principal components. To visualize the variability captured by the principal components, the

Pearson’s R correlation coefficients between each principal component and each regional volume (A) and log Jacobian (B) are reported. For ex-

ample, from A, a participant with a high PC2 score has high volumes in the medial temporal regions. Only correlations with P5 0.05 are shown.

Correlations that survived Bonferroni correction for multiple comparisons at P5 0.05 are marked with an asterisk. The tables on the right show

which phenotypes have statistically different principal component scores. For example, from A, PC2 is statistically lower for typical Alzheimer’s

disease (AD) participants, meaning that they have lower medial temporal grey matter volumes than PCA and LPA participants.
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and parietal regions provided optimal biomarkers in LPA.

Our analysis confirmed the sparing of the hippocampus

from neurodegeneration in atypical Alzheimer’s disease

(Phillips et al., 2018; Firth et al., 2019) as the disease pro-

gresses, while the medial temporal regions were identified as

the key regions of atrophy in typical Alzheimer’s disease

(Firth et al., 2019). The left middle and inferior temporal

regions performed well as a biomarker across all three phe-

notypes, suggesting that atrophy in this region may be spe-

cific to Alzheimer’s disease and less related to specific

cognitive symptoms. It is possible that this region, or Braak-

like tau patterns in general (Jones et al., 2017), could be a

useful general biomarker for clinical treatment trials that

enrol these different clinical phenotypes of Alzheimer’s dis-

ease, although further analysis will be needed to confirm this

hypothesis.

The baseline and longitudinal patterns of tau uptake and

atrophy presented here further confirm and strengthen what

we and others have found in typical and atypical

Alzheimer’s disease studies. However, in the current work,

the larger and more diverse patient population allowed us to

investigate variation in neuroimaging measures across

Alzheimer’s disease phenotypes, employing a data-driven,

unsupervised statistical technique that is principal compo-

nent analysis, which identifies patterns of variation in the

data, without relying on clinical diagnosis. Each principal

component explains part of the variance in the dataset and

can be seen as a predictor in diagnostic research (Pagani

et al., 2009). Principal component analysis has been success-

fully applied to voxel (Zuendorf et al., 2003) and ROI

(Pagani et al., 2009; Josephs et al., 2018) level data to de-

scribe the patterns of greatest variance within a population

and discriminate between participants groups. Other related

data-driven approaches have been successfully applied

voxel-wise to tau-PET data (Jones et al., 2017; Vogel et al.,

2019). We found that the principal components from both

the tau-PET and MRI baseline data were reflective of

Alzheimer’s disease phenotypes. The first component, which

explains the largest degree of variability, captured general se-

verity across the cortex and it differentiated typical

Alzheimer’s disease from PCA and LPA in baseline tau up-

take, with typical Alzheimer’s disease showing less severe

cortical tau uptake. This is likely due in part to the fact that

the typical Alzheimer’s disease participants in this study

were older than the atypical Alzheimer’s disease participants,

with previous studies showing that older age is associated

with less cortical tau uptake and atrophy in Alzheimer’s dis-

ease (Frisoni et al., 2005; Jones et al., 2017; Scholl et al.,

2017; Lowe et al., 2018; Whitwell et al., 2018a, 2019). The

subsequent components captured more phenotype-specific

patterns. The second and third principal components from

baseline tau-PET uptake were specific for PCA (occipital tau

uptake) and LPA (left temporal tau uptake), respectively. On

the contrary, principal component analysis of baseline grey

matter volume identified a specific principal component for

typical Alzheimer’s disease (PC2), which captured variability

in the medial temporal volumes. The fact that a medial tem-

poral component was only identified on MRI might be due

to the older age of the typical Alzheimer’s disease partici-

pants, which increases the chance that other pathologies,

such as TAR DNA-binding protein of 43 kDA (TDP-43),

are contributing to medial temporal volume loss (Josephs

et al., 2014, 2017).

Principal component analysis applied on longitudinal rates

of tau accumulation and grey matter atrophy was still able

to discriminate between Alzheimer’s disease phenotypes, al-

though revealing different patterns of variation compared to

baseline measures. LPA participants were differentiated from

typical Alzheimer’s disease because they were characterized

by higher annual rates of tau accumulation throughout the

brain (PC1) and in the right temporoparietal lobe (PC4).

PCA participants were differentiated from typical

Alzheimer’s disease and LPA for their higher rates of tau ac-

cumulation in the left lateral temporal and parietal regions

and lower rates in the right occipital regions (PC3). PCA

participants were also differentiated from the other two phe-

notypes in their rates of atrophy, showing higher rates in the

occipital lobe, particularly on the right (PC3). From our

principal component analysis results we could, therefore,

infer that each Alzheimer’s disease phenotype had its own

pattern of baseline and rates of change in tau pathology and

grey matter loss, with some overlap particularly in the tem-

poroparietal regions. Others have suggested that, across

Alzheimer’s disease phenotypes, atrophy spreads to common

regions as the disease progresses (Lehmann et al., 2012;

Ossenkoppele et al., 2015) (e.g. temporoparietal), but it also

maintains variant-specific trajectories, targeting those regions

that are more vulnerable in each variant, i.e. language for

LPA, visuo-spatial abilities for PCA and memory for typical

amnestic Alzheimer’s disease. Our results confirm this

Figure 5 Diagnostic power of principal components.

Diagnostic power of each imaging modality estimated by how many

participants were classified into their correct phenotype using

penalized multinomial regression models based on increasing num-

bers of principal components.
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hypothesis on MRI. Variant-specific trajectories were also

observed on tau-PET, although in contrast to MRI, these

trajectories did not target the same anatomical regions as at-

rophy, instead demonstrating spread to involve other regions

of the brain. In general, all our analyses suggested that dif-

ferences on imaging between Alzheimer’s disease phenotypes

are more striking cross-sectionally than longitudinally.

However, principal component analysis was more capable

to characterize longitudinal differences than traditional ROI-

and voxel-based analyses.

The degree of disease severity, as quantified by the base-

line MoCA score, was generally not related to the patterns

of variability in images uncovered by the principal compo-

nent analyses. The only exception was a mild correlation be-

tween MoCA and the first two principal components from

cross-sectional MRI, which captured general severity and

medial temporal volume loss, respectively. The relationships

were identified in the expected direction, with worse clinical

severity associated with smaller grey matter volumes.

The logistic regression models revealed that baseline tau

uptake measurements outperformed the other modalities for

their phenotype specificity using a limited number of princi-

pal components, being able to correctly classify a higher per-

centage of participants. More than 75% of participants were

correctly classified using only the first four principal compo-

nents. This suggests that baseline tau uptake best captures

neurocognitive symptom variability in Alzheimer’s disease.

Others have found that flortaucipir PET uptake outper-

formed MRI measures in discriminating between

Alzheimer’s disease and other neurodegenerative disorders

(Ossenkoppele et al., 2018). The variability in tau-PET up-

take is highly phenotype-specific while the variability in the

other analysed imaging modalities, especially the longitudin-

al ones, has more common patterns across phenotypes

reflecting future convergence to a common form of more se-

vere dementia. A possible interpretation of our findings is

that tau accumulation is not simply an intermediate in the

pathway to loss of cortical volume. However, it is difficult

to draw any conclusions on cause-effect mechanisms based

solely on the current data and analyses. It is perhaps more

likely that tau-PET uptake is a more sensitive measurement

than MRI volumes in differentiating Alzheimer’s disease phe-

notypes and hence it mirrors the clinical phenotypes more

closely. A possible methodological limitation of our study is

the use of SUVR to estimate longitudinal trajectories of tau-

PET uptake. It has been recently demonstrated that the re-

peatability of SUVR measurements is good, but worsens in

case of high baseline tau burden or low expected change

over time (Timmers et al., 2019). This aspect might have, to

a certain extent, negatively impacted the ability of the longi-

tudinal rates of tau-PET accumulation to discriminate be-

tween Alzheimer’s disease phenotypes.

In our cohort of patients, there was a higher prevalence of

APOE E4 carriers in typical Alzheimer’s disease compared

to LPA and PCA participants, although the difference was

statistically significant only with LPA. This is in accordance

with previous studies that reported a lower prevalence of

APOE E4 carriers in aphasic versus amnestic dementias

(Mesulam et al., 1997; Rogalski et al., 2011). Some have

found a lower prevalence of APOE E4 carriers in LPA com-

pared to early-onset Alzheimer’s disease and no differences

in prevalence between LPA and PCA (Lehmann et al.,

2013), while others reported that the frequency of carriers

across PCA, LPA and typical Alzheimer’s disease differed

(Phillips et al., 2019). In general, it has been noted that

APOE E4 is less frequent in atypical Alzheimer’s disease,

affecting typical Alzheimer’s disease more than the hippo-

campal-sparing phenotypes (Murray et al., 2011; van der

Flier et al., 2011), with non-carriers characterized by higher

atrophy in bilateral temporal, posterior parietal and occipital

regions (Gutierrez-Galve et al., 2009) and by less temporal

tau-PET uptake (Ossenkoppele et al., 2016).

A potential limitation of our study was the older age of

the typical Alzheimer’s disease group. This was by design in

order to best represent true ‘typical’ amnestic Alzheimer’s

disease. However, it may limit generalizability of our find-

ings to younger participants with amnestic Alzheimer’s dis-

ease. The older age of the typical Alzheimer’s disease

participants is likely the reason why atrophy for this pheno-

type was circumscribed to the medial temporal lobe, with lit-

tle involvement of the cortex. Pathological studies have

shown that older age is associated with a more ‘limbic-pre-

dominant’ pattern of tau pathology in Alzheimer’s disease

(Murray et al., 2011), and neuroimaging studies have simi-

larly shown that older typical Alzheimer’s disease subjects

tend to have less involvement of the cortex (van der Flier

et al., 2011; Whitwell et al., 2018a, 2019). Additionally, the

clinical protocol was not identical for the typical and atyp-

ical Alzheimer’s disease groups and this could limit the inter-

pretation of the relationships between the neuroimaging

biomarkers and the clinical progression. The inclusion of

left-handed LPA participants might be controversial because

a right instead of left lateralization of the disease has been

reported in such patients (Mesulam et al., 2014); however,

in our cohort we did not observe any differences in laterality

between left- and right-handed LPA participants. All our

Alzheimer’s disease participants had amyloid-b deposition

observed on PET supporting the presence of underlying

Alzheimer’s disease pathology, although our cohort lacks

autopsy confirmation and so we cannot rule out contribu-

tions from other co-pathologies. An advantage of principal

component analysis is that it is an unsupervised technique,

allowing us to assess variability in tau uptake and volumes

unbiased by clinical diagnosis. Furthermore, we utilized pen-

alization in our logistic regression models to reduce overfit-

ting of the data and increase generalizability of the findings.

However, our diagnostic accuracies will need to be validated

in an independent sample. Baseline and longitudinal patterns

of amyloid-PET uptake were not investigated since amyloid-

b pathology is thought to start decades before the disease

onset and, since the population of participants we analysed

was at an advanced stage of the disease, amyloid was al-

ready widespread. Amyloid likely represents a biomarker

more useful for early detection of Alzheimer’s disease rather

Neuroimaging biomarkers in Alzheimer’s disease phenotypes BRAIN 2020: 143; 2281–2294 | 2291



than for discriminating across phenotypes and it may reveal

phenotype-specific patterns with longer longitudinal datasets

yet to be obtained.

Defining phenotype-specific biomarkers in Alzheimer’s dis-

ease is important for inclusion as outcome measures in clin-

ical treatment trials that enrol different clinical phenotypes

of Alzheimer’s disease. Our analyses may have implications

for selecting the optimal biomarkers for Alzheimer’s disease

variants in both tau-PET and MRI. Our findings suggest

that flortaucipir measures from the frontal lobe and MRI

measures from the lateral temporal lobe are optimized longi-

tudinal biomarkers for atypical Alzheimer’s disease, while

MRI measures from the medial temporal lobe would be the

most appropriate longitudinal biomarkers for typical

Alzheimer’s disease.
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