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Abstract

Background: Tau-PET is a prognostic marker for cognitive decline in Alzheimer’s disease, and the heterogeneity of
tau-PET patterns matches cognitive symptom heterogeneity. Thus, tau-PET may allow precision-medicine prediction
of individual tau-related cognitive trajectories, which can be important for determining patient-specific cognitive
endpoints in clinical trials. Here, we aimed to examine whether tau-PET in cognitive-domain-specific brain regions,
identified via MRl meta-analyses, allows the prediction of domain-specific cognitive decline. Further, we aimed to
determine whether tau-PET-informed personalized cognitive composites capture patient-specific cognitive trajecto-
ries more sensitively than conventional cognitive measures.

Methods: We included Alzheimer’s Disease Neuroimaging Initiative (ADNI) participants classified as controls (i.e.,
amyloid-negative, cognitively normal, n = 121) or Alzheimer's disease-spectrum (i.e,, amyloid-positive, cognitively
normal to dementia, n = 140), plus 111 AVID-1451-A05 participants for independent validation (controls/Alzheimer’s
disease-spectrum=46/65). All participants underwent baseline 'F-flortaucipir tau-PET, amyloid-PET, and longitu-
dinal cognitive testing to assess annual cognitive changes (i.e., episodic memory, language, executive functioning,
visuospatial). Cognitive changes were calculated using linear mixed models. Independent meta-analytical task-fMRI
activation maps for each included cognitive domain were obtained from the Neurosynth database and applied to
tau-PET to determine tau-PET signal in cognitive-domain-specific brain regions. In bootstrapped linear regression,
we assessed the strength of the relationship (i.e,, partial R?) between cognitive-domain-specific tau-PET vs. global or
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strong in A05 compared to the ADNI cohort.

temporal-lobe tau-PET and cognitive changes. Further, we used tau-PET-based prediction of domain-specific decline
to compose personalized cognitive composites that were tailored to capture patient-specific cognitive decline.

Results: In both amyloid-positive cohorts (ADNI [age = 75.99+7.69] and A05 [age = 74.03+9.03]), cognitive-
domain-specific tau-PET outperformed global and temporal-lobe tau-PET for predicting future cognitive decline in
episodic memory, language, executive functioning, and visuospatial abilities. Further, a tau-PET-informed personalized
cognitive composite across cognitive domains enhanced the sensitivity to assess cognitive decline in amyloid-posi-
tive subjects, yielding lower sample sizes required for detecting simulated intervention effects compared to conven-
tional cognitive endpoints (i.e., memory composite, global cognitive composite). However, the latter effect was less

Conclusion: Combining tau-PET with task-fMRI-derived maps of major cognitive domains facilitates the prediction
of domain-specific cognitive decline. This approach may help to increase the sensitivity to detect Alzheimer's disease-
related cognitive decline and to determine personalized cognitive endpoints in clinical trials.

Keywords: Alzheimer’s disease, Tau-PET, fMRI, Cognitive decline, Precision medicine

Background

Alzheimer’s disease (AD) is characterized by the accu-
mulation of beta-amyloid (AP) and tau pathology ensu-
ing neurodegeneration and cognitive decline [1, 2]. While
neuroimaging and fluid biomarkers of AP and tau are
routinely established for AD diagnosis [2, 3], reliable
prognosis of cognitive decline remains a critical chal-
lenge, which is further complicated by the consider-
able heterogeneity in symptom manifestation and disease
progression [4—6].

Accurate prediction of cognitive decline in AD will
be, however, particularly important for clinical trials to
(i) stratify patients by progression risk and/or (ii) deter-
mine patient-specific clinical endpoints that allow sensi-
tive assessment of heterogeneous cognitive trajectories
within trial-typical 1-2-year follow-ups [4, 7, 8]. Elevated
tau-PET is closely associated with the development of
cognitive deficits in AD, and recent studies also support
tau-PET as a promising prognostic marker for cognitive
decline, outperforming the prognostic accuracy of amy-
loid-PET and MRI-assessed neurodegeneration [9-11].
Specifically, elevated tau-PET has been associated with
faster global cognitive decline and clinical conversion to
mild cognitive impairment (MCI) and AD dementia [9,
10, 12, 13]. Moreover, cross-sectional studies reported
that tau-PET patterns closely mirror clinical AD hetero-
geneity, including occipital tau-PET in posterior corti-
cal atrophy (i.e., visual-variant AD), left-hemispheric
tau-PET in language-variant AD, and mesial-temporal-
lobe tau in amnestic AD [14, 15]. This suggests a strong
clinico-pathological correspondence between symptom
manifestation and tau-PET patterns. Thus, mapping tau-
PET to brain networks associated with cognitive domains
typically affected in AD may allow the prediction of cog-
nitive-domain-specific decline, to facilitate the assess-
ment of patient-specific cognitive trajectories in clinical
trials targeting tau pathology [16].

To test this, we obtained data from two independent
cohorts from the Alzheimer’s disease neuroimaging
initiative (ADNI, N = 261) and the A05 cohort (N =
111) covering healthy controls (i.e., cognitively normal
APB—) and AD-spectrum patients (i.e., Ap+) with base-
line flortaucipir tau-PET and amyloid-PET. Further, all
participants were characterized on different cognitive
domains including episodic memory (MEM), language
(LAN), executive functioning (EF), and visuospatial
abilities (VS) across ~1.5-2 years of follow-up, which
matches follow-up periods of several recent phase
2b&3 clinical trials (e.g., EMERGE/ENGAGE) [8]. To
assess the association between tau-PET and cognitive-
domain-specific decline, we obtained meta-analytical
maps of task-fMRI studies from Neurosynth [17, 18] to
determine brain regions that are consistently associated
with MEM/LAN/EF/VS across ~1900 task-fMRI stud-
ies. We then mapped patient-specific tau-PET to cog-
nitive-domain-specific brain activation maps and tested
whether determining baseline tau-PET in regions
involved in a given cognitive domain improves the pre-
diction of cognitive-domain-specific decline compared
to conventional tau-PET metrics (i.e., global/tempo-
ral-lobe tau-PET standardized uptake value ratios
[SUVRs]) that have been suggested as prognostic mark-
ers in AD [9, 10]. Lastly, we used tau-PET predicted
domain-specific decline to compute patient-specific
weighted cognitive composites, which we hypothesized
to capture individual tau-related cognitive trajectories
more sensitively than commonly used cognitive out-
comes. Using simulated interventions, we then tested
whether tau-PET-informed cognitive composites (i.e.,
personalized endpoints) [19] improve the sensitivity to
detect treatment effects compared to conventional cog-
nitive scores.
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Materials and methods

Participants

ADNI

We included 261 ADNI participants (inclusion criteria:
https://adni.loni.usc.edu/wp-content/uploads/2010/09/
ADNI_GeneralProceduresManual.pdf) based on the
availability of ®F-florbetapir/!®F-florbetaben amyloid-
PET, !8F-flortaucipir tau-PET, longitudinal cognitive
assessments (>1 follow-up), demographics (age, sex, edu-
cation), clinical status, and APOE genotyping. All base-
line data were obtained within 6 months; clinical status
was classified by ADNI investigators as cognitively nor-
mal (CN, Mini-Mental State Examination [MMSE] > 24,
Clinical Dementia Rating [CDR] = 0, non-depressed),
MCI (MMSE > 24, CDR = 0.5, objective memory-
impairment on education-adjusted Wechsler Memory
Scale II, preserved activities of daily living), or demented
(MMSE = 20-26, CDR > 0.5, NINCDS/ADRDA cri-
teria for probable AD). Subjects with non-AD-related
cognitive impairment (i.e., Ap— MCI/dementia) were
excluded. Subjects were classified as APOE4 risk allele
carriers when at least one €4 allele was detected. Ethics
approval was obtained by ADNI investigators; all study
participants provided written informed consent.

A05

A total of 111 participants were selected from the
AVID-1451-A05 phase 2/3 trial (NCT02016560; inclu-
sion criteria: https://clinicaltrials.gov/ProvidedDocs/60/
NCT02016560/Prot_000.pdf), based on the availabil-
ity of '8F-florbetapir amyloid-PET, '®F-flortaucipir tau-
PET, longitudinal cognitive assessments (> 1follow-up),
demographics (age, sex), clinical status, and APOE geno-
typing. Continuous measures on years of education were
not available for all participants and thus not included.
All baseline data were obtained within 30 days. Partici-
pants were classified as CN (MMSE > 29, no history of
cognitive impairment), MCI (24 < MMSE < 29, show-
ing MCI according to NIA-AA working group’s diag-
nostic guidelines) [20], and AD dementia (10 < MMSE
< 24, showing possible or probable AD based on NIA-
AA working group’s diagnostic guidelines) [21]. As for
ADNI, subjects with non-AD-related cognitive impair-
ment (i.e., AB— MCI/dementia) were excluded. Subjects
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were classified as APOEA4 risk allele carriers when at least
one €4 allele was detected. The study was approved by the
clinical investigator’s local Institutional Review Board; all
participants provided written informed consent.

fMRI meta-analyses of cognitive-domain-specific brain
activation and tau-PET assessments

To determine tau-PET in regions that are critical for a
given cognitive domain (ie, MEM/LAN/EF/VS), we
obtained meta-analytical brain activation maps from
task-based fMRI studies from Neurosynth (https://neuro
synth.org/analyses/terms/, see Additional file 1: Meth-
ods) using the search terms: episodic memory (included
studies, N = 332), language (included studies, N = 1101),
executive control (included studies, N = 230), and visu-
ospatial (included studies, N = 267). Methodological
details on Neurosynth-based meta-analyses have been
described previously (see https://neurosynth.org/faq/)
[17]. Cognitive-domain-specific meta-analytical task-
fMRI maps were binarized and masked with cortical
gray matter to exclude typical tau-PET off-target bind-
ing regions (i.e., hippocampus/subcortex) [22, 23] and
applied to spatially normalized SUVR-transformed
tau-PET images to extract tau-PET signal within cogni-
tive-domain-specific brain regions (for details on PET
acquisition and preprocessing see Additional file 1:
Methods). To further minimize influences of flortaucipir
off-target binding, we used voxel-wise two-component
Gaussian-mixture-modeling to transform SUVRs to
tau-positivity probabilities (TPP) [24, 25]. Repeating
this procedure for each task-fMRI map yielded cogni-
tive-domain-specific tau-PET signals for MEM/LAN/
EF/VS (Fig. 1A, B (I)). To compare the accuracy of cog-
nitive-domain-specific tau-PET for predicting cogni-
tive trajectories against conventional tau-PET measures,
we obtained global and temporal-lobe tau-PET SUVRs,
which have been previously shown to capture AD-related
tau accumulation and predict cognitive decline [9, 10, 26,
27]. For global tau-PET, we determined average neocor-
tical tau-PET, while excluding typical off-target binding
regions (hippocampus, subcortex, cerebellum [22, 23];
Fig. 1B (II)). The temporal-lobe ROI included Braak-stage
ROIs 1, 3, and 4 (Fig. 1B (II)) [24, 28].

(See figure on next page.)

Fig. 1 Generation of meta-analytical task-fMRI maps for assessing cognitive-domain-specific tau-PET (A), surface rendering of regions of interests
(ROIs) applied to tau-PET (B), and analysis flowchart (C). First, we compared the predictive accuracy of global tau-PET, temporal tau-PET, and
cognitive-domain-specific tau-PET for predicting future cognitive decline using bootstrapped linear regressions. Note that separate regression

models were run for each tau-PET ROI (Cl). Second, we ran 1000 bootstrapped linear regression models in ADNI AR+ and extracted beta values
for each variable of the regression model (C/l), which were later used for assessing patient-specific cognitive composites in both ADNI AR+ and
A05 AB+ (CIlI). Specifically, we applied the 1000 bootstrapped linear model equations to subject level data to determine predicted cognitive
change rates for each AR+ subject of the ADNI and A05 sample. Based on the rank of the predicted cognitive change rates, we then determined
a tau-PET-informed personalized cognitive composite. Abbreviations: DV, dependent variable; IV, independent variable; CV, control variable; CR,
change rate
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Assessment of cognitive changes

For both samples, we obtained composites of MEM/
LAN/EE/VS to assess cognitive-domain-specific changes.
In ADNI, we used pre-established composites including
ADNI-MEM [29], ADNI-LAN, ADNI-EF, and ADNI-
VS  (https://adni.bitbucket.io/reference/docs/UWNPS
YCHSUM/adni_uwnpsychsum_doc_20200326.pdf) [30].
In AO5, we generated composites (i.e., AO5-MEM, A05-
LAN, AO5-EF, A05-VS) based on available cognitive
tests using a pre-established approach (see Additional
file 1: Methods, Table S1) [31, 32]. For each cognitive
composite and cohort, annual cognitive changes were
determined by fitting linear mixed models with cognitive
composites as the dependent variable and time (i.e., years
from baseline) as the independent variable, with subject-
specific random slope and intercept [10, 33]. Thereby, we
derived subject-specific annual cognitive change rates for
each cognitive domain.

Statistical analysis
All analyses were computed using R statistical software
version 4.0.2 (https://www.R-project.org/).

Differences in baseline characteristics between diag-
nostic groups were tested using ANOVAs for continuous
and chi-squared tests for categorical data.

To compare the accuracy of different tau-PET ROIs
(i.e., cognitive-domain-specific/global/temporal, Fig. 1B)
for predicting cognitive decline, we performed boot-
strapped linear regression with 1000 iterations per cog-
nitive domain and tau-PET ROI. Within each iteration,
cognitive changes on MEM/LAN/EEF/VS were included
as dependent variables, and tau-PET ROIs (i.e., cogni-
tive-domain-specific/global/temporal) as independent
variables. For ADNI, all models were controlled for age,
sex, education, clinical status, APOE4 status, and base-
line performance of the respective cognitive composite.
For AO05, continuous measures of education were not
consistently available; hence, models were corrected for
age, sex, clinical status, APOE4 status, and baseline per-
formance of the respective cognitive composite. In each
iteration, resulting partial R* values (variance explained
in cognitive change) of the respective tau-PET ROI were
extracted. The resulting partial R distributions of the dif-
ferent ROIs were then compared using paired t-tests and
standardized differences were calculated using Cohen’s
d. In addition, 95% confidence intervals (CI) of boot-
strapped partial R? distributions were determined for
non-parametric comparisons. Main analyses were con-
ducted in AD-spectrum patients (i.e., AB+) and explora-
torily repeated in the pooled CN Ap— plus AD-spectrum
sample (Fig. 1C (I)).

Next, we aimed to determine patient-specific cog-
nitive composites that are informed by the baseline
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tau-PET-based prediction of cognitive decline, using
ADNI as a discovery sample and AO5 as a validation
sample. Within ADNI AB+, we ran 1000 bootstrapped
regressions controlled for age, sex, clinical status, and
APOE4 status to extract 1000 beta-values of the asso-
ciation between cognitive-domain-specific tau-PET
and cognitive changes (i.e., ADNI-MEM/ADNI-LAN/
ADNI-EF/ADNI-VS) for each variable of the regression
model (Fig. 1C (II)). Note, that the cognitive composites
which were used for building the model (e.g., ADNI-
MEM) included slightly differed tests than the cognitive
composites of the validation cohort (e.g., A05-MEM),
ensuring additional generalizability of the model and
independence from specific tests for MEM/LAN/EF/VS.

Next, we entered patient-specific baseline data of both
ADNI (i.e., discovery) and AO5 (i.e., validation) subjects
in the 1000 linear model equations to determine mean
patient-specific estimates of cognitive decline. To gen-
erate a personalized cognitive composite, we computed
squared ranks of predicted cognitive changes across
MEM/LAN/EE/VS for each subject (i.e., from 1?=slowest
predicted decline up to 4*=fastest predicted decline), in
order to maximize the information weight of cognitive
domains with fast predicted cognitive decline. For each
subject, cognitive changes (see the “Assessment of cogni-
tive changes” section) were then weighted by the tau-PET
informed squared rank (i.e., 1%, 2, 3% 4% see Fig. 1C (III))
to determine a weighted, personalized cognitive com-
posite that summarizes cognitive changes based on the
degree of tau-PET-predicted cognitive decline. Using a
paired ¢-test, we then tested whether tau-PET-informed
personalized cognitive composites show stronger cogni-
tive changes compared to conventional cognitive com-
posites that average all cognitive domains.

Lastly, we exploratorily tested whether tau-PET-
informed personalized cognitive composites are more
sensitive for detecting treatment effects compared to
conventional measures of global cognition and memory.
To that end, we simulated interventions by attenuating
cognitive changes by 20/30/40% and calculated required
sample sizes for detecting simulated intervention effects
using the R-package pwr (settings: two-sample t-test,
comparing actual vs. attenuated cognitive changes; two-
tailed, alpha = 0.05, power = 0.8; see https://cran.r-proje
ct.org/web/packages/pwr/pwr.pdf). This analysis was
performed for tau-PET-informed personalized cogni-
tive composites, an unweighted cognitive composite
(i.e., z-score mean across actual change rates of ADNI/
A05-MEM/LAN/EF/VS), as well as actual change rates of
MEM (ADNI-MEM/A05-MEM) [34]. The latter one was
selected, since episodic memory decline is one of the hall-
mark cognitive symptoms in AD as extensively reported
before [35-37]. The analyses were repeated in the ADNI
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and A05 AD spectrum groups excluding APOE4 status as
a covariate to test whether our models also apply in more
simple settings without APOE genotype availability (see
Additional file 1 [ADNI: n = 149; A05: n = 67]).

Results

Sample characteristics

We included 183/53/25 CN/MCI/demented ADNI sub-
jects (age = 74.89+7.48 years) and 51/35/25 CN/MCI/
demented AO5 individuals (age = 71.29410.03 years).
Descriptive statistics stratified by cohort, clinical status,

Table 1 Subjects characteristics
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and amyloid status are shown in Table 1. Group-mean
tau-PET SUVRs are shown in Additional file 1: Fig. S1.

Cognitive-domain-specific tau-PET outperforms
conventional tau-PET metrics for predicting
domain-specific cognitive decline

First, we determined the accuracy of cognitive-domain-
specific tau-PET vs. global and temporal-lobe tau-
PET for predicting future decline in MEM/LAN/EF/
VS. In ADNI AP+, bootstrapped linear regression
revealed cognitive-domain-specific tau-PET as a bet-
ter predictor of cognitive decline than global/temporal

ADNI (N =261) CN AB— CN AB+ MCI AB+ Dementia AR+ p-value
(n=121) (n=62) (n=53) (n =25)
Age in years 7361 (7.05) 75.85 (7.08) 7587 (7.13) 76.60 (10.21) 0.079
Sex (male/female) 52/69 27/35 31/22 13/12 0.247
APOE4 (non-carriers/carriers) 88/33 28/34 22/31 9/16 <0.001
Years of education 16.69 (2.46) 16.87 (2.28) 15.89 (2.80) 15.84 (2.49) 0.075
MEM change rate 0.045 (0.064)° 0.026 (0.071)4 —0.084 (0.075)*P4 —0.179 (0.081)2b¢ <0.001
LAN change rate -0.044 (0.028)° —0.047 (0.030)~¢ —0.084 (0.037)*P4 —0.132 (0.055)20¢ <0.001
EF change rate -0.065 (0.035)><4 —0.086 (0.034)>¢ —0.095 (0.031)° —0.110 (0.028)>" <0.001
VS change rate —0.004 (0.007)4 —0.006 (0.008)¢ —0.009 (0.010)>¢ —0.022 (0.015)20¢ <0.001
Global tau-PET SUVR 1.06 (0.07) 1.11(0.11) 1.21(0.22)%P4 146 (0.46)%°¢ <0.001
Temporal-lobe tau-PET SUVR 1.13(0.09)< 1.22 (0.15)¢ 1.39 (0.29)>°¢ 71(0.47)20¢ <0.001
Mean cognitive follow-up in years 2.02 (0.80)°<4 1.64 (0.69) 51 (0.72) 1.48 (0.70) <0.001
Mean cognitive follow-up visits 2.33(0.55) 232 (0.54) 236 (0.62) 232 (0.63) 0.986
AO5(N=111) CN AB-— CN AB+ MCI AB+ Dementia AR+ p-value
(n =46) (n=05) (n=35) (n =25)
Age in years 6741 (10.19)¢ 77.8(7.01) 72.06 (8.77) 76.04 (9.34)° 0.001
Sex (male/female) 26/20 3/2 19/16 11/14 0.762
APOE4 (non-carriers/carriers) 37/9 3/2 16/17 7/18 <0.001
MEM change rate 0.022 (0.027)% 5(0.032)P4 —0.019 (0.026)*° —0.038 (0.011)>" <0.001
LAN change rate —0.001 (0.031)4 0.009 (0.018)° —0.031 (0.030)*¢ —0.070 (0.049)20¢ <0.001
EF change rate 0.006 (0.026)4 0.009 (0.010)%4 —0.040 (0.040)2P4 —0.077 (0.048)20¢ <0.001
VS change rate 0.005 (0.027)° 0.0007 (0.021)¢ —0.032 (0.054)*¢ —0.107 (0.097)2P< <0.001
Global tau-PET SUVR 1.01 (0.08)% 1.00 (0.09)¢ 1.22 (0297 136 (0.32)%° <0.001
Temporal-lobe tau-PET SUVR 1.08 (0.10)¢ 1.08 (0.09) (o 30)? 1,52 (0.31)*° <0.001
Mean cognitive follow-up in years 147 (0.15) 1.5(0) 3(0.32) 1.38(0.28) 0.067
Mean cognitive follow-up visits 2.96 (0.21) 3(0) 277 (O 43) 2.84(0.37) 0.067

In ADNI CN: MMSE > 24, CDR = 0, non-depressed; MCl: MMSE > 24, CDR = 0.5, objective memory-impairment on education-adjusted Wechsler Memory Scale Il
preserved activities of daily living; demented: MMSE = 20-26, CDR > 0.5, NINCDS/ADRDA criteria for probable AD

In A05 CN: MMSE > 29, no history of cognitive impairment; MCl: 24 < MMSE < 29, showing MCl according to NIA-AA working group’s diagnostic guidelines;
demented: 10 < MMSE < 24, showing possible or probable AD based on NIA-AA working group’s diagnostic guidelines

Values are presented as mean (SD); p-values were derived from ANOVAs for continuous measures and from chi-squared tests for categorical measures

MEM, episodic memory composite score; LAN, language composite score; EF, executive functioning composite score; VS, visuospatial composite score

Mean values significantly (p < 0.05, post-hoc tests) different from:
2CN AB—

bCN AR+

MCI AR+

4 Dementia AR+
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tau-PET for MEM (cognitive-domain-specific/global/
temporal tau-PET: partial R> = 0.175/0.108/0.152;
Fig. 2A), LAN (cognitive-domain-specific/global/tem-
poral tau-PET: partial R> = 0.201/0.164/0.136; Fig. 2B),
EF (cognitive-domain-specific/global/temporal tau-PET:
partial R* = 0.132/0.088/0.029; Fig. 2C), and VS (cogni-
tive-domain-specific/global/temporal tau-PET: partial R?
= 0.192/0.097/0.070; Fig. 2D). Further, 95%Cls did not
overlap between bootstrapped partial R*-distributions
of the cognitive-domain-specific tau-PET and global/
temporal tau-PET ROlIs, providing non-parametric sup-
port that cognitive-domain-specific tau-PET explains
more variance in cognitive decline than conventional
tau-PET measures (Fig. 2A-D). Congruent results were
obtained for the AO5 AP+ validation cohort for all cog-
nitive tests (Fig. 2E—H). Detailed results of bootstrapped
regressions are provided in Additional file 1: Tables
S2&3. When repeating these analyses in the pooled
CN ApB— plus AP+ sample, we obtained largely con-
gruent results in both cohorts except for LAN in A05
(Additional file 1: Table S3). Using SUVRs rather than
Gaussian mixture model transformed tau-PET signal of
the cognitive-domain-specific ROI yielded consistent
results except for ADNI-MEM and ADNI/A05-LAN (see
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Additional file 1: Table S4&5). The results remained con-
sistent when excluding APOE4 status as covariate from
the model (Additional file 1: Table S6-10 and Figure S2).
Together, these findings suggest that combining tau-PET
with meta-analytical task-fMRI maps of major cognitive
functions improves the prediction of domain-specific
cognitive decline compared to conventional global/tem-
poral-lobe tau-PET measures in AD.

A tau-PET-informed cognitive composite increases

the sensitivity to assess cognitive decline

Next, we used tau-PET-based prediction of cognitive
decline to determine personalized cognitive composites
to better capture individual tau-related cognitive trajec-
tories. Specifically, we ran 1000 bootstrapped regression
models in ADNI AP+ (i.e., discovery sample) to deter-
mine beta-estimates for the association between cog-
nitive-domain-specific tau-PET and cognitive decline,
controlling for age, sex, clinical status, and APOE4 status.
To derive patient-specific estimates for cognitive decline
in ADNI AP+, we then entered individual tau-PET meas-
ures and covariates in bootstrapped linear model equa-
tions to determine mean estimates for cognitive decline.
For each subject, we then square-ranked the resulting
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Fig. 2 Bootstrapped linear models (1000 iterations) revealed that partial R values (explained variance in annual cognitive changes) were higher for
cognitive-domain-specific tau than for global or temporal tau-PET. The boxplots illustrate the partial R” distributions for episodic memory, language,
executive functioning, and visuospatial abilities within the AD-spectrum (ADNI cohort: A-D; A05 cohort: E-H). The models were controlled for age,
sex [in ADNI: education], clinical status, baseline score of the respective cognitive test, and APOE4 status. R*-distributions across different regions of
interests (global vs. temporal vs. cognitive-domain-specific tau-PET) were compared with paired t-tests. 95% confidence intervals for the mean are
displayed as horizontal lines. Within each panel, the tau-PET ROI with the highest explained variance is highlighted by an underscore. *p < 0.05, **p
<0.01,**p < 0.001
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cognitive change rates on the four cognitive domains
(i.e., from 12=slowest predicted cognitive decline up to
4°=fastest predicted cognitive decline), to determine
a rank-weighted cognitive composite that maximizes
the information-weight of those cognitive domains in
which cognitive decline is expected based on baseline
tau-PET. The same linear model equations derived from
ADNI AP+ were then applied to A05 AR+ for valida-
tion. In addition, we determined an “unweighted” cog-
nitive composite as the average z-score across all four
cognitive domains. We found that the tau-PET-informed
patient-specific cognitive composite showed faster lon-
gitudinal decline than the unweighted cognitive com-
posite in ADNI AP+ (T = 20.442, p < 0.001, Cohen’s
dpairea = 1.728) but not in A05 AP+ (T = —1.423, p =
0.160, Cohen’s d,,.q = 0.176; Fig. 3). When repeating the
analysis excluding APOE4 status as covariate, we found
a faster longitudinal decline of the tau-PET-informed
patient-specific cognitive composite in ADNI (T =
15.624, p < 0.001, Cohen’s d,,,;..q = 1.280) and in A05 (T
= 2.758, p = 0.008, Cohen’s d;,q = 0.337; Additional
file 1: Figure S3).

Patient-centered cognitive composites can reduce

the sample sizes to detect treatment effects in clinical trials
Lastly, we exploratorily assessed whether using tau-
PET-informed personalized cognitive composites as

Page 8 of 12

an endpoint in clinical trials increases the sensitivity to
detect intervention effects. To this end, we compared
estimated sample sizes for simulated intervention
effects (i.e., 20/30/40% attenuated cognitive decline)
for different cognitive endpoints in AB+. Specifically,
we calculated estimated sample sizes for MEM (ADNI-
MEM/A05-MEM), as well as unweighted (i.e., mean
across ADNI/A05-MEM/LAN/VIS/EF) and tau-PET-
informed personalized cognitive composites. Across
both the ADNI discovery and AO05 validation sample,
tau-PET-informed personalized cognitive composites
required the lowest number of participants to detect
intervention effects for all intervention strengths,
although effects were stronger in ADNI (Table 2).
Although no significant differences were found between
the unweighted and the tau-PET-informed personal-
ized cognitive composite in A05, our finding that the
personalized cognitive composite required the lowest
sample sizes also in the A05 cohort suggests that per-
sonalized cognitive composites assess cognitive change
over time more sensitively than cognitive composites
that are agnostic for patient-specific tau-dependent
cognitive trajectories. When repeating the analysis
without APOE4 as covariate, the results remained con-
sistent, showing the lowest required sample sizes when
applying the personalized cognitive composite for both
cohorts (Additional file 1: Table 11).
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Fig. 3 Comparison of unweighted (i.e, average of MEM/LAN/EF/VS) and tau-PET-informed personalized cognitive composites for AD-spectrum
patients (i.e., AB+) within the ADNI cohort (A) and the A05 cohort (B). Statistics were derived from paired t-tests. The model for the
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Table 2 Sample size estimation to detect simulated intervention
effects of 20%, 30%, and 40% in AD-spectrum patients. The
model for the tau-PET-informed personalized cognitive
composites was controlled for age, sex, clinical status, and APOE4
status

Required n per arm to detect an intervention effect

Intervention Episodic Standard global Personalized global
effect memory cognitive cognitive composite
composite
ADNI (N = 140)
20% 461 168 123
30% 198 69 51
40% 109 36 27
AO5 (N =65)
20% 261 279 239
30% 114 115 98
40% 63 60 52
Discussion

Our first finding was that mapping baseline tau-PET
to meta-analytical task-fMRI brain activation maps of
MEM/LAN/EF/VS facilitates personalized prediction
of tau-related cognitive trajectories in AD. Specifically,
we found tau-PET in cognitive-domain-specific brain
regions to predict domain-specific cognitive decline
better than conventional tau-PET metrics (i.e., global/
temporal-lobe tau-PET) which have been previously
shown to be prognostic markers in AD [9, 10]. Second,
we showed that using cognitive-domain-specific tau-PET
as an information source to determine patient-tailored
cognitive composites improves the sensitivity to assess
AD-related cognitive decline compared to conventional
cognitive composites. In exploratory simulated interven-
tions, we showed further that using tau-PET-informed
personalized composites as cognitive endpoints may
reduce sample sizes required to detect tau-targeting
treatment effects compared to conventional endpoints
(e.g., MEM, global composites). Together, our indepen-
dently validated findings suggest that combining tau-PET
with fMRI-based mapping of cognitive abilities can facili-
tate the prediction of AD-related cognitive trajectories,
which may improve patient-specific assessments of cog-
nitive changes in clinical trials that target tau pathology.
First, we reported that applying task-fMRI maps of
MEM/LAN/EF/VS to tau-PET in AD patients improves
the prediction of cognitive-domain-specific decline com-
pared to conventional prognostic tau-PET readouts [9,
10]. We specifically focused on these cognitive domains
since they are typically assessed in cognitive test proto-
cols for evaluating AD in standard clinical settings and
clinical trials [30, 38, 39]. Our findings critically extend
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previous cross-sectional AD studies, emphasizing a close
link between spatially heterogeneous patterns of tau
deposition and neurodegeneration with heterogeneous
symptom manifestation [14, 15, 40]. Since tau pathol-
ogy has been shown to disrupt neuronal connectivity in
preclinical [41] and clinical studies [42-45], neurotoxic
tau may drive network dysfunction [46] and impairment
in the cognitive domain that is supported by the tau-
affected network. Supporting this, we found that higher
tau-PET in brain regions that support a given cognitive
domain [17, 18] is associated with faster decline in that
cognitive domain. While the current study investigated
tau-PET as a predictor of cognitive decline for a selected
set of cognitive domains typically affected in AD [47] our
proposed methodological framework can be applied for
mapping tau-PET to other cognitive or non-cognitive
domains, which may motivate future efforts to investigate
tau-PET for predicting patient-centered disease trajecto-
ries in AD.

Second, we show that combining baseline tau-PET with
task-fMRI maps of MEM/LAN/EF/VS allows determin-
ing personalized cognitive composites with increased
sensitivity to detect patient-specific cognitive decline
compared to conventional patient-agnostic cognitive
composites. Specifically, we used baseline tau-PET sig-
nal in cognitive-domain-specific brain regions to forecast
domain-specific cognitive decline. To compute a person-
alized composite, the actual cognitive change rates with
faster tau-PET-predicted decline were weighted higher
than actual change rates with slower tau-PET-predicted
cognitive decline. Such patient-specific cognitive com-
posites take into account inter-individual variability
to facilitate longitudinal assessment of heterogeneous
cognitive trajectories [47—-49] and may thus be applied
as personalized endpoints in clinical trials [7, 19]. Sup-
porting this, we exploratorily performed simulated tri-
als in which tau-PET-informed personalized cognitive
composites increased the sensitivity to detect treatment
effects compared to conventional composites, which
have been previously used as endpoints in clinical trials
[8, 50]. However, it should be noted that effects on esti-
mated sample sizes for simulated intervention effects
were smaller in A05 than in ADNI, potentially due to dif-
ferences in cognitive tests used to obtain cognitive com-
posites, differences in baseline scores, differences in the
overall clinical characteristics between datasets, differ-
ences in frequency of amnestic versus non-amnestic phe-
notypes, APOE4 frequencies, or different data processing
strategies. Despite small effect sizes, results were consist-
ent across both samples; hence, our approach for assess-
ing personalized composites may be a starting point
for improving the assessment of heterogeneous cogni-
tive trajectories to reduce sample sizes in clinical trials.
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Nevertheless, it will be important to replicate our find-
ings across larger studies with harmonized data assess-
ment and clinical characteristics.

A clear strength of the present study is the independ-
ent validation across two cohorts with different cogni-
tive assessment protocols. Although sample sizes were
smaller in the A05 cohort and effects less strong than
in ADNI, the congruent results between both cohorts
highlighted the robustness of our findings. Neverthe-
less, several limitations should be highlighted. First, flo-
rtaucipir shows off-target binding within hippocampal
and subcortical areas [22]. Although these regions were
a priori excluded, and Gaussian-mixture modeling was
performed to further eliminate off-target binding [24,
25], our results warrant further replication with second-
generation tau-PET with an improved off-target bind-
ing profile. Second, brain regions like the hippocampus
are critical for cognitive function (e.g., memory); hence,
second-generation tau-PET which allows hippocampal
assessments [51] may further improve the prediction of
cognitive decline beyond what is currently possible with
flortaucipir. Third, all analyses were determined across
the entire AD spectrum. Here, it will be critical to inves-
tigate the predictive accuracy of tau-PET for cognitive
decline across different clinical groups once larger data-
sets become available. This will be particularly impor-
tant for assessing the potential of tau-PET for predicting
cognitive decline in patients with early AD. Fourth, the
included samples show differences in the level of clini-
cal impairment, i.e., the AO5 shows lower performance
on MMSE than the ADNI sample, which may confound
the tau-PET-based prediction when applying the ADNI-
trained models to AO5 data. Here, it will be an important
next step to train and validate our models across datasets
which are fully comparable across all measures.

Conclusion

In conclusion, we demonstrate independently vali-
dated evidence for tau-PET combined with fMRI-based
mapping of cognitive functions as a promising tool for
individualized prediction of cognitive decline in AD.
Tau-PET-informed cognitive composites may facilitate
detecting intervention effects and thus reduce required
sample sizes in clinical trials in AD, which also may be
retrospectively assessed in clinical trial data with avail-
able tau-PET.

Abbreviations

AB: Amyloid-beta; ADNI: Alzheimer’s Disease Neuroimaging Initiative; EF:
Executive functioning composite score; LAN: Language composite score;
MEM: Episodic memory composite score; VS: Visuospatial composite score;
MMSE: Mini-Mental State Examination; AO5: AVID-1451-A05 validation cohort;
ROI: Region of interest; SUVR: Standardized uptake value ratio.

Page 10 of 12

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513195-022-01105-5.

[ Additional file 1. Additional methods and results. }

Acknowledgements
We thank Mark A. Minton for supporting this study by facilitating access to the
AO5 data.

Authors’ contributions

D.B.: study concept and design, data processing, statistical analysis, interpreta-
tion of the results, and writing of the manuscript. Y.L.: data processing and
critical revision of the manuscript. M.B.: critical revision of the manuscript. PH.:
data processing and critical revision of the manuscript. A.D.: critical revision of
the manuscript. AM.: critical revision of the manuscript. D.O.: critical revision
of the manuscript. .H.: critical revision of the manuscript. M.P: critical revision
of the manuscript. S.R.: critical revision of the manuscript. A.S.: critical revision
of the manuscript. A.R.: critical revision of the manuscript. L.Z: critical revision
of the manuscript. M.S.: critical revision of the manuscript. S.S.: critical revision
of the manuscript. M.E.: critical revision of the manuscript. N.F.: study concept
and design, data processing, statistical analysis, interpretation of the results,
and writing of the manuscript. ADNI provided all data used for this study. The
authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The study was
funded by grants from the LMU (F6Fole, 1032, awarded to NF; FéFole, 1119,
awarded to DB), the Hertie foundation for clinical neurosciences (awarded to
NF), the SyNergy excellence cluster (EXC 2145/ID 390857198), and the German
Research Foundation (DFG, INST 409/193-1 FUGG).

Availability of data and materials

All data used in this manuscript are publicly available from the ADNI database
(adniloni.usc.edu) upon registration and compliance with the data use
agreement. The data that support the findings of this study are available on
reasonable request from the corresponding author.

Declarations

Ethics approval and consent to participate

Ethics approval was obtained by the ADNI investigators from the local ethical
committees of all involved sites. Access to all ADNI data was granted to the
investigators of the current study after registration to ADNI (https://adni.
loni.usc.edu) and compliance with the data usage agreement. The study

was conducted in accordance with the Declaration of Helsinki and all study
participants provided written informed consent for data collection. All work
complied with ethical regulations for work with human participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Institute for Stroke and Dementia Research (ISD), University Hospital, LMU
Munich, 81377 Munich, Germany. 2Department of Nuclear Medicine, Univer-
sity Hospital, LMU Munich, Munich, Germany. *Wallenberg Centre for Molecu-
lar and Translational Medicine, University of Gothenburg, Gothenburg,
Sweden. *Department of Psychiatry and Neurochemistry, Institute of Neuro-
science and Physiology, The Sahlgrenska Academy, University of Gothenburg,
Gothenburg, Sweden. *Eli Lilly and Company, Indianapolis, IN, USA. ®Avid
Radiopharmaceuticals, Philadelphia, PA, USA. 7Department of Neurology,
University Hospital, LMU Munich, Munich, Germany. éDepartment of Neurode-
generative Disease, UCL Institute of Neurology, London, UK. °German Center
for Neurodegenerative Diseases (DZNE), Munich, Germany. '®Munich Cluster
for Systems Neurology (SyNergy), Munich, Germany.


https://doi.org/10.1186/s13195-022-01105-5
https://doi.org/10.1186/s13195-022-01105-5
https://adni.loni.usc.edu
https://adni.loni.usc.edu

Biel et al. Alzheimer’s Research & Therapy

(2022) 14:166

Received: 20 June 2022 Accepted: 20 October 2022
Published online: 07 November 2022

References

1.

Fleisher AS, Chen K, Quiroz YT, Jakimovich LJ, Gutierrez Gomez M, Langois
CM, et al. Associations between biomarkers and age in the presenilin 1
E280A autosomal dominant Alzheimer disease kindred: a cross-sectional
study. JAMA Neurol. 2015;72(3):316-24.

Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB,

et al. NIA-AA research framework: toward a biological definition of Alzhei-
mer’s disease. Alzheimers Dement. 2018;14(4):535-62.

Dubois B, Villain N, Frisoni GB, Rabinovici GD, Sabbagh M, Cappa S, et al.
Clinical diagnosis of Alzheimer’s disease: recommendations of the inter-
national working group. Lancet Neurol. 2021;20(6):484-96.

Komarova NL, Thalhauser CJ. High degree of heterogeneity in Alzheimer’s
disease progression patterns. PLoS Comput Biol. 2011;7(11):21002251.
Vogel JW, Young AL, Oxtoby NP, Smith R, Ossenkoppele R, Strandberg OT,
et al. Four distinct trajectories of tau deposition identified in Alzheimer's
disease. Nat Med. 2021;27(5):871-81.

Ballard C, Atri A, Boneva N, Cummings JL, Frolich L, Molinuevo JL, et al.
Enrichment factors for clinical trials in mild-to-moderate Alzheimer’s
disease. Alzheimers Dement (NY). 2019;5:164-74.

Devi G, Scheltens P. Heterogeneity of Alzheimer’s disease: consequence
for drug trials? Alzheimers Res Ther. 2018;10(1):122.

Swanson CJ, Zhang Y, Dhadda S, Wang J, Kaplow J, Lai RYK, et al. A ran-
domized, double-blind, phase 2b proof-of-concept clinical trial in early
Alzheimer’s disease with lecanemab, an anti-Abeta protofibril antibody.
Alzheimers Res Ther. 2021;13(1):80.

Ossenkoppele R, Smith R, Mattsson-Carlgren N, Groot C, Leuzy A,
Strandberg O, et al. Accuracy of tau positron emission tomography as

a prognostic marker in preclinical and prodromal Alzheimer disease: a
head-to-head comparison against amyloid positron emission tomogra-
phy and magnetic resonance imaging. JAMA Neurol. 2021;78(8):961-71.
Biel D, Brendel M, Rubinski A, Buerger K, Janowitz D, Dichgans M, et al.
Tau-PET and in vivo Braak-staging as prognostic markers of future cogni-
tive decline in cognitively normal to demented individuals. Alzheimers
Res Ther. 2021;13(1):137.

. Bucci M, Chiotis K, Nordberg A, Alzheimer’s Disease Neuroimaging I.

Alzheimer's disease profiled by fluid and imaging markers: tau PET best
predicts cognitive decline. Mol Psychiatry. 2021,26(10):5888-98.

. Pontecorvo MJ, Devous MD, Kennedy |, Navitsky M, Lu M, Galante N,

et al. A multicentre longitudinal study of flortaucipir (18F) in normal
ageing, mild cognitive impairment and Alzheimer’s disease dementia.
Brain. 2019;142(6):1723-35.

. Lu M, Pontecorvo MJ, Devous MD Sr, Arora AK, Galante N, McGeehan A,

et al. Aggregated tau measured by visual interpretation of flortaucipir
positron emission tomography and the associated risk of clinical pro-
gression of mild cognitive impairment and Alzheimer disease: results
from 2 phase Il clinical trials. JAMA Neurol. 2021;78(4):445-53.

. Ossenkoppele R, Schonhaut DR, Scholl M, Lockhart SN, Ayakta N, Baker

SL, et al. Tau PET patterns mirror clinical and neuroanatomical variabil-
ity in Alzheimer’s disease. Brain. 2016;139(Pt 5):1551-67.

. Bejanin A, Schonhaut DR, La Joie R, Kramer JH, Baker SL, Sosa N, et al.

Tau pathology and neurodegeneration contribute to cognitive impair-
ment in Alzheimer’s disease. Brain. 2017;140(12):3286-300.

. Devous MD Sr, Fleisher AS, Pontecorvo MJ, Lu M, Siderowf A, Navitsky

M, et al. Relationships between cognition and neuropathological tau in
Alzheimer's disease assessed by 18F flortaucipir PET. J Alzheimers Dis.
2021;80(3):1091-104.

. Yarkoni T, Poldrack RA, Nichols TE, Van Essen DC, Wager TD. Large-scale

automated synthesis of human functional neuroimaging data. Nat
Methods. 2011;8(8):665-70.

. Rubin TN, Koyejo O, Gorgolewski KJ, Jones MN, Poldrack RA,

Yarkoni T. Decoding brain activity using a large-scale probabilistic
functional-anatomical atlas of human cognition. PLoS Comput Biol.
2017;13(10):21005649.

. lwashyna TJ, Deane AM. Individualizing endpoints in randomized clini-

cal trials to better inform individual patient care: the TARGET proposal.
Crit Care. 2016;20(1):218.

20.

22.

23.

24.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 11 of 12

Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al.
The diagnosis of mild cognitive impairment due to Alzheimer’s disease:
recommendations from the National Institute on Aging-Alzheimer’s
association workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement. 2011;7(3):270-9.

. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas

CH, et al. The diagnosis of dementia due to Alzheimer’s disease: recom-
mendations from the National Institute on Aging-Alzheimer’s Associa-
tion workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011;7(3):263-9.

Lemoine L, Leuzy A, Chiotis K, Rodriguez-Vieitez E, Nordberg A. Tau
positron emission tomography imaging in tauopathies: the added hur-
dle of off-target binding. Alzheimers Dement (Amst). 2018;10:232-6.
Leuzy A, Chiotis K, Lemoine L, Gillberg PG, Almkvist O, Rodriguez-
Vieitez E, et al. Tau PET imaging in neurodegenerative tauopathies-still
a challenge. Mol Psychiatry. 2019;24(8):1112-34.

Franzmeier N, Dewenter A, Frontzkowski L, Dichgans M, Rubinski A,
Neitzel J, et al. Patient-centered connectivity-based prediction of tau
pathology spread in Alzheimer's disease. Sci Adv. 2020;6(48):eabd1327.

. Vogel JW, Iturria-Medina Y, Strandberg OT, Smith R, Levitis E, Evans AC,

et al. Spread of pathological tau proteins through communicating neu-
rons in human Alzheimer’s disease. Nat Commun. 2020;11(1):2612.
Braak H, Braak E. Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol. 1991;82(4):239-59.

Scholl M, Lockhart SN, Schonhaut DR, O'Neil JP, Janabi M, Ossenkop-
pele R, et al. PET imaging of tau deposition in the aging human brain.
Neuron. 2016;89(5):971-82.

Jack CR Jr, Wiste HJ, Schwarz CG, Lowe VJ, Senjem ML, Vemuri P,

et al. Longitudinal tau PET in ageing and Alzheimer’s disease. Brain.
2018;141(5):1517-28.

Crane PK, Carle A, Gibbons LE, Insel P, Mackin RS, Gross A, et al.
Development and assessment of a composite score for memory in the
Alzheimer, Ads Disease Neuroimaging Initiative (ADNI). Brain Imaging
Behavior. 2012;6(4):502-16.

Choi SE, Mukherjee S, Gibbons LE, Sanders RE, Jones RN, Tommet D,

et al. Development and validation of language and visuospatial com-
posite scores in ADNI. Alzheimers Dement (N'Y). 2020;6(1):e12072.

. Malek-Ahmadi M, Chen K, Perez SE, He A, Mufson EJ. Cognitive composite

score association with Alzheimer’s disease plaque and tangle pathology.
Alzheimers Res Ther. 2018;10(1):90.

Langbaum JB, Hendrix SB, Ayutyanont N, Chen K, Fleisher AS, Shah

RC, et al. An empirically derived composite cognitive test score with
improved power to track and evaluate treatments for preclinical Alzhei-
mer’s disease. Alzheimers Dement. 2014;10(6):666—74.

Ewers M, Biechele G, Suarez-Calvet M, Sacher C, Blume T, Morenas-Rodri-
guez E, et al. Higher CSF sTREM2 and microglia activation are associ-
ated with slower rates of beta-amyloid accumulation. EMBO Mol Med.
2020;12(9):212308.

Folstein MF, Folstein SE, McHugh PR.“Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975;12(3):189-98.

Gallagher M, Koh MT. Episodic memory on the path to Alzheimer’s
disease. Curr Opin Neurobiol. 2011;21(6):929-34.

Dubois B, Feldman HH, Jacova C, Dekosky ST, Barberger-Gateau P, Cum-
mings J, et al. Research criteria for the diagnosis of Alzheimer's disease:
revising the NINCDS-ADRDA criteria. Lancet Neurol. 2007;6(8):734-46.
Dubois B, Feldman HH, Jacova C, Hampel H, Molinuevo JL, Blennow K,
et al. Advancing research diagnostic criteria for Alzheimer’s disease: the
IWG-2 criteria. Lancet Neurol. 2014;13(6):614-29.

Crane PK, Carle A, Gibbons LE, Insel P. Mackin RS, Gross A, et al. Devel-
opment and assessment of a composite score for memory in the
Alzheimer's Disease Neuroimaging Initiative (ADNI). Brain Imaging Behav.
2012;6(4):502-16.

Harrison J, Minassian SL, Jenkins L, Black RS, Koller M, Grundman M. A
neuropsychological test battery for use in Alzheimer disease clinical trials.
Arch Neurol. 2007;64(9):1323-9.

Tetreault AM, Phan T, Orlando D, Lyu |, Kang H, Landman B, et al. Network
localization of clinical, cognitive, and neuropsychiatric symptoms in
Alzheimer's disease. Brain. 2020;143(4):1249-60.



Biel et al. Alzheimer’s Research & Therapy

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

(2022) 14:166

Busche MA, Wegmann S, Dujardin S, Commins C, Schiantarelli J, Klickstein
N, et al. Tau impairs neural circuits, dominating amyloid-beta effects, in
Alzheimer models in vivo. Nat Neurosci. 2019;22(1):57-64.

LiuY,Yu C, Zhang X, Liu J, Duan Y, Alexander-Bloch AF, et al. Impaired long
distance functional connectivity and weighted network architecture in
Alzheimer's disease. Cereb Cortex. 2014;24(6):1422-35.

Chhatwal JP, Schultz AP, Johnson KA, Hedden T, Jaimes S, Benzinger TLS,
et al. Preferential degradation of cognitive networks differentiates Alzhei-
mer’s disease from ageing. Brain. 2018;141(5):1486-500.

Kocagoncu E, Quinn A, Firouzian A, Cooper E, Greve A, Gunn R, et al. Tau
pathology in early Alzheimer's disease is linked to selective disruptions in
neurophysiological network dynamics. Neurobiol Aging. 2020;,92:141-52.
Schultz AP, Chhatwal JP, Hedden T, Mormino EC, Hanseeuw BJ, Sepulcre
J, et al. Phases of hyperconnectivity and hypoconnectivity in the default
mode and salience networks track with amyloid and tau in clinically
normal individuals. J Neurosci. 2017;37(16):4323-31.

van den Heuvel MP, Sporns O. Rich-club organization of the human con-
nectome. J Neurosci. 2011;31(44):15775-86.

Weintraub S, Wicklund AH, Salmon DP. The neuropsychological profile of
Alzheimer disease. Cold Spring Harb Perspect Med. 2012;2(4):a006171.
Jutten RJ, Sikkes SAM, Van der Flier WM, Scheltens P, Visser PJ, Tijms BM,
et al. Finding treatment effects in Alzheimer trials in the face of disease
progression heterogeneity. Neurology. 2021,96(22):e2673-e84.

Blanken AE, Jang JY, Ho JK, Edmonds EC, Han SD, Bangen KJ, et al.
Distilling heterogeneity of mild cognitive impairment in the National
Alzheimer Coordinating Center database using latent profile analysis.
JAMA Netw Open. 2020;3(3):200413.

Salloway S, Farlow M, McDade E, Clifford DB, Wang G, Llibre-Guerra JJ,

et al. A trial of gantenerumab or solanezumab in dominantly inherited
Alzheimer's disease. Nat Med. 2021;27(7):1187-96.

Berron D, Vogel JW, Insel PS, Pereira JB, Xie L, Wisse LEM, et al. Early stages
of tau pathology and its associations with functional connectivity, atro-
phy and memory. Brain. 2021;144(9):2771-83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Combining tau-PET and fMRI meta-analyses for patient-centered prediction of cognitive decline in Alzheimer’s disease
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Participants
	ADNI
	A05

	fMRI meta-analyses of cognitive-domain-specific brain activation and tau-PET assessments
	Assessment of cognitive changes
	Statistical analysis

	Results
	Sample characteristics
	Cognitive-domain-specific tau-PET outperforms conventional tau-PET metrics for predicting domain-specific cognitive decline
	A tau-PET-informed cognitive composite increases the sensitivity to assess cognitive decline
	Patient-centered cognitive composites can reduce the sample sizes to detect treatment effects in clinical trials

	Discussion
	Conclusion
	Acknowledgements
	References


