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Abstract 

Background: To systematically examine the clinical utility of tau-PET and Braak-staging as prognostic markers of 
future cognitive decline in older adults with and without cognitive impairment.

Methods: In this longitudinal study, we included 396 cognitively normal to dementia subjects with 
18F-Florbetapir/18F-Florbetaben-amyloid-PET, 18F-Flortaucipir-tau-PET and ~ 2-year cognitive follow-up. Annual change 
rates in global cognition (i.e., MMSE, ADAS13) and episodic memory were calculated via linear-mixed models. We 
determined global amyloid-PET (Centiloid) plus global and Braak-stage-specific tau-PET SUVRs, which were strati-
fied as positive(+)/negative(−) at pre-established cut-offs, classifying subjects as  Braak0/BraakI+/BraakI–IV+/BraakI–VI+/
Braakatypical+. In bootstrapped linear regression, we assessed the predictive accuracy of global tau-PET SUVRs vs. Centi-
loid on subsequent cognitive decline. To test for independent tau vs. amyloid effects, analyses were further controlled 
for the contrary PET-tracer. Using ANCOVAs, we tested whether more advanced Braak-stage predicted accelerated 
future cognitive decline. All models were controlled for age, sex, education, diagnosis, and baseline cognition. Lastly, 
we determined Braak-stage-specific conversion risk to mild cognitive impairment (MCI) or dementia.

Results: Baseline global tau-PET SUVRs explained more variance (partial R2) in future cognitive decline than Centiloid 
across all cognitive tests (Cohen’s d ~ 2, all tests p < 0.001) and diagnostic groups. Associations between tau-PET and 
cognitive decline remained consistent when controlling for Centiloid, while associations between amyloid-PET and 
cognitive decline were non-significant when controlling for tau-PET. More advanced Braak-stage was associated with 
gradually worsening future cognitive decline, independent of Centiloid or diagnostic group (p < 0.001), and elevated 
conversion risk to MCI/dementia.

Conclusion: Tau-PET and Braak-staging are highly predictive markers of future cognitive decline and may be promis-
ing single-modality estimates for prognostication of patient-specific progression risk in clinical settings.
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Background
Beta-amyloid (Aβ) and tau are hallmark pathologies of 
Alzheimer’s disease (AD), ensuing neurodegeneration, 
cognitive decline, and dementia [1, 2]. The development 
of in  vivo Aβ and tau biomarkers has greatly facilitated 
diagnosing AD [2]; however, a reliable prognosis of AD-
related cognitive decline in clinical settings remains 
a critical yet unmet challenge. Notably, tau pathology 
emerges much closer to symptom onset than Aβ in AD [1, 
2], as revealed by positron-emission-tomography (PET) 
[3, 4], biofluid biomarkers [5], and post-mortem examina-
tions [6, 7]. Moreover, PET-based tau assessments show a 
strong association with cross-sectional cognition [8] and 
cognitive decline [9–12]. In contrast to spatially diffuse 
Aβ accumulation [13], tau typically spreads systemati-
cally across the temporal lobe, association cortices, and 
eventually primary sensorimotor cortices in amnestic/
typical AD, as summarized in the Braak-staging scheme 
of progressing tau pathology [14, 15]. This spatio-tempo-
ral progression of tau has been closely related to disease 
stage and cognitive performance [14, 15]. Thus, tau-PET 
and Braak-staging might facilitate patient-specific risk 
estimation of future cognitive decline in clinical settings, 
which would have implications for clinical decision mak-
ing (e.g., interventions/intensified care) or risk matching 
of subjects in clinical trials. To systematically investigate 
tau-PET as a single predictive marker for future cognitive 
decline, we included 396 subjects from the Alzheimer’s 
disease neuroimaging initiative (ADNI) ranging from 
cognitively normal to AD dementia, characterized by 
baseline 18F-Florbetapir/18F-Florbetaben amyloid-PET, 
18F-Flortaucipir tau-PET, and ~ 2-year follow-up assess-
ments of global cognitive and memory performance. We 
tested (i) the predictive accuracy of tau-PET for future 
cognitive decline vs. amyloid-PET and assessed (ii) 
whether tau-PET-based Braak-staging facilitates gradual 
prediction of future cognitive worsening and clinical AD 
progression.

Methods
Participants
We included 396 participants from the ADNI database. 
Beyond ADNI inclusion criteria (https:// adni. loni. usc. 
edu/ wp- conte nt/ uploa ds/ 2010/ 09/ ADNI_ Gener alPro 
cedur esMan ual. pdf ), the current study required availabil-
ity of amyloid-PET (either 18F-Florbetapir-PET, n = 280, 
or 18F-Florbetaben-PET, n = 116), together with 18F-Flo-
rtaucipir tau-PET and longitudinal cognitive assessments 
(≥ 2 examinations), demographics (age, sex, education) 
and clinical diagnosis. Subjects were categorized by 
ADNI as cognitively normal (CN, Mini-Mental State 
Examination [MMSE] ≥ 24, Clinical Dementia Rating 
[CDR] = 0, non-depressed), mildly cognitively impaired 

(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 crite-
ria for probable AD). For the current study, all baseline 
PET and cognitive data had to be obtained within a time-
window of 6  months. A study flowchart is displayed in 
Fig. 1A.

Assessment of cognitive changes
We included longitudinal measures of global cognition 
and memory. For global cognition, we used the MMSE, 
i.e., a screening instrument for cognitive deficits that is 
widely used in clinical routine [16], as well as the more 
extensive Alzheimer’s Disease Assessment Scale Cogni-
tion 13-item scale (ADAS13) [17]. Memory performance 
was assessed using the pre-established ADNI-MEM com-
posite score [18], which includes the Rey Auditory Verbal 
Learning Test, the Alzheimer’s Disease Assessment Scale, 
the Wechsler Logical Memory Scale I and II, and MMSE 
word recall. The average cognitive follow-up time was 
2.02  years (range = 1.00–4.50  years, mean = 2.53 cogni-
tive assessments). To determine annual cognitive change 
rates, we used a pre-established approach [19, 20], fit-
ting linear mixed models with MMSE, ADAS13, and 
ADNI-MEM scores as the dependent variable and time 
(i.e., years from baseline) as the independent variable, 
controlling for random slope and intercept. From the lin-
ear mixed models, we then derived a slope estimate for 
change in MMSE, ADAS13, and ADNI-MEM across time 
(i.e., change per year) for each subject.

Neuroimaging acquisition and PET preprocessing
3  T Structural MRI was obtained via T1-weighted 
MPRAGE sequences using unified scanning protocols 
(sequence details can be found on: http:// adni. loni. usc. 
edu/ metho ds/ mri- tool/ mri- analy sis/). Amyloid-PET 
was acquired 50–70  min after 18F-Florbetapir injec-
tion in 4 × 5  min frames or 90–110  min after 18F-Flor-
betaben injection in 4 × 5  min frames. Tau-PET was 
acquired 75–105  min after injection of 18F-Flortaucipir 
in 6 × 5 min frames. For each tracer, recorded timeframes 
were motion corrected and averaged to obtain a mean 
image (see also http:// adni. loni. usc. edu/ metho ds/ pet- 
analy sis- method/ pet- analy sis/). Structural MRI was pre-
processed by ADNI using standard Freesurfer pipelines.

For amyloid-PET, the MRI-derived Freesurfer parcel-
lation [21] was applied to co-registered PET images to 
extract global amyloid-PET standardized uptake value 
ratio (SUVR) values intensity normalized to the whole 
cerebellum as described previously (see also https:// adni. 
bitbu cket. io/ refer ence/ docs/ UCBER KELEY AV45/ ADNI_ 
AV45_ Metho ds_ Jagus tLab_ 06. 25. 15. pdf and https:// 

https://adni.loni.usc.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2010/09/ADNI_GeneralProceduresManual.pdf
http://adni.loni.usc.edu/methods/mri-tool/mri-analysis/
http://adni.loni.usc.edu/methods/mri-tool/mri-analysis/
http://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/
http://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/
https://adni.bitbucket.io/reference/docs/UCBERKELEYAV45/ADNI_AV45_Methods_JagustLab_06.25.15.pdf
https://adni.bitbucket.io/reference/docs/UCBERKELEYAV45/ADNI_AV45_Methods_JagustLab_06.25.15.pdf
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adni. bitbu cket. io/ refer ence/ docs/ UCBER KELEY FBB/ 
UCBer keley_ FBB_ Metho ds_ 04. 11. 19. pdf ) [22–26]. Sub-
jects were classified as Aβ+ when surpassing pre-estab-
lished SUVR thresholds (18F-Florbetapir SUVR > 1.11 
[25]; 18F-Florbetaben SUVR > 1.08, Fig.  1A). To harmo-
nize global amyloid-PET SUVRs across 18F-Florbetapir 
and 18F-Florbetaben tracers, global SUVR values were 
transformed to Centiloid (CL) using equations provided 
by ADNI [27]. For tau-PET, images were co-registered 
to structural MRI to extract mean Freesurfer ROI values 
which were SUVR normalized to the inferior cerebel-
lar gray, following a pre-established approach [28]. For 
tau-PET, we obtained global and Braak-stage-ROI-spe-
cific (Fig.  1B) tau-PET SUVR scores. For global tau, we 

averaged SUVRs across cortical Freesurfer ROIs, exclud-
ing the cerebellum, hippocampus, thalamus, and basal 
ganglia (i.e., typical regions of 18F-Flortaucipir off-target 
binding) following a previously described approach [28]. 
For Braak-stage specific tau-PET, we applied in  vivo 
Braak-staging that allows application of the post-mortem 
established Braak tau staging system to tau-PET imag-
ing (see Fig. 1B) [15]. A list of Freesurfer ROIs included 
within each Braak-stage ROI can be found online 
(https:// adni. bitbu cket. io/ refer ence/ docs/ UCBER KELEY 
AV1451/ UCBER KELEY_ AV1451_ Metho ds_ Aug20 18. 
pdf ). In brief, we obtained tau-PET SUVRs for Braak-
stage I, Braak-stage III/IV, and Braak-stage V/VI compos-
ite ROIs. Braak-stage II (i.e., hippocampus) was excluded 

Fig. 1 Study flowchart (A), surface rendering of Braak-stage ROIs applied to tau-PET data (B), and tau-PET classification of subjects into Braak-stages 
(C)

https://adni.bitbucket.io/reference/docs/UCBERKELEYFBB/UCBerkeley_FBB_Methods_04.11.19.pdf
https://adni.bitbucket.io/reference/docs/UCBERKELEYFBB/UCBerkeley_FBB_Methods_04.11.19.pdf
https://adni.bitbucket.io/reference/docs/UCBERKELEYAV1451/UCBERKELEY_AV1451_Methods_Aug2018.pdf
https://adni.bitbucket.io/reference/docs/UCBERKELEYAV1451/UCBERKELEY_AV1451_Methods_Aug2018.pdf
https://adni.bitbucket.io/reference/docs/UCBERKELEYAV1451/UCBERKELEY_AV1451_Methods_Aug2018.pdf
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due to 18F-Flortaucipir off-target binding in this region 
[29].

Braak‑staging
Subjects were defined as  tau+ when at least one Braak-
stage ROI surpassed a pre-established cut-off of 1.3 
SUVR [23, 28]. For Braak-staging, subjects were clas-
sified as Braak I positive (i.e.,  BraakI+, n = 44), when 
only the Braak I ROI (i.e., entorhinal cortex) surpassed 
a SUVR cut-off of 1.3. Subjects were classified as Braak 
I–IV positive (i.e.,  BraakI–IV+, n = 27) when both Braak 
I and Braak III/IV ROIs surpassed the SUVR cut-off of 
1.3, and as Braak I–VI positive (i.e.,  BraakI–VI+, n = 24), 
when Braak ROIs I, III/IV and V/VI surpassed the 1.3 
SUVR threshold. Subjects who deviated from this stag-
ing scheme (e.g., for which Braak I was negative, but 
Braak III/IV was positive) were labeled Braak atypi-
cal (i.e.,  Braakatypical+, n = 8). Subjects were classified 
as  Braak0/tau− (n = 293), when all Braak ROIs had an 
SUVR below 1.3 (Fig.  1A). The Braak-staging scheme 
is illustrated in Fig. 1C. The rationale of restricting our 
Braak-staging analysis to a single cut-off SUVR of 1.3 in 
contrast to previous studies (e.g., using Braak-stage spe-
cific cut-offs) [28] was to implement an approach that 
can be easily and uniformly applied in clinical settings. 
Note that exploratory altering the tau-PET threshold 
between 1.2–1.4 yielded congruent results with those 
presented in the manuscript.

Statistical analysis
Differences in baseline characteristics between diagnos-
tic groups were assessed using ANOVAs for continu-
ous and chi-squared (χ2) tests for categorial data. To test 
tau-PET and amyloid-PET as predictors of longitudi-
nal cognitive change rates, we performed linear regres-
sion, using annual cognitive change rates (i.e., MMSE, 
ADAS13, and ADNI-MEM), as dependent variables, and 
baseline PET (global tau-PET SUVR vs. global amyloid-
PET SUVR transformed to CL) as independent variables. 
Regression models were controlled for age, sex, educa-
tion, diagnosis, and the baseline score of the respective 
cognitive test (i.e., MMSE, ADAS13, or ADNI-MEM). 
To determine the variance that tau-PET or amyloid-PET 
explained in longitudinal cognitive changes, we calcu-
lated partial  R2 values for either tau- or amyloid-PET as 
predictors of cognitive changes. In order to assess the 
accuracy of tau- and amyloid-PET in predicting future 
cognitive decline, we performed bootstrapping, repeat-
ing the above described regression models on 1000 boot-
strapped samples and compared the resulting partial 
R2 values using paired t-tests. Standardized differences 
between partial R2 distributions of tau-PET and amyloid-
PET were calculated using Cohen’s d. For non-parametric 

comparison, we further determined 95% confidence 
intervals (CI) of bootstrapped partial R2 distributions 
of tau-PET and amyloid-PET as predictors of cognitive 
changes. Subsequently, regression models were repeated, 
this time controlling for global amyloid-PET when 
assessing global tau-PET as a predictor, and controlling 
for global tau-PET when assessing global amyloid-PET 
as a predictor of cognitive decline. The rationale was to 
ensure that the specific predictor which was assessed 
in the regression model (i.e., tau-PET or amyloid-PET) 
explained additional variance in cognitive decline. Fur-
ther, we exploratory assessed whether the associations 
between tau- and amyloid-PET and cognition were con-
sistent across diagnostic groups, i.e., we repeated the 
above described analyses stratified by diagnostic groups 
(CN, MCI, dementia). Next, we tested whether more 
advanced Braak-stage was associated with increased risk 
of future cognitive decline. To this end, we ran ANCO-
VAs, using annual cognitive change rates as dependent 
variables (i.e., MMSE, ADAS13, and ADNI-MEM) and 
Braak-stage (i.e.,  Braak0/BraakI+/BraakI–IV+/BraakI–VI+/
Braakatypical+) as independent variable, controlling for 
age, sex, education, diagnosis, global amyloid-PET, and 
the baseline score of the respective cognitive test. Stand-
ardized differences in cognitive decline between Braak-
stage groups were determined using Cohen’s d. Again, we 
repeated the above described analyses stratified by diag-
nostic group, to exploratory assess whether Braak-stage 
specific associations with cognitive decline were consist-
ent across clinical stages. Lastly, we determined for each 
Braak-stage group the risk of clinical conversion, defined 
as the relative risk of a change in diagnosis from CN to 
MCI/dementia or from MCI to dementia during follow-
up. Subjects with a baseline diagnosis of dementia were 
excluded from this analysis, since no further conversion 
can be diagnosed in these patients. Conversion rates 
were compared using χ2 tests.

All analyses were computed using R statistical software 
version 4.0.2 (r-project.org [30]). For primary analyses 
on cognitive measures (MMSE, ADAS13, ADNI-MEM), 
Bonferroni correction was applied (adjusted alpha level: 
0.05/3 = 0.017). Post hoc Bonferroni-corrected Tukey 
tests were applied to ANCOVAs.

Results
The sample included 239 CN, 122 MCI, and 35 demented 
individuals. From the CN group, 14 converted to MCI 
during one of the follow-ups (i.e., 5.86% conversion rate), 
with no conversions to dementia observed. In MCI, 14 
converted to dementia during one of the follow-ups (i.e., 
11.48% conversion rate). Descriptive statistics are dis-
played in Table 1.
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Global tau‑PET is a better predictor of future cognitive 
decline than global amyloid‑PET
First, we tested the predictive accuracy of global tau-PET 
for future cognitive decline compared to global amyloid-
PET (i.e., CL). In linear regression, higher baseline global 
tau-PET SUVRs were associated with faster cognitive 
changes (MMSE: β =  − 0.175, T =  − 7.528, p < 0.001, par-
tial R2 = 0.127, Fig.  2A; ADAS13: β = 0.237, T = 6.329, 
p < 0.001, partial R2 = 0.093, Fig.  2D; ADNI-MEM: 
β =  − 0.100, T =  − 3.927, p < 0.001, partial R2 = 0.038, 
Fig.  2G). Similarly, higher amyloid-PET was associated 
with faster subsequent longitudinal cognitive decline for 
the MMSE (β =  − 0.074, T =  − 3.205, p = 0.001, partial 
R2 = 0.026, Fig.  2B) and ADAS13 (β = 0.138, T = 3.830, 
p < 0.001, partial R2 = 0.037, Fig.  2E), while results for 
ADNI-MEM did not survive Bonferroni correction 
(p = 0.023, Fig.  2H). Notably, the variance explained 
(i.e., partial R2) in cognitive decline was higher for global 
tau-PET compared to global amyloid-PET. Repeat-
ing the above decribed analyses using robust regres-
sion yielded congruent results, suggesting that our 
results were not particularly driven by extreme values 
or skewed data. To statistically compare the predictive 
accuracy of tau-PET vs. amyloid-PET, we performed 

bootstrapping. Confirming a higher accuracy of tau-PET 
vs. amyloid-PET for predicting future cognitive decline, 
bootstrapped distributions of partial R2 values were 
higher for global tau-PET than for global amyloid-PET 
(MMSE: T = 63.476, p < 0.001, Cohen’s d = 2.38, Fig.  2C; 
ADAS13: T = 47.645, p < 0.001, Cohen’s d = 1.76, Fig. 2F; 
ADNI-MEM: T = 50.955, p < 0.001, Cohen’s d = 1.94, 
Fig.  2I). In addition, the 95%CIs of the bootstrapped 
partial R2 distributions did not overlap for MMSE (amy-
loid-PET: CI = 0.026–0.028, mean = 0.027; tau-PET: 
CI = 0.126–0.133, mean = 0.130), ADAS13 (amyloid-PET: 
CI = 0.041–0.043, mean = 0.042; tau-PET: CI = 0.100–
0.105, mean = 0.103), or ADNI-MEM (amyloid-PET: 
CI = 0.029–0.031, mean = 0.030; tau-PET: CI = 0.075–
0.078, mean = 0.077), providing non-parametric support 
of a significant difference between amyloid-PET and tau-
PET-derived partial R2 distributions.

In a next step, we assessed whether the observed asso-
ciations between tau-PET and cognition were inde-
pendent of amyloid-PET and vice versa. To this end, 
the regression models for tau- and amyloid-PET were 
repeated, this time additionally controlling for the 
other respective PET-tracer. Importantly, all associa-
tions between tau-PET and cognitive decline remained 

Table 1 Subjects characteristics

Values are presented as mean (SD)

p values were derived from ANOVAs for continuous measures and from chi-squared tests for categorical measures

MMSE Mini-Mental State Examination, ADAS13 Alzheimer’s disease assessment scale, cognitive subscale, ADNI-MEM episodic memory composite score

Mean values significantly (p < 0.05, post hoc tests) different from aCN, bMCI, and cDementia

Amyloid+ (n = 183) CN (n = 93) MCI (n = 60) Dementia (n = 30) p value
Age in years 75.67 (7.25) 76.16 (6.82) 76.95 (7.90) 0.692

Sex (male/female) 40/53 35/25 14/16 0.175

Years of education 16.59 (2.30) 15.78 (2.73) 16.1 (2.34) 0.132

MMSE score 28.83 (1.48)b,c 27.2 (2.32)a,c 22.27 (3.85)a,b  < 0.001

ADAS13 score 12.88 (5.27)b,c 19.44 (6.92)a,c 32.50 (9.32)a,b  < 0.001

ADNI-MEM score 0.95 (0.56)b,c 0.13 (0.60)a,c  − 0.73 (0.73)a,b  < 0.001

Amyloid-PET CL 62.10 (32.54)c 75.72 (37.44) 88.30 (36.61)a  < 0.001

Global Tau-PET SUVR 1.13 (0.09)b,c 1.22 (0.18)a,c 1.38 (0.36)a,b  < 0.001

Braak0/BraakI+/BraakI–IV+/BraakI–VI+/Braakatypical+ 68/16/6/1/2 22/14/13/8/3 6/4/6/13/1  < 0.001

Mean cognitive follow-up in years 2.03 (0.68) 1.88 (0.87) 1.67 (0.73) 0.072

Amyloid− (n = 213) CN (n = 146) MCI (n = 62) Dementia (n = 5) p value
Age in years 72.76 (6.87) b 75.47 (8.60) a 71.22 (7.45) 0.045

Sex (female/male) 60/86 39/23 3/2 0.014

Years of education 16.95 (2.42)c 16.18 (3.00) 14 (2.83)a 0.011

MMSE score 29.21 (0.98)b,c 28.56 (1.72)a,c 24.4 (1.14)a,b  < 0.001

ADAS13 score 11.16 (4.29)b,c 16.19 (5.43)a,c 30.07 (4.39)a,b  < 0.001

ADNI-MEM score 1.10 (0.60)b,c 0.60 (0.56)a,c  − 0.61 (0.59)a,b  < 0.001

Amyloid-PET CL 5.60 (8.82)b  − 0.72 (12.34)a  − 3.03 (8.87)  < 0.001

Global Tau-PET SUVR 1.09 (0.07) 1.08 (0.08) 1.08 (0.07) 0.811

Braak0/BraakI+/BraakI–IV+/BraakI–VI+/Braakatypical+ 137/5/1/2/1 56/4/1/0/1 4/1/0/0/0 0.718

Mean cognitive follow-up in years 2.18 (0.62) 2.01 (0.92) 1.53 (0.58) 0.056



Page 6 of 13Biel et al. Alz Res Therapy          (2021) 13:137 

consistent when additionally controlling for global amy-
loid-PET (MMSE: β =  − 0.167, T =  − 6.791, p < 0.001, 
partial R2 for tau-PET = 0.106, partial R2 for amyloid-
PET = 0.002; ADAS13: β = 0.211, T = 5.371, p < 0.001, 
partial R2 for tau-PET = 0.069, partial R2 for amyloid-
PET = 0.011; ADNI-MEM: β =  − 0.091, T =  − 3.354, 
p < 0.001, partial R2 for tau-PET = 0.028, partial R2 for 
amyloid-PET = 0.003). In contrast, no associations 
between amyloid-PET and cognitive decline reached 
statistical significance when additionally controlling 
for tau-PET. This finding supports tau-PET as a much 

better predictor for cognitive decline than amyloid-PET 
when it comes to prognostication of future cognitive 
decline. To test whether this result pattern is consistent 
across diagnostic groups, the regression analyses were 
repeated stratified by diagnostic group (i.e., CN, MCI, 
dementia), controlling for age, sex, education, baseline 
cognition, and the contrary PET-tracer. We found sig-
nificant associations between global tau-PET SUVRs 
and cognitive decline across diagnostic groups within 
CN (MMSE: β =  − 0.100, T =  − 2.199, p = 0.029, par-
tial R2 = 0.021; ADAS13: β = 0.186, T = 2.984, p = 0.003, 

Fig. 2 Scatterplot illustrating the association between global tau-PET SUVRs, baseline global amyloid-PET (i.e., Centiloid), and annual cognitive 
changes of the Mini Mental State Examination (MMSE; A + B), Alzheimer’s Disease Assessment Scale Cognition 13-item scale (ADAS13; D + E), and 
ADNI-MEM (G + H). Standardized beta-values were derived from linear regression controlling for age, sex, education, clinical diagnosis, and the 
baseline score of the respective cognitive test. Bootstrapping analysis with 1000 iterations (C + F + I) revealed that bootstrapped distributions of 
partial R2 values (i.e., explained variance in cognitive changes) were higher for global tau-PET than for global amyloid-PET. Bonferroni correction 
applied, adjusted alpha level = 0.017; significant p-values are marked with *; uncorrected significant p values (p < 0.05) are marked with #. Note, that 
the association between amyloid-PET and ADNI-MEM did not survive Bonferroni correction
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partial R2 = 0.037; but not ADNI-MEM [p > 0.05]), MCI 
(MMSE: β =  − 0.192, T =  − 3.391, p < 0.001, partial 
R2 = 0.091; ADAS13: β = 0.207, T = 2.274, p = 0.025, par-
tial R2 = 0.044; ADNI-MEM: β =  − 0.112, T =  − 2.028, 
p = 0.045, partial R2 = 0.035), and dementia (ADNI-
MEM: β =  − 0.430, T =  − 2.871, p = 0.008, partial 
R2 = 0.227; but not MMSE and ADAS [p > 0.05]). In con-
trast, no significant associations were found between 
amyloid-PET and cognitive decline when tested stratified 
by diagnostic group. Exploratorily repeating the above 
described models for a single non-composite memory 
score (i.e., ADAS-Cog word recognition) revealed con-
gruent results. Further stratifying the analyses by amy-
loid-status revealed pronounced effects in the Aβ+ group 
(Supplementary Tables  1 and 2). Together, our findings 
show that tau-PET is a suitable single-modality-based 
predictor for future cognitive impairment.

Advanced Braak‑stage is associated with faster cognitive 
decline
Next, we tested whether more advanced Braak-stage at 
baseline was associated with faster subsequent cogni-
tive decline using ANCOVAs. We found the expected 
association between more advanced Braak-stage and 
faster subsequent cognitive decline consistently for 
MMSE (F[4,384] = 306.099, p < 0.001, Fig.  3A), ADAS13 
(F[4,380] = 107.178, p < 0.001, Fig. 3B), and ADNI-MEM 
(F[4,382] = 169.376, p < 0.001, Fig.  3C), controlling for 
age, sex, education, diagnosis, global amyloid-PET, and 
the baseline score of the respective test. Post hoc Tukey 
tests confirmed significant differences between sequen-
tial Braak-stage groups (all p < 0.05). In brief,  Braak0 sub-
jects showed slowest annual cognitive changes, whereas 
rates of cognitive decline gradually increased across 
advancing Braak-stage, with fastest change in  BraakI–VI+ 
individuals (Fig.  3). Braak-stage-specific annual cogni-
tive change rates for each cognitive test are summarized 
in Table 2. Together, advanced Braak-stage increases the 
likelihood for future cognitive decline. Standardized dif-
ferences (Cohen’s d) in cognitive decline between Braak-
stage groups are shown in Supplementary Table 3. Again, 
this finding supports the view that tau-PET is a promising 
single marker for prognostication of cognitive decline.

To test whether the observed associations between 
Braak-stage and cognitive decline are consistent across 
diagnostic groups, the above described analyses were 
repeated stratified by diagnostic group (i.e., CN, MCI, 
dementia), controlling for age, sex, education, global 
amyloid-PET, and baseline cognition. Again, associa-
tions between advanced Braak-stage and faster subse-
quent cognitive decline were observed for CN (MMSE: 
F[4,229] = 8.308, p < 0.001; ADAS: F[4,227] = 11.670, 

Fig. 3 Tau-PET-based Braak-staging versus annual cognitive 
change rates for the Mini-Mental State Examination (MMSE; A), 
the Alzheimer’s Disease Assessment Scale Cognition 13-item scale 
(ADAS13; B), and the ADNI-MEM score (C). Statistics were derived 
from ANCOVA models controlling for age, sex, education, clinical 
diagnosis, global amyloid-PET (Centiloid), and the baseline score of 
the respective cognitive test. Post hoc Tukey tests were used in order 
to determine differences in cognitive changes between Braak-stage 
groups; ** = p < 0.01, *** = p < 0.001
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p < 0.001; ADNI-MEM: F[4,227] = 8.507, p < 0.001), 
MCI (MMSE: F[4,112] = 46.253, p < 0.001; 
ADAS13: F[4,110] = 16.884, p < 0.001; ADNI-MEM: 
F[4,112] = 36.690, p < 0.001), and dementia (MMSE: F[4, 
25] = 13.993, p < 0.001; ADAS: F[4, 25] = 3.884, p = 0.014; 
ADNI-MEM: F[4, 25] = 9.158, p < 0.001). Congruent 
effects were obtained when tested in Aβ+ only (i.e., Sup-
plementary Tables  4 and 5, Supplementary Figure  1), 
or when repeating the above described analyses using 
non-parametric Kruskal–Wallis tests which are more 
robust at smaller sample sizes (all p < 0.05). This supports 
the view that advancing Braak-stage is associated with 
increased risk for future cognitive decline consistently 
across diagnostic groups, which supports the use of tau-
PET in clinical settings as a general predictive marker for 
cognitive decline.

Advanced Braak‑stage is associated with higher conversion 
risk
Lastly, we compared the predictive accuracy of baseline 
tau-status and amyloid-status (i.e., global and Braak-stage 
specific) for future conversion risk from CN to MCI/
dementia and from MCI to dementia during follow-up. 
Note, that 35 participants with baseline dementia diag-
nosis were excluded from this analysis, since no further 
diagnostic conversion can be observed in this group. 
Examining the association between baseline Aβ-status 
or tau-status and clinical conversion during follow-up, 
Pearson’s χ2 test revealed a significant difference between 
amyloid- and tau-PET positivity and clinical conversion 
(Aβ-status: χ2 [1, N = 361] = 9.24, p = 0.002; tau-status: 
χ2 [1, N = 361] = 24.962, p < 0.001). χ2 scores were higher 
for tau-status compared to Aβ-status, suggesting that tau 
positivity is more critical for conversion than Aβ positiv-
ity. Specifically, Aβ+ individuals had a conversion risk of 
13.07% (n = 20/153) vs. 3.85% (n = 8/208) in Aβ− individ-
uals. In contrast,  tau+ individuals had 21.80% (n = 17/78) 
conversion risk, vs. 3.89% (n = 11/283) in  tau− individu-
als. Thus, tau positivity is associated with a higher risk 
for future conversion than Aβ positivity alone. Further 
supporting this notion, we observed a significant associa-
tion between Braak-stage  (Braak0 included) and clinical 

conversion (χ2 [4, N = 361] = 38.925, p < 0.001), with a 
gradual increase in conversion risk across advancing 
Braak-stage. Specifically, conversion risks were 15.38% 
(n = 6/39) for  BraakI+, 23.81% (n = 5/21) for  BraakI–IV+, 
and 45.45% (n = 5/11) for  BraakI–VI+. Individuals clas-
sified as  Braakatypical+ had a conversion risk of 14.29% 
(n = 1/7) (Fig.  4). The results remained consistent when 
using alternative pre-established CL cut-offs of 30 [31] 
or 19 [32] instead of tracer-specific SUVR cut-offs for 
amyloid-PET. Again, these findings illustrate that spatial 
expansion of tau pathology is strongly associated with 
the risk of future cognitive decline, while amyloid-PET 
is prognostically less conclusive, which can be critical for 
patient-specific disease prognostication.

Discussion
Here, we systematically investigated tau-PET as a sin-
gle meaningful predictor of future cognitive decline and 
clinical AD progression in older adults with and without 
cognitive impairment. Supporting the clinical useful-
ness of tau-PET for disease prognostication compared to 
amyloid-PET, we found that global tau-PET at baseline 
is a strong predictor of subsequent global cognitive and 
memory decline across ~ 2  years of cognitive follow-up, 
clearly outperforming the prognostic utility of amyloid-
PET. We further employed PET-based Braak-staging 
of tau pathology and demonstrate that more advanced 
Braak-stage is associated with gradually increasing risk 
for subsequent cognitive decline and clinical conversion 
to MCI or AD dementia, again clearly outperforming the 
predictive accuracy of amyloid-PET positivity. Together, 
our results support the view that tau-PET-based in vivo 
Braak-staging may be not only diagnostically useful in 
clinical settings but also provide a clinically powerful 
approach to estimate patient-specific risk for cognitive 
decline and clinical AD progression.

In a first step, we show that tau-PET is strongly asso-
ciated with future cognitive decline and clearly out-
performs the prognostic accuracy of amyloid-PET. 
Importantly, the association between global tau-PET and 
subsequent cognitive changes remained consistent when 
additionally controlling for amyloid-PET. In contrast, 

Table 2 Annual changes in cognition across Braak-stages

Values are presented as mean (SD). p values were derived from ANOVAs with post hoc Tukey tests

MMSE Mini-Mental State Examination, ADAS13 Alzheimer’s disease assessment scale, cognitive subscale, ADNI-MEM episodic memory composite score

Mean values significantly (p < 0.05) different from aBraak0, bBraakI+, cBraakI–IV+, dBraakI–VI+, eBraakatypical+

Braak0 BraakI+ BraakI–IV+ BraakI–VI+ Braakatypical+ p value

MMSE  − 0.08 (0.27)b, c, d, e  − 0.39 (0.56)a, d  − 0.59 (0.51)a, d  − 1.60 (1.01)a, b, c, e  − 0.55 (0.80)a, d  < 0.001

ADAS13 0.85 (0.48)b, c, d, e 1.30 (0.67)a, c, d 1.80 (0.83)a, b, d 2.55 (0.78)a, b, c, e 1.42 (0.84)a, d  < 0.001

ADNI-MEM 0.02 (0.06)b, c, d  − 0.03 (0.07)a, c, d  − 0.08 (0.08)a, b, d  − 0.14 (0.06)a, b, c, e  − 0.02 (0.07)d  < 0.001
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the association between amyloid-PET and cognition did 
not reach statistical significance when adding tau-PET 
to the model. These results support the view that tau 
pathology is prognostically more conclusive than amy-
loid, which is in agreement with several previous studies 
suggesting a close link between tau accumulation and the 
development of cognitive deficits in AD [3, 4, 6, 33]. A 
recent longitudinal PET-study in preclinical AD showed 
that tau accumulation mediates the association between 
Aβ-burden and cognitive decline [33]. This is congru-
ent with the amyloid cascade hypothesis, suggesting that 
Aβ is the initial trigger of pathological tau in AD [34, 35] 
preceding symptom onset by decades [1, 2], while tau 
is the actual driver of neurodegeneration and cognitive 
decline [36]. Therefore, a focus on Aβ biomarkers is a 
key for AD diagnosis, but is likely insufficient for reliable 
prediction of clinical AD trajectories. When stratifying 
the analysis across clinical status, associations between 
more advanced tau-PET and faster cognitive decline 

were detected across all diagnostic groups while asso-
ciations between amyloid-PET and cognitive decline did 
not reach statistical significance. These findings critically 
extend previous research by showing that tau-PET is a 
universal and generalizable predictor for future cognitive 
decline independent of Aβ-burden and clinical status, 
therefore supporting the clinical use of tau-PET for dis-
ease prognostication.

Besides dissimilarities in their temporal proximitity to 
cognitive decline [1–7], Aβ and tau accumulation show 
striking differences in their spatial accumulation patterns: 
While Aβ accumulates rather globally [13], tau spreads in 
a relatively stereotypical spatio-temporal pattern [37] that 
is closely associated with clinical status [15]. Therefore, 
we captured the spatial expansion of tau-PET using a rel-
atively simple and easy approach to assess Braak-staging 
scheme, where we could confirm that more advanced 
Braak-stage was associated with gradually accelerated 
future cognitive decline. Specifically,  Braak0 individuals 

Fig. 4 Rates of clinical conversion during follow-up stratified by amyloid-PET positivity, tau-PET positivity and Braak-stage group. Barplots show 
relative risk of clinical conversion from cognitive normal (CN) to mild cognitive impairment (MCI) or dementia, and from MCI to dementia. Note 
that subjects with a baseline diagnosis of dementia were excluded from this analysis, since no further diagnostic change can be observed in these 
participants



Page 10 of 13Biel et al. Alz Res Therapy          (2021) 13:137 

(i.e., without evidence of elevated tau pathology) showed 
slowest annual cognitive changes, whereas  BraakI–VI+ 
individuals showed fastest cognitive decline. In line with 
these findings on continuous rates of cognitive decline, 
we report that global tau-PET positivity clearly out-
performed global amyloid-PET positivity in predicting 
future clinical conversion risk (i.e., change in diagnosis) 
during the ~ 2-year follow-up period. Braak-stage specific 
stratification into risk groups further confirmed gradually 
increasing conversion risk at more advanced Braak-stages 
(e.g., 15.38% for  BraakI+, 23.81% for  BraakI–IV+, 45.45% 
for  BraakI–VI+). While these findings are expected based 
on previous literature, our results provide numeric risk 
estimates for Braak-stage specific cognitive decline and 
conversion risk, which may be clinically useful when it 
comes to patient-level risk prediction. We caution though 
that risk-estimates for clinical conversion and cognitive 
decline are currently based on relatively short follow-up 
intervals (i.e., the ~ 2-years) and relatively low numbers 
of conversion events; hence, the findings warrant further 
validation as soon as larger follow-up data with larger 
sample sizes for each diagnostic group become available. 
In line with our results, recent work revealed that more 
widespread tau pathology was associated with faster 
future cognitive deterioration [38]. Specifically, tau-PET 
images were classified into three successive tau stages 
(negative vs. moderate vs. advanced), using visual inter-
pretation based on the Braak-staging scheme [39]. The 
advantage of our approach is that we used a standardized 
and automated procedure rather than visual assessments, 
which can be easily implemented in clinical PET-analyses 
workflows and thus minimize inter-rater bias. Together, 
our findings further support the notion that the spatial 
expansion of tau pathology holds important information 
about the risk of future cognitive decline. Our results sys-
tematically compare the accuracy of amyloid- vs. tau-PET 
and Braak-staging as prognostic markers of future cogni-
tive decline across a large cohort of cognitively normal 
to dementia patients with longitudinal cognitive assess-
ments. We demonstrated that tau-PET is a single power-
ful marker for the prognosis of future cognitive decline 
and AD progression which is statistically independent 
of Aβ and clinical status. Our findings have important 
implications for clinical trial design in AD, since mark-
ers of tau pathology using Braak-staging could be critical 
in addition to Aβ-markers for matching progression risk 
among placebo vs. verum groups. In addition, clinical 
decision making would benefit from a single and accurate 
predictor of future progression, which could facilitate 
patient-specific care.

Besides biomarkers of Aβ and tau accumulation, there 
are numerous other factors that have been associated 
with cognitive decline and conversion risk, including 

lifestyle and reserve-related factors (e.g., physical activ-
ity, education) [40], genetic risk (e.g. APOE4, BIN1, 
BDNF) [41–43], neuroimmune markers (e.g., sTREM2) 
[44], and neurodegeneration [45] as for instance meas-
ured with MRI, FDG-PET, or neurofilament light. Thus, 
a combination of lifestyle, genetics as well as clinical and 
multi-modal biomarkers is likely to yield higher accu-
racy for predicting cognitive decline and AD progression. 
Supporting this, we reported previously that a machine-
learning model combining structural MRI, FDG-PET, 
amyloid-PET, and fluid biomarkers for predicting cogni-
tive decline in AD patients outperformed models based 
on single modalities/biomarkers [46]. However, multi-
modal prediction models including multiple PET scans 
and fluid biomarkers can be complex and require the 
assessment of multi-level data which can be challeng-
ing to acquire in clinical settings. Also, unspecific mark-
ers such as neurodegeneration are often agnostic to the 
underlying disease process and may be associated with 
different progression levels depending on the underlying 
pathophysiology. Thus, our findings on 18F-Flortaucipir 
tau-PET as a single, AD-specific and highly predictive 
biomarker for cognitive decline and clinical progression 
are potentially of high clinical use.

Several caveats should be considered when interpret-
ing our results. First, 18F-Flortaucipir shows consider-
able off-target binding in the hippocampus and basal 
ganglia, which may confound the assessment of tau 
pathology [47]. Therefore, we excluded regions which 
are known to be affected by off-target binding. However, 
influences of unspecific binding remain possible, hence 
our findings await further replication once sufficient 
data with second-generation tau-PET tracers (i.e., with 
a better off-target binding profile) are available. Second, 
we classified PET using pre-established cut-offs, which 
is of high clinical use but arbitrarily binarizes a continu-
ous biological process (i.e., Aβ or tau accumulation). 
Although the currently used tau-PET 1.3 SUVR cut-off 
was selected based on recommendations for tau-PET 
[28, 32], we exploratory repeated our analyses by slightly 
altering the tau-PET SUVR thresholds (e.g., ranging 
between 1.2 and 1.4), revealing a consistent result pat-
tern. However, a validation of the applied SUVR cut-off 
in other cohorts will be essential for future investigations 
to check whether these pre-defined cut-offs generalize 
across diverse samples and populations. In addition, PET 
cut-offs may be replaced in the future by more advanced 
methods such as gaussian-mixed model-based transfor-
mation of tau-PET SUVRs to tau positivity probabili-
ties [22, 48]. A third limitation relates to the individual 
spatial variability in tau deposition patterns. Previous 
work found that the spreading patterns of tau pathol-
ogy can be spatially heterogeneous across individual 
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patients. To address this, we applied a relatively simple 
tau staging scheme (i.e.,  BraakI+,  BraakI–IV+,  BraakI–VI+, 
 Braakatypical) that does not take into account asymme-
try in tau deposition [4] or fine-grained regional differ-
ences in the distribution of tau pathology. Only ~ 8% of 
subjects deviated from this staging-scheme, suggest-
ing that the currently employed Braak-staging system is 
applicable to a majority of AD patients. Still, we caution 
that this Braak-staging scheme may not be applicable to 
patients with atypical AD, characterized by heterogene-
ous and variant-specific (e.g., posterior cortical atrophy, 
logopenic variant of primary progressive aphasia) [4] 
tau deposition patterns. Thus, further studies are neces-
sary to determine the predictive accuracy of tau-PET for 
future cognitive decline in these rare atypical AD cases 
[4]. Fourth, PET imaging comes with high costs, radioac-
tive burden, and may not be available for each patient or 
within each country. Therefore, current investigations of 
plasma tau markers [49] are of high clinical importance 
for widespread screening for tau pathology. Plasma 
screening may be used to select subjects eligible for tau-
PET and in  vivo Braak-staging, which may allow more 
accurate risk prediction than single plasma-derived tau 
measures. Finally, the cognitive scales used in the cur-
rent study partly overlap (i.e., the word recall subtest of 
the MMSE is also part of the ADNI-MEM composite 
score). To exclude that results are driven by the usage of 
overlapping tests, we ran additional models for an alter-
native memory score (i.e., ADAS-Cog word recognition), 
which revealed consistent results with our main analysis 
using ADNI-MEM.

Conclusions
Together, we show that tau-PET outperforms amyloid-
PET in predicting cognitive decline and clinical AD 
progression, supporting the notion that tau-PET is—in 
contrast to amyloid-PET—of high clinical usefulness as 
a single meaningful predictor of future cognitive decline 
and clinical AD progression [50]. Importantly, we found 
that regional tau staging allows more fine-grained risk 
estimation of future cognitive changes, which can be 
critical to stratify or match risk groups in clinical tri-
als. From a clinical perspective, our findings suggest that 
in  vivo tau-PET-based Braak-staging may be a valuable 
tool to identify subjects at imminent risk of cognitive 
decline.
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