
Flortaucipir PET uncovers relationships between tau and β-
amyloid in aging, primary age related tauopathy, and Alzheimer 
disease

Keith A. Josephs, MD, MST, MSC1,*, Nirubol Tosakulwong, BS2, Stephen D. Weigand, MS2, 
Jonathan Graff-Radford, MD1, Christopher G. Schwarz, PhD3, Matthew L. Senjem, MS4, 
Mary M. Machulda, PhD5, Kejal Kantarci, MD3, David S. Knopman, MD1, Aivi Nguyen, MD6, 
R. Ross Reichard, MD6, Dennis W. Dickson, MD7, Ronald C. Petersen, MD, PhD1, Val J. 
Lowe, MD3, Clifford R. Jack Jr, MD3, Jennifer L. Whitwell, PhD3

1Department of Neurology, Mayo Clinic; Rochester, MN, 55905, USA

2Department of Quantitative Health Sciences, Mayo Clinic; Rochester, MN, 55905, USA

3Department of Radiology, Mayo Clinic; Rochester, MN, 55905, USA

4Department of Information Technology, Mayo Clinic; Rochester, MN, 55905, USA

5Department of Psychiatry and Psychology, Mayo Clinic; Rochester, MN, 55905, USA

6Department of Laboratory Medicine and Pathology, Mayo Clinic; Rochester, MN, 55905, USA

7Department of Neuroscience, Mayo Clinic; Jacksonville, FL, 32224, USA

Abstract

[18F]-Flortaucipir PET is considered a good biomarker of Alzheimer’s disease. However, it is 

unknown how flortaucipir is associated with the distribution of tau across brain regions and 

how these associations are influenced by β-amyloid. It is also unclear whether flortaucipir can 

detect tau in definite primary age-related tauopathy (PART). We identified 248 individuals at 

Mayo Clinic that had undergone [18F]-flortaucipir PET during life, had died, and undergone 

an autopsy, 239 cases of which also had β-amyloid PET. We assessed nonlinear relationships 

between flortaucipir uptake in nine medial temporal and cortical regions, Braak tau stage and 

Thal β-amyloid phase using generalized additive models. We found that flortaucipir uptake was 

greater with increasing tau stage in all regions. Increased uptake at low tau stages in medial 
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temporal regions was only observed in cases with high β-amyloid phase. Flortaucipir uptake 

linearly increased with β-amyloid phase in medial temporal and cortical regions. The highest 

flortaucipir uptake occurred with high Alzheimer’s disease neuropathologic change (ADNC) 

scores, followed by low-intermediate ADNC scores, then PART, with entorhinal cortex providing 

the best differentiation between groups. Flortaucipir PET had limited ability to detect PART and 

imaging defined PART did not correspond with pathologically defined PART. In summary, spatial 

patterns of flortaucipir mirrored histopathological tau distribution, were influenced by β-amyloid 

phase, and were useful for distinguishing different ADNC scores and PART.

One sentence summary:

Flortaucipir PET uptake is influenced by both tau distribution and β-amyloid, but cannot detect tau 

deposition in primary age related tauopathy.

INTRODUCTION

Hyperphosphorylated paired helical filament tau observed in neurofibrillary tangles (NFTs) 

is one of the key pathological characteristics of Alzheimer’s disease (AD). The progressive 

spread of tau immunoreactive NFTs through the brain is defined by the Braak NFT staging 

scheme, whereby NFTs first appear in the transentorhinal cortex (Braak stage I & II), 

before spreading to the hippocampus and other limbic regions (III & IV), and then to the 

neocortex (V and VI)(1). Studies show that tau deposition and Braak stage are strongly 

associated with neurodegeneration of the brain(2–4) and cognitive decline(5, 6). Tau PET 

ligands, such as the commonly used [18F]-flortaucipir (also known as T807, AV-1451 or 

Tauvid) (7), show sensitive binding to the tau proteins observed in AD in autoradiographics 

studies(8–10) and hence allow the possibility of in vivo prediction of tau deposition or even 

Braak stage. Indeed, studies have observed patterns of flortaucipir uptake in cognitively 

normal and clinically defined Alzheimer’s dementia populations that appear to mirror Braak 

stage (11–13). A handful of autopsy studies have found correlations between histologically 

quantified tau burden and flortaucipir PET uptake in medial temporal and cortical regions 

(14, 15), although elevated uptake across regions was only consistently observed in Braak 

stages V and VI (15–17), with little evidence for elevated uptake in Braak stages of IV or 

lower(14, 15, 17). Hence, flortaucipir PET appears to be best suited for detecting advanced 

or high AD neuropathologic changes (ADNC).

Tau is not the only important protein present in the brains of patients with AD. 

Abnormal deposition of another protein, β-amyloid, in the form of senile plaques is also 

a characteristic and diagnostic feature of AD. The regional spread of β-amyloid through 

the brain is characterized by the Thal phase, with β-amyloid deposits first appearing in 

neocortex (phase 1), followed by allocortex (phase 2), diencephalic nuclei, striatum, and 

the basal forebrain (phase 3), brainstem nuclei (phase 4) and lastly cerebellum (phase 5)

(18). The National Institute on Aging-Alzheimer’s Association (NIA-AA) guidelines for the 

neuropathological assessment of AD stage cases as either not, low, intermediate, or high 

ADNC considering both β-amyloid plaques and Braak stages(19, 20). Hence, high Braak 

stage alone is not sufficient to characterize the severity of AD pathology, with high stages 

of both proteins needed for a diagnosis of high ADNC. Patients with low Braak stages 
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(I-IV) and absent Thal phase (0) are referred to as definite primary age related tauopathy 

(PART)(21). Tau burden at a given Braak stage may vary, and this variation may depend 

on the presence and distribution of β-amyloid and, hence, flortaucipir PET uptake may 

also vary depending on β-amyloid pathology. Previous studies have tried to understand 

the relationship between tau and β-amyloid using PET(13, 22, 23), demonstrating that 

β-amyloid is required for high tau PET uptake (23) and that β-amyloid is more strongly 

associated with tau in cortical regions compared to medial temporal regions(13). These 

studies, although important, were limited by the lack of autopsy data and the fact that 

β-amyloid PET ligands have limited sensitivity to low Thal stages(14, 24).

In this PET-autopsy study our first aim was to model the relationships between Braak 

stage and flortaucipir PET in medial temporal and cortical regions in a large cohort of 

participants, and to determine whether this relationship is influenced by β-amyloid, as 

measured histopathologically by Thal phase(18).. Our second aim was to determine the 

utility of flortaucipir PET to diagnose the degree of underlying pathology by assessing 

optimum flortaucipir cut points to differentiate between different stages of ADNC and 

PART. Our third aim was to evaluate how imaging defined PART using β-amyloid PET 

and flortaucipir PET relates to pathologically defined PART to aid in the interpretation of 

flortaucipir PET. This is pertinent since studies have suggested that molecular PET can be 

used to diagnose PART antemortem(25, 26).

RESULTS

Cohort characteristics

We included 248 participants recruited from Mayo Clinic, Rochester, MN, who had 

flortaucipir PET imaging during life, had died, and had undergone an autopsy evaluation. 

All patients were enrolled into one of three NIH funded cohort studies including the 

Mayo Clinic Alzheimer’s Disease Research Center (PI: Petersen), The Mayo Clinic 

Study of Aging (PI: Petersen) and the Neurodegenerative Research Group (PIs: Josephs/

Whitwell). The demographic, pathological and clinical features of the cohort are shown 

in Table 1. About 60% of the participants in the cohort were male. The median time 

from flortaucipir scan to death was approximately 2 years (range 1 day-7.6 years). The 

cohort consisted predominantly of patients who had cognitive impairment/dementia at their 

last study visit (72%) which included patients with clinically diagnosed amnestic mild 

cognitive impairment/Alzheimer’s dementia, frontotemporal dementia, and Dementia with 

Lewy bodies. All 248 cases were assigned a Braak NFT stage (1) and a Thal β-amyloid 

phase (18) based on published criteria and were classified into not ADNC, PART(21), low/

intermediate ADNC, and high ADNC (20). All Braak and Thal phases were represented 

in the cohort, although there were some combinations of Braak stage and Thal phase with 

few or no cases, such as low Braak stage with high Thal phase, or High Braak stage with 

low Thal phase (Fig. 1). This was not a bias but due to the fact that certain combinations 

of tau and β-amyloid are uncommon (3). The not ADNC cases had clinical diagnoses of 

cognitively normal (n=3), mild cognitive impairment (n=1), frontotemporal dementia (n=7), 

parkinsonian disorder (n=1) and atypical AD (n=1), with frontotemporal lobar degeneration 
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(FTLD) pathology observed in 9 (68%) not ADNC cases (Table S1). The distribution of 

co-pathologies across PART/ADNC scores is shown in Table S1.

Relationship between flortaucipir, Braak stage and Thal phase

Flortaucipir standardized uptake value ratios (SUVRs) were calculated for the following 

nine regions that were selected to capture the different Braak stages: entorhinal cortex 

(Braak stages I-II), anterior hippocampus (Braak stage II), fusiform cortex (Braak stage III), 

inferior temporal cortex (Braak stage IV), superior frontal cortex, precuneus and superior 

parietal cortex (Braak stage V), calcarine cortex and precentral cortex (primary motor 

cortex) (Braak stage VI). We opted to assess the anterior portion of the hippocampus 

instead of the whole hippocampus to reduce the problem of bleed-in from off-target 

signal in the choroid plexus, given that the choroid plexus is close in proximity to the 

posterior hippocampus. For each region, we fit a generalized additive model to capture 

nonlinear relationships between combinations of Braak stage and Thal phase (predictors) 

and flortaucipir SUVR (outcome), accounting for age at the time of PET scan and time from 

PET scan to death.

Flortaucipir relationships with Braak stage—Plots illustrating the relationship 

between regional flortaucipir SUVR and Braak NFT stage, and how this relationship is 

influenced by Thal β-amyloid phase, are shown in Fig. 2A. The percentage changes in 

flortaucipir SUVR with each increment in Braak stage for each Thal phase are shown 

in fig. S1 and Table S2. with fig. S1 illustrating whether increases in uptake by Braak 

stage differed, represented by the confidence interval not crossing the 0 line. In all regions, 

flortaucipir uptake showed a non-linear relationship with Braak stage, with SUVR increase 

per Braak unit generally greater at higher Braak stages. For example, in the entorhinal 

cortex, flortaucipir uptake increased by 1% between Braak 0 and I, 6% between Braak II 

and III, and 11% between Braak V and VI, in Thal 5 cases (Table S2). All regions showed 

greater uptake at higher Braak stages (IV-VI) compared to lower Braak stages (Braak 0-III). 

The Braak stage at which elevated flortaucipir uptake was observed was influenced by 

Thal phase. In the medial temporal regions (entorhinal cortex and anterior hippocampus), 

flortaucipir uptake increased between Braak stage I and II in Thal 5 cases, which was 

significant for the anterior hippocampus (p=0.03), and between Braak stage II and III in Thal 

3–4 cases (Fig. 2A and fig. S1). However, flortaucipir did not increase until between Braak 

stage III and IV in Thal 1–2 cases and after Braak stage IV in Thal 0 cases. Increases in 

flortaucipir uptake between Braak stages were generally observed at higher Braak stages in 

the cortical regions, with increases in uptake only observed after Braak stage III in those 

with Thal 3–5, and after Braak stage IV in those with lower Thal (Fig. 2A and fig. S1). 

Overall, elevated uptake at low Braak stages was only observed in medial temporal regions 

with high Thal phase. In cases with definite PART (Thal 0, Braak I-IV), there was little 

evidence for elevated flortaucipir uptake (Fig. S1). Identical models were repeated using 

partial volume corrected (PVC) PET data (Fig. S2 and Table S3). The PVC model results 

were very similar to the non-PVC models.

Flortaucipir relationships with Thal phase—The model estimates plotted to illustrate 

the relationship between regional flortaucipir SUVR and Thal phase plotted for different 
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Braak stages are shown in Fig. 2B. The percentage changes in flortaucipir SUVR with each 

increment in Thal phase for each Braak stage are shown in Fig. S3 and Table S4, with 

Fig. S3 illustrating whether increases in uptake by Thal phase differed, represented by the 

confidence interval not crossing the 0 line.

In the medial temporal regions, flortaucipir uptake increased with Thal phase across all 

Braak stages, although increases in flortaucipir uptake with increasing Thal phase were 

greater in those with higher Braak stage. For example, in the entorhinal cortex, flortaucipir 

uptake increased significantly by 5–8% for each progressive increment in Thal phase in 

cases with Braak stage VI (p<0.001 for all contrasts) and increased by only 2–4% per 

Thal phase increment in cases with Braak stage II and was only significant for an increase 

between Thal 4–5 (p=0.02) (Fig. S3 and Table S4). In the cortical regions, flortaucipir 

uptake increased with Thal phase in cases with higher Braak stages (V-VI). In cases with 

lower Braak stage, flortaucipir uptake in the cortical regions was not strongly influenced by 

Thal phase, except for a relatively low burden with high Thal phase in cases with Braak 

stage 0-III. The PVC model results were very similar to the non-PVC models (Fig. S4 and 

Table S5).

Model robustness and sensitivity analyses.—Model estimated flortaucipir SUVRs 

with 95% confidence intervals are shown compared to raw mean flortaucipir uptake for all 

Braak stage and Thal phase combinations in Table S6. The estimated flortaucipir SUVRs for 

the models were very similar in our sensitivity analyses accounting for sex, co-pathologies 

and FTLD, and when limiting the cohort to cases with PET within two years of death 

(Fig. S5). Furthermore, there was no evidence that the presence of FTLD influenced raw 

flortaucipir SUVRs in the different PART/ADNC groups (Fig. S6).

Relative regional flortaucipir uptake by Braak stage and Thal phase

Since the dynamic range of flortaucipir uptake in each region differed, the model-based 

estimated mean flortaucipir SUVR in each region was scaled relative to the modelled mean 

minimum (set as 0) and maximum (set as 1) SUVR across combinations of Braak stage and 

Thal phase. Relative mean uptake within each ROI was then plotted on the heatmap in Fig. 

3 to illustrate three-dimensional relationships with Braak stage and Thal phase. In cases with 

high Thal phase (4 and 5), higher relative uptake was observed in the medial temporal lobe 

at low-intermediate Braak stages (Braak 0-V), with medial temporal and cortical regions 

showing equivalent uptake at Braak VI. In cases with lower Thal phase (0–3), little relative 

uptake was observed in most regions until Braak stage V and VI.

Flortaucipir relationship to PART and ADNC

Flortaucipir uptake in all regions was greater in the high ADNC cases compared to both 

the definite PART and low/intermediate ADNC cases (Table 2). Flortaucipir uptake was also 

greater in low/intermediate ADNC compared to PART in the entorhinal cortex, fusiform 

and inferior temporal cortex. The entorhinal cortex provided excellent differentiation of high 

ADNC from both low/intermediate ADNC and PART, with area under the receiver operator 

characteristic curves (AUROCs) of 0.92 and 0.98 respectively (Table 3). These AUROCs 

were greater than the AUROCs for all other regions in the comparison of high ADNC 
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and PART, and greater than all regions, except the inferior temporal and fusiform gyri, 

in the comparison of high ADNC and low/intermediate ADNC (Table 3). The entorhinal 

cortex could also differentiate low/intermediate ADNC from PART with an AUROC of 0.70 

and provided better differentiation than all other regions (Table 3). Similar findings were 

observed in the PVC analysis (Table S7 and S8). As a secondary analysis we compared 

the low and intermediate ADNC cases (Table S9). The entorhinal cortex could differentiate 

these groups with an AUROC of 0.69 and provided better differentiation compared to 

all other regions, except the hippocampus (Table S10). Flortaucipir uptake did not differ 

between low ADNC and PART (Table S9 and S10) or between PART and the not ADNC 

cases, for any of the regions.

Investigating flortaucipir and β-amyloid PET in PART

To investigate how imaging defined PART relates to pathologically defined PART, we 

plotted both flortaucipir PET SUVR and β-amyloid PET findings (+/−) against Braak stage, 

Thal phase and PART/ADNC groups in our cases in Fig. 4A. Fig. S7 shows the same 

plot with participant numbers provided. 239 cases had undergone β-amyloid PET using 

Pittsburgh Compound B (PiB) during life. We focused on entorhinal flortaucipir SUVR 

since this region provided optimum differentiation of PART from ADNC, and tau deposition 

is observed in this region in both PART and early Braak stage. Our analyses utilized 

Thal phase as the primary measure of β-amyloid, although previous studies have utilized 

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) neuritic plaque 

scores and hence, we also plotted CERAD scores for all 248 cases. Entorhinal flortaucipir 

SUVRs are also plotted for each PART/ADNC group, with β-amyloid PET status shown, in 

Fig. 4B.

Flortaucipir SUVR in the entorhinal cortex was elevated in some of the PART cases with 

SUVRs overlapping with the range observed in high ADNC cases (approximately 1.1–1.4 

SUVR). However, elevated SUVRs in this range were also observed in some of the not 

ADNC cases where NFTs were absent. As expected, absent CERAD was observed in all 

Thal 0 cases and a CERAD score of frequent was most common in cases with Thal phases 

3–5. Absent CERAD was, however, observed in cases with Thal phases 1–4. Hence, many 

of the low/intermediate ADNC cases would be mis-classified as definite PART based on 

CERAD alone and many of these cases show elevated flortaucipir SUVR. A high proportion 

of Thal 1–2 cases (27/38, 71%) were PiB-negative, and several PiB-negative cases were 

Thal 3, with many of these having moderate or frequent CERAD. Hence, many PiB-negative 

participants that show elevated entorhinal flortaucipir uptake have low/intermediate ADNC 

with diffuse and even neuritic plaques. Flortaucipir scans from PiB-negative cases with 

the greatest entorhinal or inferior temporal uptake and most likely to be given an imaging 

diagnosis of PART are shown in Fig. 5; all these cases had low/intermediate ADNC or not 

ADNC.

We also examined how continuous PiB-PET uptake (shown as centiloids) was related to 

Thal and CERAD (Fig. S8). PiB-PET uptake was increased in cases with Thal phase of 

3 or higher, without increases at Thal phase 1 and 2. PiB-PET uptake increased between 

all CERAD stages. PiB-PET was able to differentiate PART from low/intermediate ADNC 
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with a good AUROC of 0.83 which was significantly higher (p=0.006) than the AUROC 

generated using entorhinal flortaucipir SUVR (Table S11). PiB-PET was also able to 

differentiate PART from low ADNC with a fair AUROC of 0.71, although specificity 

was low and there was no evidence that PiB-PET performed better than entorhinal cortex 

flortaucipir SUVR (Table S12).

DISCUSSION

In this study we used flortaucipir PET as an in vivo marker of regional tau burden combined 

with autopsy confirmed Braak NFT stage and Thal phase to better understand how the 

relationship between tau burden and distribution is influenced by β-amyloid, in aging and 

AD. We observed a non-linear relationship between flortaucipir uptake and Braak stage 

across medial temporal and cortical regions and observed that β-amyloid has an influence 

on flortaucipir uptake across regions. Cases with high ADNC showed dramatically higher 

uptake than cases with low/intermediate ADNC and cases with definite PART across the 

brain, and were well differentiated using in vivo tau PET. However, flortaucipir PET had 

limited ability to detect definite PART and a molecular PET definition of PART did not 

correspond well with pathologically defined definite PART.

As expected, flortaucipir uptake was greater at high Braak stages (V/VI) compared to low 

Braak stages across the brain, concurring with previous studies(15, 17, 27). However, we 

found that the relationship between flortaucipir uptake and Braak stage was non-linear. In 

cases with low Braak stage, prior to tau extending into limbic regions, flortaucipir uptake 

was relatively low, even in medial temporal lobe regions. Mean flortaucipir uptake then 

increased with increasing Braak stage, with this pattern starting at lower Braak stage in 

medial temporal regions than in cortical regions. Once tau extended into neocortical regions 

(Braak V/VI), flortaucipir uptake was high across all brain regions. This suggests that as 

Braak stage increases in aging and ADNC, there is a greater flortaucipir uptake throughout 

the brain, including in regions affected earlier in the disease.

Somewhat surprisingly, we found that flortaucipir uptake, and hence tau burden, was greater 

with higher β-amyloid Thal phase when holding Braak stage constant. Although one study 

did find some evidence of flortaucipir binding to β-amyloid since binding was observed in 

cored plaques which do not have tau components(28), most autoradiographic studies have 

found that flortaucipir does not bind to β-amyloid(8–10). Flortaucipir does, however, show 

inconsistent binding to tau in neuritic plaques(8) which may explain some of the β-amyloid-

associated increased flortaucipir uptake, although flortaucipir binding to NFTs has been 

suggested to be stronger based on immunohistochemistry profiles in one autoradiographic 

study(8). The suggestion that flortaucipir PET may be binding to tau in neuritic plaques is 

critical for the interpretation of flortaucipir PET in AD studies and as an outcome measure 

in clinical treatment trials. For example, lowering of tau PET signal in association with 

β-amyloid antibody treatment may be related to neuritic plaque clearance, as opposed 

to changes in NFT pathology. Alternatively, our findings may reflect disease interactions 

between tau and β-amyloid(29). Hence, for any Braak stage, increased flortaucipir uptake 

within a given region is linked to higher β-amyloid burden. Previous studies have found 

some evidence suggesting that higher β-amyloid burden is associated with higher tau PET 
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uptake in aging and ADNC(13, 30, 31). One study showed that flortaucipir uptake in medial 

temporal regions was related to aging, whereas uptake in cortical regions was related to 

β-amyloid, as measured by PET(13). Using pathological data, we found evidence that a 

greater spread of β-amyloid from cortical regions to subcortical regions and cerebellum is 

also associated with greater flortaucipir uptake. This relationship was observed both in the 

cortex and medial temporal regions, accounting for age. Two potential explanations for the 

differing findings in the medial temporal lobe are that we assessed β-amyloid at autopsy 

rather than on PET and that we assessed β-amyloid distribution rather than burden. Although 

Thal phase correlates well with β-amyloid burden measured on PET(24), our study shows 

that β-amyloid PET does not detect the vast majority of Thal 1 and 2 cases. Differences may 

also be cohort driven since we modeled relationships across all participants, many of whom 

had MCI or dementia and the full range of Thal phase, whereas the previous study assessed 

relationships in cognitively healthy older adults which had relatively low β-amyloid PET 

uptake(24).

We found that β-amyloid influenced flortaucipir uptake at all Braak stages in the entorhinal 

cortex and hippocampus, but only in Braak stages of IV and greater in the cortical regions. 

These findings in the cortical regions would be expected given that they do not have 

appreciable tau deposition at the lower Braak stages. The models suggest that in the medial 

temporal regions, flortaucipir uptake only increases in the low Braak stages when β-amyloid 

Thal phase is high. Hence, flortaucipir PET will not be able to detect tau in cases with 

PART. This has been alluded to in previous smaller studies(14, 15). Pathological studies 

have shown that the burden of NFTs is less in the entorhinal cortex, Cornu Ammonis 1 

(CA1), CA3, CA4 and dentate gyrus of the hippocampus in PART compared to ADNC 

cases(32) which may explain why it cannot be detected by flortaucipir PET. We did observe 

elevated flortaucipir uptake in some of the definite PART cases, although similar degrees 

of uptake were observed in the not ADNC cases that have no NFTs, suggesting that uptake 

in PART may represent off-target binding. These findings influence the interpretation of 

flortaucipir PET. For example, previous PET studies detected medial temporal tau uptake in 

the absence of β-amyloid on PET and hypothesized that these cases represented PART(25, 

26). Data from PiB-PET in our cohort would suggest that such cases are likely to have 

had a low/intermediate ADNC and could even have had moderate or frequent CERAD 

with neuritic plaques, and hence PiB-PET is not specific to definite PART. We found that 

PiB-PET uptake was clearly increased in Thal phase 3 or higher but was less sensitive 

to Thal phase 1 and 2, which concurs with previous studies(33, 34). Furthermore, the 

PiB-negative cases in our cohort that had the highest temporal lobe flortaucipir uptake, and 

hence would meet imaging criteria for PART, all had low/intermediate ADNC or not ADNC 

at autopsy, and none of them had definite PART. The cut-points used to determine positivity 

in PET studies will be critical to determine the proportion of cases identified as β-amyloid 

negative and tau PET positive. In previous studies, the proportion of such cases has varied 

between 2% and 51% (22, 35, 36). Our findings suggest that previously utilized β-amyloid 

PET cut-points may be too high leading to many cases with β-amyloid in their brain being 

labelled at β-amyloid negative on PET. However, lower cut-points still do not appear to be 

able to separate Thal 0 from Thal1/Thal2 cases. Regarding flortaucipir PET, the overlap in 
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uptake between no ADNC and definitive PART, irrespective of FTLD co-pathology, suggests 

that flortaucipir PET will not be able to differentiate these groups, regardless of cut-point.

We observed slightly different relationships between flortaucipir uptake and Thal phase in 

the medial temporal versus cortical regions in cases with low Braak stage. In the medial 

temporal regions flortaucipir uptake increased with Thal phase in cases with low Braak 

stage, but that was not the case in cortical regions. In cortical regions, we observed slightly 

lower flortaucipir uptake in cases with low Braak stage but high β-amyloid Thal phase 

(4/5). Some investigators consider such cases to have age-related β-amyloid deposition, 

or pathological aging(37), and may be unique, with some not having a neurodegenerative 

disease. In fact, cases with pathological aging have widespread diffuse β-amyloid senile 

plaques but not neuritic plaques(37). A relatively small amount of tau in the form of threads 

and pretangles can be found in cortical regions, even in cases with Braak stage III or 

less(25), which may account for the cases with lower Thal phase having slightly higher 

cortical uptake. It is also possible that the model estimated flortaucipir values are inaccurate 

given that there was very scant data for patients with low Braak stage and high Thal phase.

One of the biological unknowns in AD that cannot be answered with pathological analyses 

alone is how tau accumulates to maximum capacity in one region relative to accumulation 

to maximum capacity in other regions. A larger SUVR would imply more average tau 

accumulation across all the voxels in that region. Hence, the inferior temporal gyrus has the 

capacity to accumulate more tau than the entorhinal cortex and hippocampus given the larger 

maximum mean estimated SUVR of that region, as others have found(38). To control for 

this biological unknown, we set each regional maximum mean accumulation at 1 and each 

regional minimum mean accumulation at 0, based on flortaucipir SUVR. Medial temporal 

regions had relatively higher uptake and, hence, were closer to maximum capacity than other 

regions up to Braak stage V for cases with Thal phase 4 and 5, with all regions reaching 

capacity at Braak VI. Hence, even when the cortical regions start to accumulate tau, the 

entorhinal cortex and hippocampus are still closer to reaching their maximum capacity until 

end stage disease. This pattern of medial temporal prominence was not observed in cases 

with lower Thal phase, again supporting the strong influence of β-amyloid deposition on 

flortaucipir uptake in the medial temporal regions. It also suggests different mechanisms of 

tau accumulation in patients with high β-amyloid versus those with low β-amyloid. It should 

be acknowledged, however, that the maximum model estimated mean which is set to “1” 

will be lower than the maximum patient-level raw SUVR. It is possible that many patients in 

our cohort may not have reached maximum flortaucipir SUVR in these regions, particularly 

in cortical regions. This does not imply that we did not have cases with relatively high 

cortical uptake because our cohort did include patients with atypical AD which would have 

high flortaucipir uptake in cortical regions(39).

Approximately one third of our cohort had FTLD pathology, with most of these cases 

having PART or low/intermediate ADNC. Although mild uptake on flortaucipir PET can be 

observed in FTLD(14, 17), we did not see any evidence that uptake was elevated in FTLD 

at any of the ADNC or PART scores. The models were also rerun including FTLD as a 

covariate and the model estimated flortaucipir SUVRs were similar to the original models, 

suggesting our findings would generalize to autopsy cohorts that either do or do not contain 
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FTLD. There is no reason to exclude cases with FTLD since PART and low/intermediate 

ADNC are what they are and are no less important if they occur in the presence of FTLD. 

The models were also robust to the presence of Lewy bodies and co-existent TDP-43 

pathology.

Given the large sample size and different combinations of Braak stage and Thal phase, 

we were able to assess for differences between high ADNC, low/intermediate ADNC and 

definite PART. We showed that regional flortaucipir SUVR differs between these three 

groups. In fact, for all nine regions there was a gradient of flortaucipir SUVR that was 

always highest in the patients with high ADNC, followed by the low/intermediate group 

with the PART cases having the lowest SUVR. This difference in flortaucipir uptake allowed 

us to identify cut-points to differentiate between groups with excellent sensitivities and high 

specificities. In our sample the entorhinal cortex had the highest AUROC to differentiate 

between groups and could differentiate high ADNC from low/intermediate ADNC with 

sensitivity of 89% and specificity of 81% and differentiate high ADNC from PART 

with sensitivity of 100% and specificity of 91%. The entorhinal cortex performed better 

than all other regions to differentiate high ADNC from PART, although the hippocampus 

and fusiform gyrus performed similarly to the entorhinal cortex in differentiating low/

intermediate ADNC from high ADNC. Hence, our data suggests that the entorhinal cortex 

would be the optimal brain region to select for imaging studies aiming to identify high 

ADNC, although the hippocampus and fusiform would also be appropriate choices if the 

goal was to differentiate high ADNC from low/intermediate ADNC. The entorhinal cortex 

also performed the best to differentiate low/intermediate ADNC from PART, although with 

only a fair AUROC and relatively low specificity. Within the low/intermediate ADNC cases, 

entorhinal SUVR was higher in the intermediate cases and entorhinal SUVR did not differ 

between low ADNC and PART. Given that PART is defined by the absence of β-amyloid, it 

would be reasonable to assume that PiB-PET would provide good differentiation of PART 

from low/intermediate ADNC cases. Indeed, PiB-PET did provide better differentiation of 

these groups compared to entorhinal flortaucipir SUVR. PiB-PET also differed between 

the low ADNC cases and PART, but the AUROC was only fair, specificity was low, and 

there was no evidence that this differentiation was better than entorhinal flortaucipir SUVR. 

The relatively poor differentiation of PART and low ADNC reflects the fact that many of 

the low ADNC cases are incorrectly classified as PiB-PET negative. The differentiation 

of PART from low/intermediate ADNC is particularly important given the availability of 

anti-amyloid treatment and these findings suggest that PiB PET may be the best option as 

a biomarker to select appropriate candidates for treatment, with the caveat that cases with 

low ADNC and low Thal phase will be missed. This is the first study to provide flortaucipir 

cut-points and sensitivity/specificity to differentiate between high, low/intermediate ADNC 

and definite PART. One previous study of 64 cases found that visual reads of cortical uptake 

had a sensitivity of 94.7% and specificity of 80.8% to differentiate high ADNC cases from 

other cases(16). Our previous study of 26 cases found that a flortaucipir temporal meta-ROI 

could differentiate AD/pathological aging from other cases (mixture of definite PART, low/

intermediate ADNC and not ADNC), with sensitivity of 87% and specificity of 82%(15); 

the much larger cohort in this present study allowed a more fine-grained analysis of how 

flortaucipir can differentiate specific ADNC scores and definite PART.
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There are many strengths of our study including the large sample size of 248 autopsy 

confirmed cases and the range of combinations of Braak stages and Thal phases that allowed 

us to model how flortaucipir uptake is related to tau, and how such relationships are 

influenced by β-amyloid. Our cohort also included a range of individuals with different 

clinical and pathological diagnoses, and hence our results may generalize to other diverse 

pathological cohorts. Our findings did not change when a two-compartment PVC were 

utilized.

Limitations of the study included the small number of cases with certain combinations of 

Braak stage and Thal phase. A consequence of not having all combinations is that some 

of the conclusions made were predominantly based on statistical modelling in the presence 

of a limited number of data points. The generalized additive model we used was chosen 

because it provides a smoothed, or de-noised, estimated mean across combinations of Braak 

stage and Thal phase and facilitates a degree of extrapolation. The missing combinations 

are not specific to this study but underscore the fact that there are some combinations of 

Braak stage and Thal phase that are rare(3, 40). The fact that our models are based on 

pathological scales that measure the spatial spread of proteins (Braak stage and Thal phase) 

rather than quantitative burden measures limits our ability to determine direct relationships 

between flortaucipir and the burden of tau and β-amyloid. Previous studies have, however, 

shown positive relationships between NFT counts and Braak stage(41) and senile plaque 

counts and Thal phase (33) suggesting these staging schemes provide indirect measures 

of protein burden. The average two-year temporal gap between flortaucipir PET and death 

in our patients may have added noise into our models given that increased spread and 

burden of pathology may have occurred between PET and death. However, we reran the 

models using only the cases with PET within two years of autopsy and the model estimates 

were very similar. The flortaucipir PET thresholds generated from our AUROC analysis 

may be dependent upon our specific imaging pipeline which limits their generalizability. 

Standardized quantification of tau PET in ongoing work such as the CenTauR project(42) 

should allow better translation of results between different academic sites by creating a 

standard reference scheme for tau PET SUVR values. Lastly, a limitation of the study 

was that the cohort consisted predominantly of white non-Hispanic participants and hence 

the findings may not generalize to more racially and ethnically diverse cohorts. Our study 

should be cross-validated using additional, more racially and ethnically diverse cohorts.

In conclusion, the presented findings help to understand how tau spreads throughout the 

brain with aging and in AD, and how β-amyloid plays a role in determining this spread. 

The study furthermore has implications for the interpretation and use of molecular PET 

biomarkers. Our data support the use of flortaucipir PET to help predict ADNC scores 

during life and highlight the fact that uptake will reflect underlying tau pathology but will 

also be influenced by β-amyloid in both medial temporal and cortical regions. Importantly, 

caution is warranted in the use of molecular PET to predict the presence of PART and cut 

points should be carefully considered in this regard.
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MATERIALS AND METHODS

Study design

This is a retrospective case-control study that aimed to model the relationships between 

Braak stage and flortaucipir PET, and to determine whether this relationship is influenced 

by β-amyloid, as measured histopathologically by Thal phase. Two secondary aims were to 

determine optimum flortaucipir cut points to differentiate between different ADNC scores 

and PART and evaluate how imaging defined PART using β-amyloid PET and flortaucipir 

PET relates to pathologically defined PART. We identified all individuals at Mayo Clinic 

that had undergone flortaucipir PET during life, had died between 4/8/2016 and 11/18/2023, 

and had undergone an autopsy evaluation (n=248). Participants had been enrolled and 

followed during life in either the Mayo Clinic ADRC, the Mayo Clinic Study of Aging/

Patient Registry(43), or the Neurodegenerative Research Group (NRG). The study was 

approved by the Mayo Clinic IRB. All participants provided written informed consent to 

participate in this study.

Clinical evaluations

All participants had undergone detailed neurological and neuropsychological 

evaluations(43), including the Mini-Mental Status Examination (MMSE)(44) and the 

Clinical Dementia Rating Scale (CDR)(45). All had been evaluated by a Behavioral 

Neurologist and diagnosed as cognitively unimpaired, mild cognitive impairment (MCI)(46) 

or dementia(47) according to published diagnostic criteria. Participants were classified as 

cognitively unimpaired if they were judged to have no cognitive impairment according 

to published criteria(45). Participants who met criteria for dementia were given specific 

syndromic diagnoses. Apolipoprotein E testing was performed as previously described(48).

Neuropathological evaluations

All participants had died and underwent standard neuropathological examination performed 

by a board-certified neuropathologist (DWD, RRR or AN) as previously described in 

detail(14). Each case had been assigned a Braak neurofibrillary tangle (NFT) stage(1) 

using anti-tau antibodies (clone AT8, 1:1,000 dilution; Endogen, Woburn, MA)(1), a 

Thal phase(18) using thioflavin-S or antibodies to β-amyloid (clone 6F/3D, 1:10 dilution; 

Novocastra Vector Labs, Burlingame, CA). All patients were given a Braak NFT stage based 

on published criteria as follows: Braak stage 0 = no neurofibrillary tangles found throughout 

the entire brain; Braak stage I = NFTs are present and confined to the transentorhinal cortex; 

Braak stage II = NFTs extends into the entorhinal cortex; Braak stage III = NFTs extends 

beyond entorhinal into fusiform cortex; Braak stage IV = NFTs extend beyond fusiform 

cortex into inferior and medial temporal cortex; Braak stage V = NFTs extend beyond lateral 

temporal cortex into occipital and frontal association cortices and Braak stage VI = NFTs 

are present in peristriate and striate areas of the occipital cortex. All patients had NFT 

deposition that followed Braak staging and allowed us to generate Braak NFT stage. All 

patients were given a Thal β-amyloid phase based on published criteria as follows: Thal 

phase 0 = no β-amyloid deposition is present throughout the entire brain; Thal phase 1 = 

β-amyloid positive senile plaques are present and confined to cortical regions; Thal phase 

2 = β-amyloid senile plaques are identified in neocortex as well as in the cornu ammonis 
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region 1 or subiculum of the hippocampus; Thal phase 3 = β-amyloid senile plaques are 

found in the basal ganglia; Thal phase 4 = β-amyloid senile plaques are found in the cornu 

ammonis region 4 or midbrain and Thal phase 5 = β-amyloid deposition extends into the 

cerebellar molecular layer. A CERAD(49) score for neuritic plaques was also assigned using 

modified Bielschowsky silver stain or thioflavin-S, as follows: CERAD absent = 0; mild = 

1; moderate = 2 and frequent = 3. Cases were classified as definite PART if the Thal phase 

was 0, CERAD score was 0 and the Braak stage was I-IV(21) (Fig. 1). Using the National 

Institute of Aging-Alzheimer’s Association recommendations(19, 20), we classified cases 

into not ADNC (Thal 0, Braak 0), low/intermediate ADNC (Thal 0 and Braak stage V-VI, 

Thal 1–3 and Braak stage 0-VI, or Thal 4–5 and Braak stage 0-IV) or high-ADNC (Thal 4–5 

and Braak V-VI) (Fig. 1).

Frontotemporal lobar degeneration was diagnosed if there were neuronal loss and gliosis 

affecting frontal or temporal lobe (50) and included FTLD disorders characterized by 

4R tau, 3R tau, or TAR DNA binding protein of 43 kDa (TDP-43). All FTLD cases 

had screened negative for FTLD-associated mutations. Lewy body disease was diagnosed 

based on the presence of Lewy bodies observed on sections immunostained for α-synuclein 

(clone LB509, 1:200; Zymed, San Francisco, CA). In non-FTLD cases, the amygdala and 

hippocampus were screened for the presence of TDP-43 immunoreactivity using antibody 

(pS409/410, 1:5,000, Cosmo Bio, Tokyo, Japan).

PET analysis

All 248 participants underwent a structural head MRI and flortaucipir PET using consistent 

protocols. If more than one flortaucipir PET scan was available, the last scan closest to death 

was selected for analysis. Flortaucipir PET scans were acquired using a PET/CT scanner. 

Approximately 370MBq (range 333–407 MBq) of [18F]-flortaucipir was administered, 

followed by a 20-minute PET acquisition performed 80 minutes after injection. The scans 

consisted of four 5-minute dynamic frames following a low dose CT transmission scan. We 

applied standard corrections and data were reconstructed into a 256×256 matrix with a 30-

cm field of view (in-plane pixel size=1.17mm). Dynamic PET frames were coregistered and 

averaged. All participants also underwent a 3T head MRI protocol using GE scanners that 

included a magnetization prepared rapid gradient echo (MPRAGE) sequence (TR/TE/TI, 

2300/3/900 ms; flip angle 8°, 26-cm field of view (FOV); 256×256 in-plane matrix; phase 

FOV of 0.94; slice thickness of 1.2 mm). The MRI scans were performed a median of one 

day from the flortaucipir PET scans.

Each PET image was rigidly registered to its corresponding MPRAGE using SPM12 

(Welcome Trust Centre for Neuroimaging, London, UK). Using ANTs, the Mayo Clinic 

Adult Lifespan Template (MCALT) (https://www.nitrc.org/projects/mcalt/) atlases were 

propagated to the native MPRAGE space and used to calculate regional flortaucipir PET 

values in the grey and white matter. Tissue probabilities were determined for each MPRAGE 

using Unified Segmentation in SPM12, with MCALT tissue priors and settings. Standard 

uptake value ratios (SUVRs) were created normalizing uptake in each region of interest 

(ROI) to the cerebellar crus grey matter(51). We analyzed the following nine regions-of-

interest (ROIs) that were selected to capture different Braak stages; entorhinal cortex (Braak 
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stages I-II), anterior portion of the hippocampus (Braak stage II), fusiform gyrus (Braak 

stage III), inferior temporal gyrus (Braak stage IV), superior frontal, precuneus and superior 

parietal (Braak stage V), calcarine cortex and precentral (motor) (Braak stage VI). All 

analyses were performed without PVC and then the analyses were repeated using a two-

compartment PVC(52, 53).

Of the 248 participants, 239 had also undergone a PiB PET to assess β-amyloid deposition. 

The acquisition protocol consisted of administering 628MBq (385–723 MBq) of PiB, 

followed by a 20-minute PET acquisition performed 40 minutes after injection. Acquisition, 

corrections, and data reconstruction were identical to flortaucipir PET. A global PiB SUVR 

was calculated by creating a weighted average of uptake in prefrontal, orbitofrontal, parietal, 

temporal, anterior and posterior cingulate and precuneus normalized to uptake in the 

cerebellar crus grey matter(54), and a cut-off of 1.48 was used to defined PiB-positivity(55). 

Global PiB SUVR values were converted to the centiloid scale as previously described(56) 

(SUVR cut-off of 1.48 is equivalent to centiloid of 22).

Statistical analysis

We used generalized additive models (GAMs) to model how mean log-transformed tau PET 

SUVR varies with numeric Thal phase and numeric Braak stage. We fit a separate model for 

each of nine regions of interest and included age at PET scan and time from PET scan to 

death as covariates. The models were of the form log(SUVR) = β0 + β1 XAge + β2 XTime + 

s(XThal, XBraak) + ε where s() is a two-dimensional, semiparametric spline-based smoother 

and can be thought of as representing a smooth interaction between Thal phase and Braak 

phase which is more flexible than including a product of these two terms in the model. 

Holding age and time from scan to death constant, the model provides an estimate and 

confidence intervals for the mean for all combinations of Thal phase and Braak stage. We 

used the fitted models to summarize the estimated mean difference and corresponding 95% 

CI for a one-phase difference in Thal at each Braak stage, and for a one-stage difference 

in Braak at each Thal phase. We also used the fitted models to provide a comprehensive 

summary of the relationship between Thal phase, Braak stage, and mean tau PET uptake 

across regions in a 3D figure that uses shading and bar height (normalized to the unit 

interval [0,1] based on the minimum and maximum mean values for a given region). We 

note that this was a rescaling of the estimated mean values from the GAM models and done 

to facilitate comparisons across region, Thal phase, and Braak stage. We also performed five 

separate sensitivity analyses to further evaluate the GAM models: (i) limiting the analysis to 

individuals who died within two years of FTP imaging; (ii) adjusting for sex in the models; 

(iii) adjusting for TDP-43 status (0/1); (iv) adjusting for Lewy body disease status (0/1); and 

(v) adjusting for FTLD status (0/1). For sensitivity analyses ii–iii we report exponentiated 

mean values after setting the indicator variable to the sample mean.

Nonparametric area under the receiver operating characteristic curve (AUROC) analyses, 

which have p-values equivalent to Mann-Whitney U/Wilcoxon rank sum test p-values, were 

used to summarize the difference between PART/ADNC groups and Youden cut-offs for 

discriminating between groups are reported. Dependent AUROC estimates were compared 

directly(57).

Josephs et al. Page 14

Sci Transl Med. Author manuscript; available in PMC 2024 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Analyses were performed using R Statistical Software version 4.1.3 and GAM modeling 

used the mgcv package version 1.8–42.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Scatterplot illustrating the distribution of participants by Braak stage and Thal phase.
PART, not ADNC, low/intermediate ADNC and high ADNC cases are illustrated with 

different colors and symbols with the numbers of participants shown for each group. Density 

plots on the axes illustrate the number of participants in each row/column.
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Figure 2: Model estimated flortaucipir standardized uptake value ratios (SUVRs) by Braak stage 
and Thal phase in each brain region.
A) Estimated SUVR by Braak stage with separate curves for each Thal phase (T0 – T5). 

B) Estimated SUVR by Thal phase with separate curves for each Braak stage (B0 – B6). 

ERC=entorhinal cortex; HP=hippocampus
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Figure 3: Heatmap visualizing predicted flortaucipir standardized uptake value ratios (SUVRs) 
within and among regions by Braak stage and Thal phase.
SUVRs normalized to a scale of 0 to 1. There are 9 blocks in each combination of Braak 

stage (B) and Thal phase (T) representing the nine brain regions. The normalized values are 

signified by colors (white=0, red=1) and height (flat=0, full height=1) of the blocks. The 

figure illustrates how the entorhinal cortex and amygdala show uptake close to their capacity 

at earlier Braak stages than the cortical regions. ERC=entorhinal cortex; AHP=anterior 

hippocampus; FFG=fusiform gyrus; ITG=inferior temporal gyrus; SFG=superior frontal 

gyrus; PRCU=precuneus; SPG=superior parietal gyrus; CAL=calcarine; PrCG=precentral 

gyrus.
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Figure 4: Relationship of CERAD scores and PiB status with Thal phase, Braak stage and 
entorhinal flortaucipir SUVR.
A) The distribution of participants by Braak stage and Thal phase, with CERAD score 

shown by numbers (0=absent, 1=mild, 2=moderate, 3=frequent), PiB status (PiB+/PiB-) 

shown by the horizontal position of the data point (above the line indicates PiB+, below 

the line indicates PiB- and on the line indicates missing PiB) and entorhinal (ERC) SUVR 

shown by shaded color. Not ADNC, definite PART and high ADNC cases are outlined, 

with the remaining cases classified as low/intermediate ADNC. B) Entorhinal SUVR for 

not ADNC, PART, low/intermediate ADNC and high ADNC, with individual points colored 

by PiB status. The background has been shaded by entorhinal SUVR with values below 

1.0 in pale yellow, values above 1.5 in dark orange, and values in between colored by 0.1 

increments. Boxes represent 25th (lower hinge) 50th, and 75th (upper hinge) percentiles. The 

upper whisker extends from the hinge to the highest value that is within 1.5*IQR of the 

hinge. The lower whisker extends from the hinge to the lowest value within 1.5*IQR of the 

hinge.
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Figure 5: Flortaucipir PET scans from PiB-PET negative cases with the highest entorhinal 
cortex and inferior temporal flortaucipir uptake.
Representative Flortaucipir PET scans of PiB-negative cases. The greatest flortaucipir 

uptake was observed in the entorhinal cortex (all >1.20 SUVR; red arrows) or the 

inferior temporal gyrus (all >1.34 SUVR; yellow arrows). Patients with frontotemporal 

dementia were excluded. Clinical diagnoses before death included two cognitively normal 

(top left, bottom right), one with Alzheimer’s dementia (bottom left) and four with mild 

cognitive impairment (all the rest). The patient with Alzheimer’s dementia had advanced 

leukoaraiosis. Age=age at PET; M=male; F=female ERC=entorhinal cortex; ITG=inferior 

temporal gyrus.
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Table 1:

Characteristics of the cohort of 248 participants

Median (IQR) or N (%)

Female, n (%) 96 (39%)

APOE ε4 carrier, n (%) 101 (43%)

Race, n (%)

 White 243 (98%)

 African American 1 (0.4%)

 Asian Chinese 1 (0.4%)

 Other/Unknown 3 (1%)

Ethnicity, n (%)

 Not Hispanic or Latino 237 (96%)

 Hispanic or Latino 1 (0.4%)

 Other/Unknown 10 (4%)

Education, yr 15 (12, 16)

Age at last tau, yr 75 (66, 83)

Age at death, yr 76 (68, 85)

Time from scan to death, yr 2.2 (1.3, 3.4)

Braak NFT stage 4.0 (2.0, 6.0)

Thal phase 3.0 (0.0, 5.0)

CERAD score 2.0 (0.0, 3.0)

MMSE 22 (16, 27)

CDR-SB 5.0 (0.5, 10.0)

Last known clinical diagnosis, n (%)

 Normal 43 (17%)

 MCI 26 (10%)

 Dementia 179 (72%)

  Alzheimer’s dementia 74 (41%)

   Typical 21 (28%)

   Atypical 53 (72%)

  Frontotemporal dementiaβ 34 (19%)

  Dementia with Lewy bodies 21 (12%)

  Parkinsonian disordersδ 39 (22%)

  Other 11 (6%)

   Dementia 1 (9%)

   Dementia-hard to classify 9 (82%)

   Probable vascular dementia 1 (9%)

ADNC pathological diagnosis, n (%)

 Not ADNC 13 (5%)

 PART 50 (20%)

 Low/Intermediate 95 (38%)
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Median (IQR) or N (%)

 High 90 (36%)

Lewy body pathology 80 (32%)

 Braak NFT stage of Lewy body cases 5.0 (3.0, 6.0)

TDP-43 pathology 84 (34%)

 Non-FTLD 61 (73%)

 FTLD 23 (27%)

FTLD pathology 84 (34%)

PiB positive, n (%) 150 (63%)

ADNC = Alzheimer’s Disease Neuropathologic Changes; NFT = neurofibrillary tangle; MMSE = Mini-Mental State Examination; CDR-SB 
= Clinical dementia Rating Scale -sum of boxes; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; AD = Alzheimer’s 
Dementia; MCI = Mild Cognitive Impairment; FTD = Frontotemporal Dementia; FTLD = Frontotemporal lobar degeneration; DLB = Dementia 
with Lewy bodies; PART = primary age related tauopathy; PET = Positron Emission Tomography; PiB = Pittsburgh Compound B; TDP-43 = TAR 
DNA binding protein of 43 kDa

δ
Parkinsonian disorders included corticobasal syndrome and progressive supranuclear palsy.

β
Frontotemporal dementia included behavioral variant FTD, semantic dementia, primary progressive apraxia of speech, agrammatic variant of 

primary progressive aphasia.
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