
Abnormal tau in amyloid PET negative individuals

Bora Yoona,∗, Tengfei Guob,c, Karine Provostd, Deniz Kormanb, Tyler J. Wardb, Susan M. 
Landaub, William J Jagustb,c, for the Alzheimer’s Disease Neuroimaging Initiativea,1

aDepartment of Neurology, Konyang University Hospital, Konyang University, College of Medicine, 
Daejeon, Korea

bHelen Wills Neuroscience Institute, University of California, Berkeley, CA, USA

cMolecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National Laboratory, 
Berkeley, CA, USA

dMemory and Aging Center, Department of Neurology, University of California, San Francisco, 
CA, USA

Abstract

We examined the characteristics of individuals with biomarker evidence of tauopathy but without 

β-amyloid (Aβ) (A-T+) in relation to individuals with (A+T+) and without (A-T-) evidence 

of Alzheimer’s disease (AD). We included 561 participants with Aβ and tau PET from the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI). We compared A-T- (n = 316), A-T+ (n 

= 63), and A+T+ (n = 182) individuals on demographics, amyloid, tau, hippocampal volumes, 

and cognition. A-T+ individuals were low on apolipoprotein E ɛ4 prevalence (17%) and had no 

evidence of subtly elevated brain Aβ within the negative range. The severity of tau deposition, 

hippocampal atrophy, and cognitive dysfunction in the A-T+ group was intermediate between 

A-T- and A+T+ (all p < 0.001). Tau uptake patterns in A-T+ individuals were heterogeneous, 

but approximately 29% showed tau deposition in the medial temporal lobe only, consistent with 

primary age-related tauopathy and an additional 32% showed a pattern consistent with AD. A-T+ 

individuals also share other features that are characteristic of AD such as cognitive impairment and 

neurodegeneration, but this group is heterogeneous and likely reflects more than one disorder.
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1. Introduction

In the biomarker-based framework with a dichotomous assessment of β-amyloid (Aβ, A), 

pathological tau (T), and neurodegeneration (N) (Jack et al., 2018a; Jack et al., 2016a), 

people with abnormal brain Aβ (A+) are defined as being on the Alzheimer’s continuum 

regardless of clinical symptoms. This scheme has been useful for the investigation of disease 

mechanisms and the prediction of outcomes in cognitively normal and impaired people (Jack 

et al., 2017a; van Maurik et al., 2019; Yu et al., 2019).

However, relatively little is known about A-T+ individuals who are outside the Alzheimer’s 

continuum with normal Aβ levels but who have either abnormal tau alone (A-T+N-) or 

both abnormal tau and neurodegeneration (A-T+N+). The A-T+ individuals, therefore, 

include two likely overlapping categories: suspected non-Alzheimer’s pathophysiology 

(SNAP) (Jack et al., 2012a), a heterogeneous biomarker-defined category defined by 

abnormal neurodegeneration in the absence of Aβ and has evolved to alternatively include 

abnormal tau (Jack et al., 2018a); and primary age-related tauopathy (PART), which is a 

neuropathological diagnosis characterized as mild to moderate tau deposition in the absence 

of Aβ pathology (Crary et al., 2014; Jack et al., 2016b). In contrast to tauopathies with only 

one form of tau, PART includes both 3R and 4R forms of tau, and deposition is focused 

in the medial temporal lobe but may extend to lateral temporal and cingulate regions. 

PART is clinically heterogeneous, including individuals without impairment as well as a 

cognitively impaired group previously referred to as tangle-only dementia (Yamada, 2003). 

Other substrates of T+ SNAP could be frontotemporal lobar degeneration or other primary 

tauopathies, while non-tau related conditions (T-N+) may include vascular brain injury, 

limbic-predominant age-related TDP-43 encephalopathy (LATE) (Nelson et al., 2019), or 

dementia with Lewy bodies.

Positive and negative thresholds are a critical and controversial aspect of the characterization 

of these groups. The definition of these thresholds is specific to the modality (cerebrospinal 

fluid [CSF], positron emission tomography [PET], plasma) used to define amyloid and 

tau as well as the specific methodological and analytical tools used for quantification. 

Nonetheless, studies using a variety of modalities and methodologies have converged on 

estimates that about 20–30% of individuals in research series are normal on amyloid with 

abnormal tau or neurodegeneration (SNAP) (Jack et al., 2016b), of which a small, but 

significant proportion (around 10–15%) reflects tauopathy without Aβ (A-T+) (Altomare et 

al., 2019; Dodich et al., 2020; Jack et al., 2017a; Yu et al., 2019) regardless of N status.

We performed this study in order to define the characteristics of A-T+ individuals, to 

qualitatively characterize the tau uptake pattern of these individuals, and to compare them 

on several quantitative characteristics to individuals with no evidence of any Alzheimer’s 

disease (AD) pathology (A-T-), to individuals with AD (A+T+).
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2. Methods

2.1. Participants

We obtained the data from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) 

database (ida.loni.usc.edu) and downloaded the data of the present study in November 2019.

Six hundred eighty-five participants who underwent 18F-flortaucipir (FTP) PET and Aβ 
PET (18F-florbetaben [FBB] or 18F-florbetapir [FBP]) within 1 year were initially included. 

Groups were comprised of those who were cognitively normal (n = 391, 47 of whom had 

subjective memory complaints), and those diagnosed with mild cognitive impairment (MCI, 

n = 226) or AD dementia (n = 68) according to the standard ADNI protocol (Thomas 

et al., 2019); the latter two groups were combined in our results as cognitively impaired. 

According to threshold values (described below), we divided participants into 4 AT groups 

based only on Aβ and tau PET biomarkers. We excluded 118 A+T- participants, leaving 

69 A-T+ subjects as individuals of interest and 316 A-T- and 182 A+T+ as comparison 

groups. A+T- individuals were excluded because they represent a similar category as 

A+T+ individuals in that they are on the AD pathway, but their T-status provides minimal 

information about tau in relation to the A-T+ group (Guo et al., 2020). All amyloid images 

in the A-T+ group were then reviewed by a nuclear medicine physician (K.P.). Six amyloid 

scans quantitatively categorized as negative were read as positive because of focal regions 

of tracer accumulation (5) or generalized tracer accumulation that was sub-threshold (1) 

(See A-T+ PET Visual Review below). These individuals were excluded, resulting in 63 

subjects in the A-T+ group. All subjects had comprehensive data related to demographics, 

medical history, neuropsychological assessments, magnetic resonance imaging, CSF and 

blood biomarkers, and Apolipoprotein E (APOE) genotyping as defined by the ADNI 

protocol.

2.2. Standard protocol approvals, registrations, and patient consents

The ADNI study was approved by the Institutional Review Boards at each of the 

participating institutions, written informed consent was obtained for all study participants, 

and all data were deidentified. All ADNI data are available at adni.loni.usc.edu 

with documentation on the ADNI website (www.adni-info.org) including the inclusion/

exclusion criteria (ADNI protocol - http://adni.loni.usc.edu/wp-content/uploads/2010/09/

ADNI_GeneralProceduresManual.pdf).

2.3. Aβ PET processing and thresholds

Processing methods for ADNI FBB, FBP (Landau and Jagust, 2015; Landau et al., 2013), 

and FTP PET data (Landau and Jagust, 2016; Maass et al., 2017; Maass et al., 2018) have 

been previously described. Full details of the image acquisition (http://adni.loni.ucla.edu/

wp-content/uploads/2010/05/ADNI2_PET_Tech_Manual_0142011.pdf) and processing 

steps (http://adni.loni.usc.edu/methods/pet-analysis/pre-processing/) can be found online. 

Aβ PET analyses for standardized uptake value ratio (SUVR) used a whole 

cerebellar reference region and a composite cortical region, all with FreeSurfer 

v5.3 segmentation of a contemporary coregistered MRI, to define regional 

tracer retention (Jagust et al., 2015). Thresholds for Aβ PET positivity were 
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defined as composite FBP SUVR≥ 1.11 or FBB SUVR ≥1.08 as described 

on the ADNI website (ADNI_UCBERKELEY_AV45_Methods_12.03.15.pdf and 

UCBerkeley_FBB_Methods_04.11.19.pdf). We obtained centiloid values as described in 

the Centiloid project (Klunk et al., 2015), with the following conversion equations: 

Centiloid = (196.9 × SUVRFBP) – 196.03 and Centiloid = (159.08 × SUVRFBB) – 151.65 

(ADNI_Centiloid_Methods_Instruction_20181113.pdf).

2.4. Hippocampal volume

Hippocampal volume was assessed via FreeSurfer v5.3 segmentation and was adjusted for 

intracranial volume by regressing out the association between hippocampal volume and 

intracranial volume in ADNI cognitively normal individuals (Guo et al., 2020; Jack et al., 

2012b).

2.5. Tau PET processing and thresholds

FTP PET analyses used similarly defined regions of interest (ROIs, not partial volume 

corrected) intensity normalized using the inferior cerebellar grey matter as a reference 

region to create SUVRs. We used bilateral FreeSurfer defined ROIs that approximated 

Braak pathological staging as previously described (Braak and Braak, 1991, 1995; 

Maass et al., 2017). Braak 1: entorhinal cortex; Braak 34 (inferolateral temporal): 

parahippocampal, fusiform, lingual, amygdala, middle temporal, cingulate, insula, inferior 

temporal, and temporal pole regions; Braak 56 (extratemporal neocortical): superior frontal, 

orbitofrontal, frontal pole, middle frontal, Broca’s area, lateral occipital, supramarginal, 

inferior parietal, superior parietal, precuneus, superior temporal, bank of superior temporal 

sulcus, transverse temporal, pericalcarine, postcentral, cuneus, precentral, and paracentral 

regions (UCBERLELEY_AV1451_Methods_Aug2018.pdf). Braak 2 (hippocampus) was 

excluded due to the vulnerability of this region to off-target binding in the choroid plexus 

(Maass et al., 2017). We also examined FTP retention in a temporal metaROI which 

included entorhinal, amygdala, parahippocampal, fusiform, inferior temporal, and middle 

temporal ROIs (Jack et al., 2017b).

Our criteria for abnormal tau focused on entorhinal and inferolateral temporal regions, 

following the working criteria of PART (Crary et al., 2014). We used previously defined 

ROC analyses to define SUVR thresholds for entorhinal (Braak 1; 1.21, Supplementary 

Fig. 1) and inferolateral temporal (Braak 34; 1.23, Supplementary Fig. 2) regions that best 

differentiated Aβ+ impaired from Aβ-unimpaired individuals (Guo et al., 2020). Abnormal 

tau (T+) status was defined as exceeding these thresholds for either Braak 1 or Braak 34 

regions or both. Therefore T+ status could be due to abnormal entorhinal tau, abnormal 

inferolateral temporal tau, or abnormal tau that spans entorhinal and inferolateral temporal 

regions.

2.6. A-T+ PET visual review

Each amyloid and tau PET scan of individuals the A-T+ group was reviewed visually in 

order to (1) confirm that the amyloid PET scan was truly negative, (2) determine whether 

there was an AD-like pattern of tau binding seen in AD (medial temporal FTP signal that 

may extend into inferolateral temporal regions and/or into other neocortical regions) or 
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(3) determine whether the scan showed other clinically important types of tau deposition 

patterns.

A grayscale MRI was overlayed with the coregistered PET image (coregistration carried 

out in SPM). The PET image was displayed using the ‘Jet’ colormap (matplotlib library 

in Python), alpha=70%, thresholded from 0.0 to 2.3. We used the Freesurfer anatomical 

atlas as a reference point for each of the slices. Amyloid PET visual review criteria and 

findings are summarized above (2.1). All authors reviewed all FTP PET scans in the 

A-T+ group in a consensus conference, and a nuclear medicine physician (K.P) categorized 

them as fitting into one of four patterns: (1) “Negative” or “false-positive” quantification, 

characterized by elevation of FTP signals outside of brain areas like skull base or off-target 

binding, (2) “medial temporal binding” showing mild to moderate elevation of FTP signal 

predominantly in bilateral medial temporal regions compatible with Braak stage 1, (3) 

“AD-like” showing bilateral medial temporal FTP signal with extension to inferolateral 

temporal lobes compatible with Braak stages 1–4 (Braak et al., 2006; Braak and Braak, 

1991; Cho et al., 2016; Schwarz et al., 2016) or in some cases including further extension 

to frontal and parietal lobes (4) “Atypical” or “non-AD” demonstrating FTP signal not 

following this typical tau distribution of AD. Pattern 2 was considered consistent with 

normal aging or PART, and pattern 3 was considered consistent with PART or AD (Sonni 

et al., 2020). To define the topographical distribution, we ranked the highest SUVR region 

for each participant in both A-T+ and A+T+ groups and used this information to create a 

frequency bar chart and brain maps that demonstrated the proportion of subjects in whom 

each ROI was the region of highest tracer accumulation.

2.7. Cognitive tests

To evaluate cognition we compared the composite memory score (Crane et al., 2012) 

(ADNI_Methods_UWMPSYCHSUM_20160112.pdf), the composite executive function 

score (Gibbons et al., 2012), the Alzheimer’s Disease Assessment Scale-Cognitive subscale 

(ADAS-cog) score (Mohs et al., 1983), and the Preclinical Alzheimer Cognitive Composite 

(PACC) (Donohue et al., 2014) between groups. The composite memory score consisted 

of the auditory verbal learning test, the word list learning and recognition components 

of ADAS-cog, word recall items of Mini-Mental State Examination (MMSE), and logical 

memory I from the Wechsler Memory Test-Revised. The composite executive function score 

comprised the digit symbol substitution and digit span backward tests, trail making test 

parts A and B, animal and vegetable category fluency, digit cancellation, and the clock 

drawing test. The PACC consisted of logical memory delayed recall, MMSE total score, 

digit symbol, and ADAS-cog word recall.

2.8. Statistical analysis

We applied a Chi-square test for categorical variables, the Kruskal-Wallis test for non-

normally distributed continuous variables, and the analysis of variance for normally 

distributed ones to identify differences between the 3 groups. Analysis of covariance 

(ANCOVA) was adjusted for age, sex, education, or clinical diagnosis as covariates with 

Bonferroni-corrected posthoc tests. Statistical analyses were performed using SPSS version 

20.0 (IBM, Armonk, NY, USA) with a value for statistical significance of p < 0.05.
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3. Results

3.1. Subject characteristics

Table 1 shows the characteristics of all 561 participants. The A-T+ group accounted for 

9.2% of all initial participants (N = 685). The A-T+ group was older than the A-T- group 

and more educated than the A+T+ group. The percentage of APOE ɛ4 carriers in the A-T+ 

group (17.0%) was similar to the A-T- group (22.8%) but lower than the A+T+ group 

(64.2%). Individuals in the A-T+ group were intermediate between the two other groups 

in the prevalence of cognitive impairment. The A-T+ group had a higher proportion of 

individuals with hyperlipidemia than both other groups, but they did not differ on other 

cardiovascular risk factors. The A-T+ group did not differ from the others on the geriatric 

depression scale, but had lower neuropsychiatric inventory scores than the A+T+ subjects. 

Hippocampal volume was intermediate to the 2 other groups, and significantly smaller than 

only the A-T- group. The proportion of subjects studied with FBP and FBB was similar 

across groups (FBP, A-T- 60.2% vs. A-T+ 65.1% vs. A+T+ 64.8%) and the A-T+ subjects 

showed no evidence of even minimal amyloid elevation, with similar centiloid and CSF Aβ 
measurements between A-T+ and A-T-. CSF Ptau was not elevated in the A-T+ participants 

compared to the A-T- group, but it was lower than the A+T+ group. In general CSF 

ratios were more similar to A-T- than A+T+, although the Aβ42/Ptau ratio was statistically 

intermediate to the 2 other groups.

3.2. FTP-PET results

As shown in Fig. 1, the A-T+ group demonstrated intermediate FTP levels in each 

Braak stage among the 3 groups after adjusting for age, sex, and clinical diagnosis. 

Frequency histograms of centiloids and tau PET regions of interest illustrate the expected 

relationships, with tau distributions of A-T+ individuals that are intermediate to A-T- and 

A+T+ individuals (Supplementary Fig. 3). Examples of visually-identified patterns of FTP 

binding in the A-T+ group are provided in Fig. 2. Seventeen A-T+ individuals (27.0%) 

were categorized as showing no significant cortical uptake (negative or false positive pattern) 

(Fig. 2A), 18 (28.6%) as a pattern with bilateral medial temporal binding (Fig. 2B), 20 

(31.7%) showing AD-like pattern (Fig. 2C and 2D), and the remaining 8 (12.7%) included 1 

atypical AD-like pattern (Fig. 2E) and 7 non-AD patterns (Fig. 2F and 2G). These unusual 

patterns included a highly asymmetric focal uptake case suggestive of logopenic variant 

primary progressive aphasia but without Aβ deposition (Fig. 2E) and several other cases 

that appeared to be primary tauopathies including a pattern suggestive of the microtubule-

associated protein tau (MAPT) R406W mutation (Fig. 2F) or other frontotemporal lobar 

degeneration (Fig. 2G).

Across subjects, given that the asymmetry index of tau SUVRs in the regions that showed 

the highest SUVR uptake, there was no asymmetry (Suppl. Fig. 4). Fig. 3(A) displays the 

order of regions most frequently observed as the highest areas of tau accumulation in the 

brain, both left and right combined, and Fig. 3(B) represents the topography separately 

for left and right. Bilateral amygdala was the highest accumulation region in both A-T+ 

and A+T+ groups (Fig. 3A and 3B). The patterns of FTP deposition were similar between 

the two groups, although bilateral inferior temporal lobes were the second-highest region 
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in A+T+ and entorhinal cortex was the second-highest in A-T+. Otherwise, both groups 

showed high levels in the medial, inferior, and lateral temporal lobes as well as orbitofrontal 

lobes and amygdala, but the A+T+ group also showed high uptake in medial and lateral 

parietal lobes and lateral frontal lobes (Fig. 3C and D).

3.3. Cognition

Results of ANCOVAs adjusting for age, sex, and education revealed that cognitive 

performance of the A-T+ group was intermediate to the other two groups on the executive 

function and memory composites, ADAS-cog, and PACC. Performance of the A-T+ group 

on executive function and ADAS-cog was significantly lower than A+T+ individuals but did 

not differ from A-T- individuals, but A-T+ individuals were significantly different from both 

other groups on memory (p < 0.001) (Fig. 4A) and PACC (< 0.001) (Fig. 4D).

4. Discussion

Individuals with abnormal tau but normal Aβ comprised about 10% of impaired and 

unimpaired participants, which was similar to prior studies (Altomare et al., 2019; Dodich et 

al., 2020). However, these individuals are heterogeneous and no single explanation accounts 

for their prevalence. First, about 9% of the initially characterized 69 A-T+ subjects were 

subsequently classified as A+ by visual read and excluded from further analyses, consistent 

with the likelihood that a proportion of A-T+ individuals are not truly amyloid negative. 

While this could suggest that subthreshold levels of Aβ exist throughout the A-T+ group, 

this explanation seems unlikely since we excluded individuals with visually positive Aβ 
PET, and our resulting A-T+ group had normal Aβ PET and CSF measurements that 

did not differ from A-T- subjects. It is possible that these individuals might nevertheless 

be unusually susceptible to Aβ requiring only low levels to initiate a toxic tau cascade. 

Visual inspection of A-T+ tau PET scans indicated that 60.3 % of the A-T+ group had 

mild bilateral medial temporal binding or an AD-like pattern that is suggestive of PART. 

In addition to this predominant pattern, there were a number of other atypical patterns 

including possible primary tauopathies.

The topography of quantitatively-assessed tau deposition was similar in the A-T+ and A+T+ 

groups. In both groups, the amygdala was a region in the brain with the highest uptake 

in the majority of participants; the entorhinal cortex and inferior temporal cortex were 

also frequently observed as the highest regions. This pattern, with some variation, has 

been previously reported in both normal aging and AD (Adams et al., 2019; Cho et al., 

2016; Lowe et al., 2018). The primary difference between the A-T+ and A+T+ groups was 

the wider spread of tau throughout neocortex in the latter subjects. A minority of A-T+ 

individuals had maximal tau regions in frontal or posterior regions, but this was an atypical 

pattern, and these extra-temporal tau elevations likely occurred in individuals with elevated 

diffuse tau throughout the brain. Together, these findings suggests that regardless of amyloid 

status, tau is usually highest in a consistent set of medial temporal regions, even if the 

overall amount of tau or spread beyond those medial temporal regions is variable.

Although PART is a neuropathologically-defined phenomenon, our biomarker-based 

characterization of PART largely agrees with pathology work. For example, the A-T+ group 
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in this study, though heterogeneous, had tau deposition that was intermediate to A-T+ and 

A+T+ (AD) individuals, consistent with pathology studies showing relatively restricted tau 

deposition in PART compared to AD (Besser et al., 2017). We also found that A-T+ had a 

low prevalence of APOE ε4 carriers, consistent with previous PART research (Bell et al., 

2019; Crary et al., 2014; Kim et al., 2019; Teylan et al., 2019; Teylan et al., 2020; Zhang et 

al., 2019). With respect to hippocampal volume and cognition, A-T+ again demonstrated an 

intermediate state between A-T- and A+T+. The relatively better cognitive performance in 

A-T+ compared with A+T+ individuals agrees with previous reports of relatively preserved 

cognition in neuropathologically-defined PART (Bell et al., 2019; Besser et al., 2017; Crary, 

2016; Crary et al., 2014; Jellinger et al., 2015) as does relatively preserved hippocampal 

volume in A-T+ than A+T+ (Josephs et al., 2017; Quintas-Neves et al., 2019).

The wider distribution of tau in the A+T+ subjects is consistent with other data suggesting 

that Aβ facilitates tau spread (Hanseeuw et al., 2019; Jack et al., 2018b). Whether A-T+ 

individuals may ultimately evolve into A+T+, and thus AD, is unknown since the current 

analyses are only cross-sectional. However, it is clear from pathology studies that many 

PART individuals with intermediate levels of tau do not develop AD during life (Bell et al., 

2019; Besser et al., 2017; Crary, 2016; Crary et al., 2014; Jellinger et al., 2015) supporting 

arguments that PART should be considered a distinct category from AD.

Imaging studies offer the potential advantage over pathological examinations of PART in 

that we can observe whether such individuals become amyloid positive over time. However, 

based on their very low current levels of brain Aβ seen with PET, the progression of amyloid 

pathology seems unlikely. Moreover, recent studies have shown that A-T+ individuals 

convert to AD or another dementia at a much lower rate than A+T+ individuals (Eckerström 

et al., 2021), supporting the idea that the A-T+ group is a distinct disease entity different 

from Alzheimer’s continuum.

Because PART is a neuropathologic-based entity, and the ability to image tau in vivo is 

relatively recent, the biomarker-based concept of SNAP has been used more frequently in 

imaging studies. Although SNAP was originally conceived as abnormal neurodegeneration 

in the absence of Aβ, as in vivo tau markers have become more accessible, the concept of 

SNAP has transitioned to inclusion of abnormal neurodegeneration and/or tau (N+ and/or 

T+) in the absence of Aβ (Jack et al., 2018a). While neurodegeneration is closely linked to 

tau, they do not always agree, and PART as a tau-focused concept may constitute a subset of 

SNAP which is more broadly defined. Here, we focused on PART in particular but examined 

the full range of neurodegeneration (hippocampal volume) in A-T+ individuals without 

restricting the sample to individuals with abnormal hippocampal atrophy. Characteristics 

of PART overlap with, but are not the same as, characteristics of SNAP. For example, 

one study showed temporal tau in SNAP did not differ from A-N- individuals (Mormino 

et al., 2016). On the other hand, slower progression of cognition or slower atrophy of 

hippocampal volume in SNAP than those in A+ groups has been reported in previous 

longitudinal studies (Burnham et al., 2016; Caroli et al., 2015; Chung et al., 2017; Mormino 

et al., 2016; Zhao et al., 2018), which is in agreement with the findings reported here for 

A-T+ individuals. Furthermore, we found that 44% of the A-T+ individuals were cognitively 

impaired (compared with 72% of A+T+ and 27% of A-T- individuals), consistent with an 
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Aβ−independent role for tauopathy in the neurodegenerative process of pathologic brain 

aging (Josephs et al., 2017) and with the idea that disease progression is accelerated when 

tauopathy is combined with amyloidosis (Altomare et al., 2019; Bilgel et al., 2018; Fortea et 

al., 2014; Pascoal et al., 2017; Soldan et al., 2019; Yu et al., 2019; Zhao et al., 2018).

The present study has several limitations. First, FTP binds predominantly to paired helical 

filaments typically observed in AD. Because of this, we are unable to report on A-T+ 

individuals who may harbor non-AD forms of tau, providing an incomplete picture of this 

biomarker category. Second, we note that PART is a neuropathologic diagnosis, so we 

do not consider A-T+ status defined here as interchangeable with PART because of the 

possibility of false positivity on tau PET, or tauopathies among A-T+ individuals that may 

be identified pathologically. Third, relying on a statistical threshold for tau positivity can 

introduce misclassification. However, this is a routine research practice, and we attempted 

to minimize this by reviewing all images in the A-T+ group. Fourth, the study employed 

a cross-sectional approach to data analysis, which cannot determine causality or long-term 

change. Once longitudinal data becomes available for this sample, it will be important 

to examine the trajectories of A-T+ individuals. Fifth, we did not obtain information 

about MAPT, progranulin gene, or other mutations that are associated with elevated FTP 

uptake. Finally, while we excluded regions such as the hippocampus which are known to 

be influenced by off-target binding in the neighboring choroid plexus, neuropathological 

validation is ultimately required to understand the basis of PET images, and PART itself 

remains a neuropathological diagnosis. The autopsy-imaging studies reported to date do not 

indicate that FTP PET detects PART (Fleisher et al., 2020; Lowe et al., 2020). However, 

there are relatively limited data, and no imaging-pathology studies have specifically focused 

on PART (Table 1).

5. Conclusions

Although PART is a pathological entity that has not been examined extensively during life, 

biomarker studies are beginning to determine the extent to which PART may represent 

“normal” versus “pathological” aging. Our findings suggest that A-T+ individuals span both 

of these categories: while tau positivity in the absence of amyloid is associated with healthy 

aging for some individuals, in other individuals it is associated with several features that 

are common to AD, such as tau extending beyond the medial temporal lobe, cognitive 

symptoms, and hippocampal atrophy.

In summary, our investigation of A-T+ individuals suggests that they are a heterogeneous 

group, with the majority sharing features of AD that nevertheless occur in the clear absence 

of Aβ. Whether these individuals reflect PART, an early stage of AD, or an entirely different 

entity will depend on pathological validation and longitudinal observation. It seems most 

likely that regional vulnerability to tau is a shared feature among older people, which 

produces modest cognitive impairment and neurodegeneration on its own but may become 

more malignant in the presence of Aβ.
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Fig. 1. 
Tau levels by Braak stage among 316 A-T- individuals, 63 A-T+, and 182 A+T+ individuals. 

Violin plots and Boxplots represent tau SUVR in grouped regions of interest corresponding 

to Braak 1 (A), Braak 34 (B), Braak 56 (C), and Metatemporal ROI (D) by AT group. The 

Y-axis is a tau SUVR value in each Braak stage. Regardless of Braak stages, the A-T+ group 

shows an intermediate level of FTP SUVR between A-T- and A+T+ groups. Asterisk (∗) 

represents a statistically significant p-value (p < 0.001) in the analysis of covariance adjusted 

by age, sex, and diagnosis with Bonferroni correction. Abbreviations: FTP, 18F-flortaucipir; 

ROI, region of interests; SUVR, standard uptake value ratio.
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Fig. 2. 
Heterogeneous patterns of FTP binding in the A-T+ group. Each image consists of an MRI 

(grayscale) with the co-registered PET image overlaid. The images represent Negative or 

false-positive pattern (A), bilateral medial temporal binding pattern (B) or AD-like pattern 

(C, D), and atypical (E) or non-AD pattern (F, G). The right hemisphere is displayed on 

the right side. (A) No significant cortical binding on visual assessment. Likely false-positive 

quantification due to partial volume effect in the inferior temporal lobe, high off-target 

signal in the base of the skull, and non-specific signal in the white matter (68/female, 

MCI, MMSE 28). (B) Mild bilateral medial temporal FTP binding which could reflect 

PART (61/male, dementia, MMSE 23), (C) Mild bilateral medial and lateral temporal tracer 

retention which could represent PART or early AD (86/male, MCI, MMSE 28). (D) Mild 

lateral temporal, parietal, and frontal tracer retention in a pattern suggestive of AD (75/male, 

Normal, MMSE 26), (E) Intense asymmetric left-dominant parieto-temporal binding, highly 
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suggestive of lvPPA due to AD despite amyloid negativity (71/male, Normal, MMSE 29), 

and (F) Intense binding in bilateral temporal poles, suggestive of MAPT mutation (68/male, 

MCI, MMSE 23) and (G) Mild to moderate tracer binding predominantly in the frontal 

white matter, suggestive of non-AD pathology (possible primary tauopathy) (68/male, 

MCI, MMSE 29). Abbreviations: AD, Alzheimer’s disease; FTP, 18F-flortaucipir; lvPPA, 

logopenic variant primary progressive aphasia; MAPT, microtubule-associated protein tau 

MCI, mild cognitive impairment; MMSE, mini-mental state examination; PART, primary 

age-related tauopathy.
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Fig. 3. 
The topography of tau deposition. In the bar charts of the A-T+ group (A) and the A+T+ 

group (B), the X-axis is the percentage of frequency that each region appeared as the highest 

tau SUVR (averaged across hemispheres). Detailed asymmetry index in the regions of each 

group were presented in Suppl. Fig. 4. Amygdala is the highest area of tau deposition in both 

the A-T+ group and the A+T+ group. The brain maps (C, D) demonstrate the distribution 

of tau deposition according to the frequency coded in the color bar below. Compared to 

the A-T+ group (C), the A+T+ group (D) shows a more widespread distribution of tau 

deposition extending to parietal, frontal, and occipital lobes, but similar patterns showing 

amygdala, temporal and orbitofrontal lobes. Abbreviations: SUVR, standard uptake value 

ratio.
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Fig. 4. 
Cognitive profile comparisons among 3 groups. Boxplots represent (A) memory composite 

score, (B) executive function composite score, (C) ADAS-cog, and (D) PACC by AT group. 

The Y-axis is a normalized value (z-scores) of each cognitive measure. The cognition of 

the A-T+ group is intermediate between the 3 groups. Asterisk (∗) indicates a statistically 

significant p-value (p < 0.001) in the analysis of covariance adjusted by age, sex, and 

education with Bonferroni correction. Abbreviations: ADAS-cog, Alzheimer’s disease 

assessment scale-cognitive subscale; PACC, preclinical Alzheimer cognitive composite.
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