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Abstract

Introduction: Primary age-related tauopathy (PART) is a recently described entity that can cause 

cognitive impairment in the absence of Alzheimer’s disease (AD). Here, we compared 

neuropathological features, tau haplotypes, apolipoprotein E (APOE) genotypes, and cognitive 

profiles in age-matched subjects with PART and AD pathology.

Methods: Brain autopsies (n = 183) were conducted on participants 85 years and older from the 

Baltimore Longitudinal Study of Aging and Johns Hopkins Alzheimer’s Disease Research Center. 

Participants, normal at enrollment, were followed with periodic cognitive evaluations until death.

Results: Compared with AD, PART subjects showed significantly slower rates of decline on 

measures of memory, language, and visuospatial performance. They also showed lower APOE ε4 

allele frequency (4.1% vs. 17.6%, P = .0046).

Discussion: Our observations suggest that PART is separate from AD and its distinction will be 

important for the clinical management of patients with cognitive impairment and for public health 

care planning.
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1. Introduction

Humankind is in the midst of a longevity revolution that can be traced back to the 1830s [1]. 

Until the 1950s, much of this increased longevity resulted from declines in infant mortality, 

but in recent decades, more than 75% of the increase is attributable to years added at the end 

of life. Because the incidence and prevalence of dementia increase substantially after the age 

of 65 years [2], one consequence of this longevity revolution has been a striking increase in 

the number of cases of dementia [3].

Sixty years ago, Roth, Tomlinson, and Corsellis noted the universality of neurofibrillary 

tangles (NFTs) in autopsied brains of people older than 85 years, whether they had cognitive 

impairment or not [4]. This neurofibrillary degeneration has been designated a variety of 

names [5], most recently “primary age-related tauopathy” (PART), characterized by NFT 

and tau lesions in the absence of significant β amyloid (Aβ) plaques [6]. The lack of Aβ 
plaques distinguishes PART neuropathologically from Alzheimer’s disease (AD) [7].

In autopsy studies, PART occurs in 20–25% of individuals older than 90 years [5,8]. The 

clinical manifestations and cognitive function of individuals with PART are variable with 

conflicting reports in the current literature. Although some individuals demonstrate no 

impairment, others show mild cognitive impairment and others meet criteria for dementia 

[8–10]. To date, rigorous clinical pathological correlations of PART are lacking. NFT 

changes in PART are usually restricted to the medial temporal lobe, basal forebrain, 

brainstem, and olfactory areas (Braak stages 0-IV [11]) with a topography similar to cases of 

mild or intermediate AD pathological change [5]. The NFT in both disorders are identical, 

sharing both 3 repeat and 4 repeat tau isoforms and 22–25 nm paired helical filamentous 

ultrastructure [5,6,12]. Even so, the relationship between PART and AD remains unclear.

2. Methods

2.1. Neuropathology (see supplement for additional methods )

We examined 180 consecutive autopsy brains from the Baltimore Longitudinal Study of 

Aging (BLSA) [13–15] of participants aged ≥85 years. Three additional autopsy brains from 

the Johns Hopkins University Alzheimer Disease Research Center of subjects aged ≥85 

years meeting criteria for PART [6] were also included. Among these 183 brains, we 

identified 42 PART and 130 AD cases. Eleven brains were excluded due to a pathologic 

diagnosis of neurodegeneration other than PART or AD. Both cohorts have similar autopsy 

assessments as previously described [13]. A semiquantitative assessment of frequency of 

neuritic plaques and NFT was made according to Consortium to Establish a Registry for 

Alzheimer’s Disease (CERAD) criteria [7,16]. Staging of NFT was performed according to 

Braak [11,17]. Aβ deposition was assessed according to Thal [18]. Fig. 1 shows the 

histopathology and semiquantitative density of NFT in sparse, moderate, and frequent 

categories in both PART and AD cases.

2.2. Definitions of PART and AD

Classification of PART and AD groups was based on neuropathological examination, 

independent of their clinical features.
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2.2.1. PART—Brains with phosphorylated tau pathology in the form of NFT and/or 

pathologic neurites in the absence of Aβ neuritic plaques or with only foci of diffuse Aβ 
plaque morphology as proposed by Crary et. al [6]. PART cases are subdivided into 

“definite” (CERAD 0, Braak stage ≤ IV, Thai Aβ phase 0) with no Aβ deposition and 

“possible” (CERAD 0, Braak stage ≤ IV, Thai Aβ phase 1–2) with diffuse Aβ plaques.

2.2.2. AD—Brains containing Aβ deposition with Thai phase ≥1 and neuritic plaques at a 

frequency of ≥ A according to CERAD [16] with any NFT Braak stage [7,11,17].

PART brains were compared pathologically to 130 brains meeting National Institute on 

Aging/Alzheimer’s Association criteria for AD neuropathologic change [7].

All brains with pathological diagnoses of PART (N = 42) or AD (N = 130) were examined 

for tau and Aβ lesions in the cerebral cortex, basal ganglia, brainstem, and cerebellum. All 

PART participants and an age-matched subset of AD brains (N = 62) spanning neuritic 

plaque CERAD scores of A (N = 15), B (N = 31), and C (N = 16) were examined for TAR 

DNA-binding protein 43 (TDP-43) and α-synuclein lesions [19] using 

immunohistochemistry (Supplementary Table 1) and for vascular lesions. The 62 AD brains 

were selected with similar CERAD A, B, and C proportions to the entire AD (N = 130) 

group.

Apolipoprotein E (APOE) genotypes [20] were obtained on 37 (88.0%) PART and 94 

(71.8%) AD cases. Tau haplotypes [21] were obtained on 34 (81.0%) PART and 66 (50.1%) 

AD cases.

2.3. Clinical cohorts and cognitive assessment (see supplement for additional methods)

Subjects were enrolled in the BLSA or the Johns Hopkins University Alzheimer Disease 

Research Center Clinical Cohort and received a full cognitive battery (every two years and 

on the off year were assessed with a telephone version of the Short Blessed test [15] from 70 

years until their 75th birthday). Participants 75 years and older received a full cognitive 

assessment (Supplementary Table 2) annually until they were untestable or expired. After 

death, subjects were adjudicated as having normal cognition, mild cognitive impairment, or 

dementia, including dementia subtype [22] at a consensus diagnostic meeting by study 

examiners who were unaware of the neuropathological diagnoses.

Data on cognitive performance were analyzed for a subset of PART (N = 34) and AD (N = 

116) cases. We excluded 8 PART cases and 14 AD cases with severe vascular lesions 

sufficient to cause or contribute to cognitive impairment. The neuropsychological battery 

tapped a broad range of domains, including memory, executive function, language, 

visuospatial ability, attention, and global mental status performance.

3. Results (see supplement for details)

3.1. Neuropathology

Among 180 BLSA subjects, 39 (21.7%) met criteria for PART [6] and 130 (72.2%) met 

neuropathologic criteria for AD [7]. Adding the 3 PART cases from the Johns Hopkins 
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University Alzheimer Disease Research Center provided a total of 42 PART cases. Among 

them, 38 (90.5%) had definite PART, and only 4 (9.5%) were identified as possible PART 

[6].

The density and distribution of NFT identified with phosphorylated tau 

immunohistochemistry in PART across multiple brain regions are shown in Figs. 2 and 3.

Only one PART case showed nonphosphorylated TDP-43 histopathology (1 of 37, 2.7%), 

whereas 10 of 62 (16.1%) age-matched AD cases showed TDP-43 histopathology. The 

group difference in frequency of TDP-43 pathology did not reach significance (Fischer exact 

test, P = .066).

Lewy body pathology immunoreactive for α-synuclein [23] was observed in 2 PART 

subjects (4.8%, 2/42) and 11 age-matched AD subjects (17.7%, 11/62). The difference was 

not significant (Fisher’s exact test, P = .070).

The APOE ε4 allele frequency in PART was 4.0% and 17.5% in AD (Fisher’s exact, P = .

0028), a significant difference. The frequency of the APOE ε2 allele was 12.2% in PART 

and 5.3% in AD; the difference was not significant (Fisher’s exact, P = .066) (Table 1).

The frequencies of vascular lesions and tau haplotypes between PART and AD showed no 

difference (Fisher’s exact test, P = .69 and P = .62, respectively).

3.2. Cognitive assessment

Consensus diagnosis of cognitive impairment was formulated in 16 of 34 cases with PART 

(47%) versus 90 of 111 (81%) cases with AD pathology χ2(df = 1) = 15.32, P=.0009]. Mean 

age of onset of cognitive impairment in PART was 88.4 (SD = 4.9) and 86.8 years (SD = 

5.6) in AD (t(df = 104) = –1.09, P = .28). Descriptive data for the two samples are in 

Supplementary Tables 3 and 4. Cognitive performance at the baseline is shown in 

Supplementary Table 5 and performance at last visit and change over time are shown in 

Supplementary Table 6. Baseline cognitive measure is defined as the first assessment of 

cognitive performance (before impairment). At the baseline, there were no differences in 

cognitive performance between the two groups.

At the last visit, AD participants performed worse compared with PART participants in 

memory (P = .015, .61 SD lower) and trended toward worse performance in language (P = .

094, .32 SD lower) and global mental status (P = .084, 1.1 points lower). The mean interval 

between last cognitive evaluation and death was 8.7 ± 6.7 months for all subjects.

AD participants declined significantly in all 5 domains tested and mental status (Mini-

Mental State Examination) (P < .0001 in all cases), while participants with PART declined 

significantly only in executive function and language (P = .0026; P < .0001, respectively).

Importantly, AD subjects showed significantly greater rates of longitudinal decline than 

PART subjects in memory (0.070 SD/per year, P = .0034), language (0.044 SD/per year, P 
= .0019), visuospatial ability (0.053 SD/per year, P = .0051), and Mini-Mental State 

Examination (0.14 points/per year, P = .016) (Fig. 4).
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3.3. Clinical pathologic correlation

Analysis of semiquantitative NFT densities [16] in PART cases, examining regional 

densities across all brain and brainstem regions in relation to the last Clinical dementia 

rating (CDR) evaluation revealed a significant correlation between the presence of NFT in 

the middle frontal gyrus and higher CDR (Cochran-Mantel-Haenszel Correlation, P = .

0037), whereas all other regions examined showed no significant correlation (Supplementary 

Tables 7 and 8).

4. Discussion

Results from this study support the hypothesis that PART and AD are distinct nosological 

entities. The finding that 22% of autopsied subjects older than 85 years in the BLSA meet 

neuropathological criteria for PART confirms several recent reports demonstrating a high 

prevalence of tau-related pathology and absence of Ab pathology in a substantial proportion 

of very old individuals [5,6]. On final clinical assessment, nearly half (47%) of individuals 

with PART were adjudicated to have cognitive impairment by study examiners blinded to 

their neuropathologic diagnosis. These data emphasize the need for clarification of the 

contribution of non-AD pathology to cognitive status in late life, given the rapid growth of 

this segment of the population.

4.1. PART and AD

The neuropathologic results presented here provide evidence that PART and AD are distinct 

pathological entities (Fig. 2) and that PART can cause cognitive impairment independently 

of Aβ deposition [26]. In addition to differences in the stages of neurofibrillary 

degeneration, PART differs from AD in a lower frequency of ApoE 4, and lower frequency 

of Lewy bodies and TDP-43 changes. These differences have been previously reported by 

Josephs et al. [25]. In PART, tau lesions, that is, NFT and neuropil threads, had a distribution 

limited to the parahippocampal gyrus, hippocampus, amygdala, and basal forebrain, with 

less severe extension to the brainstem and a few neocortical regions (Fig. 3). We also noted 

that tau neocortical involvement was seen in a minority of PART cases, most of which 

exhibited sparse density, consistent with other pathologic studies of PART [5,6]. Our study 

showed over 60% of definite PART subjects to be Braak stage IV, whereas other series report 

5–25 % of definite PART cases to be Braak IV stage or greater [6,25,26]. One possible 

explanation for this difference is the tissue sampling scheme we used; most of our cases 

were examined using whole-mount brain sections of the temporal and frontal lobes in 

addition to smaller standard size block sampling for Braak staging. Furthermore, we 

included any sampled cortical region with one or more NFT to increase to Braak stage IV; 

therefore, our threshold for NFTs staging may have been lower than for other studies.

TDP-43 proteinopathy, reported in 30–70% of subjects with pathological AD in prior case 

series [27], was identified only in a single individual with PART (2.7 %) and present in 

16.1% of AD cases in our series. TDP-43 pathology appears as a distinctive feature between 

these conditions. The lack of significant difference in our study is likely due to the low 

numbers of subjects in both groups. Our study examined for TDP-43 histopathology using 

antibody against the native, nonphosphorylated protein, thus ensuring complete visualization 
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of protein localization (i.e. abnormal cytoplasmic aggregation and loss of nuclear 

localization). Josephs et al. [25] reported 29% frequency of TDP-43 proteinopathy in 

definite PART subjects; however, this study included a number of subjects with a primary 

pathologic diagnosis of hippocampal sclerosis [28] and argyrophilic grain disease, which 

were not included in our study. We did not include cases with primary diagnosis of 

hippocampal sclerosis of aging, a pathologic terminology focusing on TDP-43 proteinopathy 

included in frontotemporal lobar degeneration, more precisely redefined as Cerebral Age-

Related TDP-43 with Sclerosis by Nelson PR et al. [29]. Although our series did include two 

cases with features of hippocampal sclerosis, these cases included neurofibrillary 

degeneration as the primary diagnostic feature without the presence of TDP-43 

proteinopathy. Although we sampled the left hippocampus only in both of these cases and 

therefore we cannot rule out TDP-43 proteinopathy occurring in the contralateral 

hippocampus as previously reported by Nelson PR et al. [30], Elobeid et al. [31]. reported a 

higher frequency of TDP-43 lesions in PART, which may be explained by other anatomical 

regions examined and the use of a different antibody. In addition, we did not include subjects 

who were identified to have argyrophilic grains, a finding that has been reported at a 

frequency of 16–22% in elderly persons with normal cognitive function [36]. Although 

previous studies have reported an association of argyrophilic grains with TDP-43 

proteinopathy in elderly subjects [32], more recent studies of aged individuals with Cerebral 

Age-Related TDP-43 with Sclerosis were not correlated with argyrophilic grains [33]. As 

Cerebral Age-Related TDP-43 with Sclerosis and argyrophilic grain pathology are described 

to have a different distribution of tau pathology than that seen in classic AD or PART [33] in 

which Braak NFT staging is used [38], we excluded these cases from our series.

Furthermore, the low proportion of AD individuals with TDP-43 pathologic inclusions may 

reflect the low proportion of highest CERAD (CERAD C) and Braak (Braak Vor VI) scores 

among the evaluated AD cases (Fig. 2). Lewy body pathology was less prevalent in PART 

than AD (4.8% vs. 17.8%), also showing a trend toward differences between these 

conditions. The lack of statistical difference may be attributed to the small numbers of 

observed cases in our study. The prevalence of vascular disease in the AD and PART groups 

also did not differ significantly.

The finding that the APOE ε4 allele is underrepresented and APOE ε2 overrepresented in 

PART compared to AD is consistent with previous reports [6]. Interestingly, the 12.2% 

APOE ε2 allele frequency in PART is substantially higher than the 7% in the United States 

Caucasian population [24]. Because APOE has a crucial role in cholesterol transport in the 

brain [35], it is plausible that the different ε4/ε2 ratio between the two groups relates to 

either different rates of amyloidogenesis [35,36] or Aβ clearance [36] and may contribute to 

the lack of Aβ pathology in PART. In addition, we and others have shown that the APOE ε4 

allele is associated with an earlier onset of amyloid accumulation [37]. The difference in 

APOE allele frequency between PART and AD supports the conclusion that they are 

biologically distinct (Table 1). Conversely, tau haplotypes were found to be similar in PART 

and AD. These results differ from a previous study by Santa Maria et al. [12] but may be 

explained by the use of different neuropathologic criteria. In the present study, we included 

all individuals with any tau pathology in the absence of Aβ neuritic plaques, whereas the 

study by Santa Maria et al. included PART cases with tau lesions limited to Braak regions 
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III-IV, while designating those with tau lesions restricted to Braak 0-II as control subjects. 

The lack of widespread tau lesions in the neocortex in PART, in contrast to that observed in 

AD, suggests that Aβ pathology is necessary for significant neocortical tau deposition as 

suggested by others [38,39].

There were also several differences between the PART and AD groups on neurocognitive 

performance (Fig. 4). The findings that AD participants had more severe memory 

impairment and more rapid memory decline than PART participants might be explained by 

more extensive pathology in the AD group, but tau pathology in the entorhinal cortex and 

hippocampus was extensive in both AD and PART. Previous studies have shown that 

stereologic measures of NFT and neuronal cell loss in the entorhinal cortex, area 9, and 

hippocampal CA1 regions correlate with cognitive impairment in AD; however, regional 

volumes of Aβ do not [40]. In addition, among AD subjects, those identified as having 

TDP-43 pathologic lesions have been shown to have significantly worse cognitive 

impairment, with memory dysfunction and significantly more severe hippocampal atrophy 

on magnetic resonance imaging [27,41]. The low frequency of TDP-43 pathologic 

inclusions in PART subjects might also explain their less-severe memory impairment. AD 

subjects also exhibited a greater rate of decline in the visuospatial domain compared with 

PART subjects, suggesting greater involvement of the parietal and occipital cortices in AD.

Correlative analyses in our study examining the distribution and density of NFT in brain 

regions of PART subjects compared to last visit CDR performance revealed a strong 

correlation of NFT in the frontal cortex and a CDR score ≥ 1. These data indicate that the 

extension of tau lesions beyond the medial temporal lobe into the frontal cortex may account 

for the clinical progression. These findings are consistent with the observations of 

Giannakopoulos et al. [40] in AD, in which densities of NFT and regional neuronal loss in 

the frontal cortex, measured stereologically, were correlated with cognitive decline. Our 

correlation may have implications for PART staging schema but need to be interpreted with 

caution due to the relatively small number of subjects examined.

Similarities between PART and AD include the observation that phosphorylated tau lesions 

have the same topographic distribution in PART and early AD [11,34]. This could argue in 

favor of PART being an early-stage manifestation of AD and that progression of tau 

pathology requires the later extension of Aβ pathology. However, Braak et al. [42] have 

reported that among individuals reaching 90–100 years of age, about 80% develop Aβ 
pathology but 20% do not, although Neltner et al. [43] reported that 21% of centenarians had 

no Aβ plaques, whereas 100% had NFTs. These observations are consistent with ours and 

reinforce the notion that a proportion of the population ≥85 years does not develop Aβ 
deposition and that PART will not progress to AD.

4.2. PART and SNAP

There are several congruencies between PART and individuals with “suspected non-

Alzheimer’s pathophysiology” [44,45] who have imaging/biomarker evidence of 

neurodegeneration without amyloidosis. These similarities include association with normal 

cognition or mild cognitive impairment, neurodegeneration of mesial temporal lobe 

structures, absence of Aβ deposits, and underrepresentation of APOE ε4 allele relative to 
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AD. Tau PET scanning [46] in conjunction with other imaging, for example, amyloid and 

vascular imaging, should allow for further delineation of the overlap of PART as a subset of 

suspected non-Alzheimer’s pathophysiology.

4.3. PART and “normal aging”

Tau lesions of the medial temporal lobe are not limited to older individuals but have also 

been reported in the entorhinal cortex and hippocampus before 30 years of age [42]. Thus, it 

is possible that these early tau lesions are indicative of an age-associated neurodegeneration 

and that PART may represent the continued development of these lesions in some 

individuals.

Although PART may affect only approximately 22% of the population older than 85 years, 

the absolute number of individuals in this age group in the United States was ~5.5 million 

(1.8% of the population) in 2010 and will reach ~ 18 million (4.5%) by 2050. This suggests 

that by 2050 [47], almost 4 million people in the United States will develop PART, and if 

approximately half develop cognitive impairment, PART will become a major contributor to 

disability, even if its clinical course is more benign than AD. Therefore, PART has important 

implications for public health planning. Moreover, biomarkers that differentiate preclinical 

AD from PART will be important for prognosis and possible institution of anti-Aβ therapy 

or other treatments for preventing progression to AD. Further research into the biology of 

tau-related neurodegeneration independent of AD is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

1. Systematic Review: The authors searched PubMed for all publications related 

to delineation of neuropathologic, genetic, and cognitive changes in primary 

age-related tauopathy (PART) in old individuals. Although some 

neuropathologic features of PART have recently been defined, detailed 

specifics of neuropathology, genetic differences, and rates of cognitive change 

in relation to Alzheimer’s disease have not previously been examined.

2. Interpretation: In this longitudinal study of participants older than 85 years 

who came to autopsy, 23% met pathologic criteria for PART [1] and 71% for 

AD [2]. Rates of longitudinal cognitive decline were significantly greater in 

AD compared to PART in memory, language, visuospatial ability, and mental 

status; although tau haplotypes were similar, allele frequencies of APOE ε4 

were significantly different.

3. Future Directions: Forthcoming studies are necessary to clinically define 

PART, as distinct from AD, to better understand the neurobiology of aging, 

for clinical management of patients with dementia, and for public health care 

planning.
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Fig. 1. 
Histopathologic features of primary age-related tauopathy (PART). Low-power digitized 

scanning view micrograph of Hirano Silver-stained hippocampus of 102-year-old female 

with definite PART (image scanned at 100X) (A). Semiquantitative categorical scoring of 

neurofibrillary tangle (NFT) densities on PHF-1 immunohistochemistry and Hirano silver, 

200 × showing sparse (B), moderate (C), and frequent (D) NFTs.
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Fig. 2. 
Comparison of primary age-related tauopathy (PART) and Alzheimer’s disease (AD) 

pathology and associated neurodegenerative features. Heatmaps showing the 

semiquantitative densities and distribution of neurofibrillarytangle (NFT) in 42 PART 

subjects (A—left [blue]) and 62 AD subjects (B—left [Red]). Each row represents a subject 

with PART or AD. Columns represent brain regions. The densities of NFT, that is, 0: none, 

1: sparse, 2: moderate, 3: frequent, are color-coded according to the scales depicted in A-

below and B-below. The Braak score, presence of associated Lewy body disease (yellow), 

and TDP-43 proteinopathy (green) in PART and AD are shown on A-right and B-right, 

respectively. Clinical dementia rating score (CDR) and Clinical dementia rating score sum of 

boxes (CDR-SB) and tau haplotypes (TAU) are shown in PART with vascular lesions 

sufficient to cause or contribute to cognitive impairment (red) or without (white) (A). The 

CERAD A, B, and C grouping of the AD cases corresponds to sparse, moderate, or frequent 

neuritic plaques [16] (white = none; X = not examined). Abbreviations: ERC, entorhinal 

cortex; HIPPO, hippocampus; AMY, amygdala, SMTG, superior and middle temporal gyri, 

IP, inferior parietal lobule; MFG, middle frontal gyrus; OCC, visual cortex (Brodmann’s 

areas 17 and 18); CERAD, Consortium to Establish a Registry for Alzheimer’s Disease.
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Fig. 3. 
Regional distribution and density of neurofibrillary tangles (NFT) throughout the brain in 

PART (N = 42 subjects). In primary age-related tauopathy (PART), tau lesions in the form of 

NFTs show a distribution largely limited to the parahippocampal gyrus (entorhinal cortex, 

transentorhinal cortex, and medial occipitotemporal or fusiform gyrus), hippocampus, 

amygdala and basal forebrain, with less severe extension to the brainstem and other 

neocortical regions. The semiquantitative density [16] of NFT is color-coded and is most 

severe in medial temporal lobe structures.
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Fig. 4. 
Comparison of longitudinal rates of change of cognitive performance in 5 domains. 

Longitudinal rates of cognitive performance change examined in 5 domains (Memory, 

Attention, Executive Function, Language, and Visuospatial Ability) and Mini-Mental State 

Examination (MMSE) were found to show a highly significant difference between subjects 

with primary age-related tauopathy (PART) and Alzheimer’s disease (AD) pathology in 

memory, language, visuospatial ability, and MMSE raw score (prorated for visual 

impairment) (P = .0034, P = .0019, P = .0051, and P = .016, respectively). In all these 

domains, AD subjects showed a faster rate of decline than PART subjects. No difference in 
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longitudinal rates of cognitive performance was seen in attention and executive function 

domains (P = .33, P = .32, respectively).
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