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Abstract

INTRODUCTION—Primary age-related tauopathy (PART) is a neuropathological diagnosis
characterized by neurofibrillary tau tangles (NFTs) in the absence of amyloid plaque pathology.
While most individuals over 50 years of age have evidence of NFTSs, the clinical and cognitive
consequences of PART are not known.

METHODS—We evaluated 226 neuropathologically-confirmed PART cases from the National
Alzheimer’s Coordinating Center database who participated in a total of 846 longitudinal
neuropsychological assessments from the Alzheimer’s Disease Center program‘s Uniform Data
Set. Mixed-effects statistical models tested whether cognitive decline was associated with Braak
stage NFT burden.

RESULTS—Higher stages of NFT burden in PART, with no evidence or minimal evidence of
amyloid pathology, were associated with more rapid decline on tasks involving episodic and
semantic memory along with tests of processing speed and attention.

DISCUSSION—We conclude that PART has cognitive consequences that should be considered in
the context of emerging tau-targeted therapies in age-associated neurodegenerative diseases.
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Alzheimer’s Disease (AD) is neuropathologically-characterized by the presence of both tau
neurofibrillary tangles (NFTs) and amyloid beta plaques (AB)[1], yet autopsy studies have
identified a subset of individuals who have NFTs in the absence of AB. Recently the term

Correspondence: Hospital of the University of Pennsylvania, 3400 Spruce Street, 3 West Gates, Philadelphia, PA, 19104, (p) 215 615
0197; (f) 215 349 8464; mcmillac@upenn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions. All authors, K.S.J-G., D.A.W, E.B.L and C.T.M were involved in the conception and design of the study; the
acquisition and analysis of data, and drafting a significant portion of the manuscript or figures.

Conflicts of Interest. Nothing to Report



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jefferson-George et al.

Methods

Page 2

primary age-related tauopathy (PART) was coined to describe this condition,[7] defined by
neuropathological criteria of the presence of predominately limbic NFT pathology up to
Braak stage IV.[8] PART is further defined as “Definite” with no evidence of neuritic plaque
density or “Possible” with minimal evidence of neuritic plaques.[7] However, criteria for the
diagnosis of PART are strictly neuropathological and little is known about the cognitive
manifestations associated with PART.

Historically, when associated with dementia, PART was previously termed tangle-
predominant senile dementia[2] or senile dementia of the neurofibrillary tangle type.[3]
However, NFTs in the absence of AB pathology are also quite common in cognitively
normal elderly individuals[4,5] with most individuals over the age of 50 having some level
of tau inclusions.[6] Therefore, since PART can be associated with dementia or normal
cognition in aging adults, it is necessary to evaluate the direct influence of NFT burden on
cognition in a pathologically, rather than clinically, defined cohort. While it has been
demonstrated that Mini Mental State Examination (MMSE) is correlated with increased
NFT burden in PART[7] more detailed and longitudinal clinical data have not been
characterized. This cohort study therefore aims to identify the longitudinal cognitive
consequences of PART and identify whether cognitive decline is associated with increases in
NFT burden in the absence of amyloid pathology.

Study Population

Neuropathological and neuropsychological data were obtained for all individuals over 50
years old at death from the National Alzheimer’s Coordinating Center (NACC) database,
and we report data from 32 past and present Alzheimer’s Disease Centers (ADCs). All
participants completed a neuropsychological assessment from the Uniform Data Set (UDS),
described in detail elsewhere[9] and summarized in Table 1. We also evaluated the frequency
of clinically-detected cognitive impairment using a clinician’s rating of “impaired” or
“cognitively normal” obtained from the UDS.

To define neuropathological groups we queried Braak stage and neuritic plaque ratings
available in the NACC neuropathological database. These ratings are performed using
independent methods (e.g., PHF-1, Thioflavin-S, Silver staining) by trained
neuropathologists from each participating ADC, but despite heterogeneous methods there is
established excellent agreement in ratings across sites.[10] We then selected the subset of
individuals with neuropathological evidence of NFTs consistent with Braak stage I/11 or
I11/1V[8]. For each Braak stage group we classified each individual as having “Definite”
(CERAD=0) or “Possible” (CERAD=1) PART using published criteria.[7] To focus
exclusively on PART, we excluded individuals who met primary or secondary
neuropathological criteria for a related neurodegenerative disease such as frontotemporal
degeneration (e.g., tau, TDP-43, or FUS) or a Lewy body disorder (e.g., alpha-synuclein).
This yielded 226 unique subjects who participated in a total of 846 neuropsychological
assessments between September 2005 and June 2015. On average individuals participated in
3.97 (SD=1.84) neuropsychological assessments and 70% of individuals participated in 3 or
more neuropsychological assessments.
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Statistical analysis

Results

We evaluated demographic, clinical, and neuropsychological characteristics at baseline and
final assessment using group-wise comparisons across the four neuropathological groups:
Definite PART I/11, Definite PART 111/1V, Possible PART I/11, and Possible PART IHHI/1V.
Chi-square analyses were used for categorical subject characteristics and non-parametric
Kruskal-Wallis tests were used to evaluate continuous measures. Post hoc comparisons were
performed using Wilcox and Mann-Whitney non-parametric tests. These exploratory
analyses accepting a p<0.05 were not corrected for multiple statistical comparisons.

To evaluate longitudinal decline we performed linear mixed-effect regression analyses using
the n/me package in R[11] across the entire cohort. For fixed effects, we represent time as
the numbers of years between testing date and death, Braak stage, neuritic plague burden,
and an interaction term of Time x Braak stage x Neuritic Plaque Burden. We focus our
results on the latter three-way interaction term to evaluate the influence of Braak stage and
time within each PART group (Definite, Possible). We also included covariates of education
level, age at death, and sex. For random effects, we included intercepts for subjects to
account for variation between individuals.

Group-wise comparisons of demographics (see Table 1) revealed differences in sex,
frequency of clinically-detected cognitive impairment, and differences in age at baseline
assessment, final assessment, and death. All groups were comparable for education and
frequency of visits (all p<0.1). Post hoc pairwise comparisons are summarized in Table 1.
We observed that individuals with Braak stage I11/1V are older and more frequently
diagnosed with cognitive impairment relative to individuals with Braak stage /11 pathology
(all p<0.001). We also observed a lower proportion of females in the Possible PART /11
relative to the Possible PART HI/1V group (p<0.05). All other post hoc comparisons were
not significant suggesting that demographic characteristics do not vary with presence
(Possible PART) or absence (Definite PART) of amyloid pathology.

Group-wise comparisons of baseline and final neuropsychological assessments (see Table 1)
revealed differences in performance on the Trails-B, WAIS Digit-Symbol, and Boston
Naming Test. At final assessment we also observed group-wise differences in Trails-A
performance. Post hoc analyses are summarized in Table 1. Notably, among all pairwise
comparisons the significant results (all p<0.05) were related to more impaired performance
for Braak I11/1V patients relative to Braak /11 patients in either the Definite or Possible
PART groups. The only observed difference associated with amyloid-defined pathological
groups was for Trails-B in which Possible PART 111/IV cases were more impaired than
Definite PART HI/IV cases.

Longitudinal analyses are summarized in Table 2. We observed significant three-way
interactions of Time X Braak stage for both the Definite PART and Possible PART groups
on tests of Category Fluency, Logical Memory Immediate Recall, WAIS Digit-Symbol, and
Trails-A (see Supplemental Figure 1). A Time X Braak stage interaction was also observed
for the Possible PART group on MMSE and Logical Memory Delayed, but not the Definite
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PART group. Time X Braak stage interactions were not observed for either PART group on
Digit Span Backwards or Boston Naming Test. Notably, the main effect for amyloid neuritic
plaque burden was only significant for Category Fluency.

Discussion

Our results provide longitudinal evidence suggesting that PART, a neuropathologically-
defined condition, has clinical consequences that include a progressive cognitive decline in
tasks involving memory, processing speed, and attention. The medial temporal lobes are
known to have early NFT deposition in Braak staging[12] and be critical to episodic
memory. Moreover, given that difficulty on later trials of immediate delayed recall has been
associated with medial temporal lobe and temporal pole disease[13], it is not surprising that
Braak stage I11/1V is associated with more severe decline in immediate memory performance
for individuals with PART.

Our observation that semantic memory was affected in the Category Fluency task is also
consistent with temporal lobe involvement,[14] including regions that have Braak stage
I11/1V pathology.[8] Recently it has been suggested that the medial perirhinal cortex, the first
region of NFT deposition (Braak stage 1)[8], is important in object-related semantic
knowledge, particularly for “living items” such as animals, and atrophy in this region
correlates with category fluency and naming.[15] While longitudinal decline in naming
performance was not associated with Braak stage, naming performance was impaired at
baseline and final assessment for individuals with Braak 111/1V relative to Braak stage I/11.
Collectively, these findings along with immediate delayed recall decline implicate a critical
role for temporal lobe involvement in the cognitive difficulties observed in individuals
meeting neuropathological criteria for PART.

Tasks testing visuomotor speed and sequencing, Trails-A and WAIS Digit-Symbol, are
typically associated dorsal frontal or fronto-parietal control regions.[16,17] However, Braak
stage H1/1V does not involve these regions and therefore it is not clear why we observed
more rapid decline in these domains. Future work will need to determine the degree to which
the regional distribution of PART is associated with domain-specific processing-speed/
attention performance or more general cognitive function, which would likely have
implications for the mechanism of dysfunction in this condition.

Further investigation is required to determine whether PART is a unique neuropathological
condition, reflects membership in the spectrum of AD, or is a result of the pathological
consequences of aging.[18] Critically, we observed significant cognitive decline and a higher
frequency of clinically-detected cognitive impairment associated with higher burden of
NFTs in both the Possible and Definite PART cases. Also, given our observation that,
independent of amyloid burden, Braak stage I11/1V is associated with older age than Braak
stage I/11, it is possible that PART is a unique neuropathological condition and an important
contributor to age-related cognitive decline. We did, however, observe that relative to
Definite PART cases, there was a steeper rate of cognitive decline in Possible PART cases
that extended to include delayed recall and global impairment on the MMSE. Thus, while
the current data suggests that cognitive decline is associated with higher NFT burden in both
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groups, we cannot rule out the possibility that Possible PART cases are following a
trajectory toward the development of intermediate AD pathology.

Caveats to consider are the multi-center and retrospective nature of this cohort study.
Recruitment methods across ADCs vary and therefore this cohort may not be representative
of the larger population. Also there could be heterogeneity in neuropathologists’ ratings of
Braak stages and neuritic plaque scores; however, these neuropathological criteria were
recently validated in a multicenter center study with high inter-rater agreement.[10] Given
that there could still be inconsistencies across sites leading to diagnostic “error” (e.g., calling
an AD case “possible” PART), we performed post hoc analyses (not reported) including
ADC site as a covariate and this did not influence any of the reported associations of Braak
stage and neuritic plaque scores. Ideally we would evaluate a neuropathological control
group with sparing of both NFTs and neuritic plaques; however, the absence of both forms
of pathology is extraordinarily rare (only 13 individuals from our NACC query were lacking
distinctive pathology with available longitudinal neuropsychological data). While we
excluded individuals with alternative sources of neuropathological burden that met a
secondary neuropathological diagnosis (e.g., TDP-43 or alpha-synuclein), these sources of
proteinopathy are known to also accumulate in the aging brain.[19] Likewise, while our
clinical observations appeared to be uniquely related to NFT and not amyloid burden, it
would be valuable for future studies of Possible PART to evaluate whether regional
distribution of amyloid, Thal phase, influences cognition. However, alpha-synuclein and
TDP-43 pathological burden level and amyloid Thal phase have only recently been recorded
in the NACC dataset. It is also possible that earliest loci of tau deposition in the raphe
nucleus and locus coeruleus [20,21] that precedes cortical tau deposition may influence early
clinical features of PART such as sleep dysfunction, but this regional data also is not
available in this pathological case series. Evaluation of these additional neuropathological
features will be an important topic for future investigations.

Individuals with PART, independent of the presence of minimal amyloid pathology, exhibit
longitudinal cognitive decline that increases in severity with higher levels of NFT pathology.
Thus, this evidence suggests that PART has true cognitive consequences that may contribute
to age-related cognitive decline and could impact clinical progression seen in other
neurodegenerative conditions, including AD. The degree to which PART represents a
potential target for therapeutic intervention remains to be determined. Emergent tau-PET
imaging techniques may enhance our ability to study this condition /7 vivoto address these
questions.[22] Furthermore, future investigations are necessary to identify alternative
candidate biomarkers, such as cerebrospinal fluid or magnetic resonance imaging, to identify
individuals with PART during life and evaluate whether these individuals may serve as
candidates for emerging therapeutic approaches targeting misfolded tau inclusions.

Supplementary Material

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

The authors searched PubMed for all papers related to cognition in primary age-related
tauopathy (PART). While the neuropathology of PART has recently been defined the
cognitive and clinical consequences have not previously been evaluated beyond global
cognitive measures (e.g., MMSE).

Interpretation

In a longitudinal analysis we identified that higher stages of neurofibrillary tau tangles
(NFTs) in PART are associated with more rapid cognitive decline. We conclude that
PART has cognitive consequences that should be considered in the context of emerging
therapies targeting tau in age-associated neurodegenerative diseases.

Future Directions

Further investigation is required to determine whether PART is a unique
neuropathological condition, reflects membership in the spectrum of AD, or is a result of
the pathological consequences of aging.
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HIGHLIGHTS

. The clinical consequences of primary age-related tauopathy (PART) are
unknown.

. Neurofibrillary tau tangles (NFTs) in PART increase with age.

. Higher levels of NFTs in PART are associated with more rapid cognitive
decline.
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