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Abstract

Aims: Few studies have investigated primary age-related tauopathy (PART) in a

population-based setting. Here, we assessed its prevalence, genetic background, com-

orbidities and features of cognitive decline in an unselected elderly population.

Methods: The population-based Vantaa 85+ study includes all 601 inhabitants of

Vantaa aged ≥ 85 years in 1991. Neuropathological assessment was possible in 301.

Dementia (DSM IIIR criteria) and Mini-Mental State Examination (MMSE) scores were

assessed at the baseline of the study and follow-ups. PART subjects were identified

according to the criteria by Crary et al and were compared with subjects with mild and

severe Alzheimer’s disease (AD) neuropathological changes. The effects of other neuro-

pathologies were taken into account using multivariate and sensitivity assays. Genetic

analyses included APOE genotypes and 29 polymorphisms of the MAPT 30 untranslated

region (30UTR region).

Results: The frequency of PART was 20% (n = 61/301, definite PART 5%). When PART

subjects were compared with those with severe AD pathology, dementia was less com-

mon, its age at onset was higher and duration shorter. No such differences were seen

when compared with those with milder AD pathology. However, both AD groups

showed a steeper decline in MMSE scores in follow-ups compared with PART. APOE ε4

frequency was lower, and APOE ε2 frequency higher in the PART group compared with

each AD group. The detected nominally significant associations between PART and two

MAPT 30UTR polymorphisms and haplotypes did not survive Bonferroni correction.

Conclusions: PART is common among very elderly. PART subjects differ from individuals

with AD-type changes in the pattern of cognitive decline, associated genetic and neuro-

pathological features.
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INTRODUCTION

The term ‘primary age-related tauopathy’ (PART) was introduced for

the first time in 2014 to describe the common neuropathological find-

ing of Alzheimer’s disease (AD)-type neurofibrillary tangles (NFT) in

the medial temporal lobe that, unlike in AD, occur without coexisting

amyloid-β (Aβ) plaques in the brains of the elderly [1]. The existence

of this type of ‘hyperphosphorylated tau (HPtau)+/Aβ-’ pathology

has been recognised for a long time, and terms like ‘senile dementia

of the neurofibrillary tangle type’ (SD-NFT) or ‘neurofibrillary tangle-

predominant dementia’ (NFTPD) were previously used to describe

this entity [2, 3]. Because it has since been noted that ‘HPtau+/Aβ�’
pathology is also quite common in cognitively unimpaired or mildly

impaired elderly [4, 5], the new nomenclature was proposed to include

the whole spectrum [1]. In addition to the lack of Aβ plaques, PART

also differs neuropathologically from AD in regard to the extent of

HPtau pathology [1, 6, 7]. PART is currently classified according to the

criteria by Crary et al, as definite PART when Aβ plaques are

completely absent (Braak stages I–IV, Thal phase 0), and as possible

PART when Aβ plaques are sparse (Braak stages I–IV, Thal phases

1–2), with HPtau pathology in the great majority of cases considered

to remain at the level of Braak stage IV or lower (i.e., within the medial

temporal lobe) [1]. In contrast, the HPtau pathology in AD is expected

to progress further and eventually cover the whole neocortex (Braak

stages V–VI) [6–8].

Because individuals with HPtau+/Aβ� pathology do not meet

the neuropathological criteria for AD set by the National Institute on

Aging and the Alzheimer’s Association (NIA-AA) guidelines [6, 7], it

has been suggested that PART could be a disease entity separate from

AD [1, 9, 10]. However, whether or not PART is its own entity or sim-

ply an early stage or a subtype of AD has been debated [11, 12]. Argu-

ments that support the existence of PART are differences in the

clinical manifestation and genetic factors when compared with AD [9].

Clinically, PART appears to present with either no cognitive impair-

ment or less severe cognitive impairment with slower rates of decline

in older individuals when compared with AD [13–15]. However,

assessment of cognitive impairment in PART is complicated by the

multiple comorbidities that exist in this age group [1, 16]. In AD

genetic research, several genome-wide association studies (GWAS)

during recent years have found dozens of new genetic risk variants

tied to AD, with apolipoprotein E (APOE) still being the most important

[17, 18]. Interestingly, PART is not associated with the APOE ε4 allele

but rather with the APOE ε2 allele [19], which is noteworthy because

the APOE ε4 allele is commonly known as the strongest genetic risk

factor for sporadic late-onset AD [20], whereas APOE ε2 might have

more of a protective role [21]. It has also been suggested that varia-

tion in the microtubule-associated protein tau (MAPT) gene is associ-

ated with PART [22]. Lastly, a recent study reported that the CA2

region of the hippocampus might be particularly vulnerable in PART

[23], suggesting that there might be a difference in the pattern of

neurofibrillary degeneration between PART and AD. However, the

differences in the pathogenesis that would separate PART from AD

are yet to be determined.

There are only a few studies that have assessed PART in a

population-based setting [3, 24, 25]. Therefore, the aim of this study

was to carry out a comprehensive analysis of PART in our population-

based study material (the Vantaa 85+ study), in which all the individ-

uals were 85 years or older, thus some of them likely represent so

called ‘super agers’. The prevalence of PART has been suggested to

be high in this age group [1, 9, 10]. Our focus was on assessing the

prevalence, genetic background and features of cognitive decline of

PART in an unselected older population and on comparing the find-

ings to individuals with AD-type neuropathological changes of differ-

ent severity. Because multiple pathologies often coexist in the brains

of the elderly, we also performed multivariate analyses to better

understand which neuropathological processes had driven the

detected cognitive changes in our study participants, and sensitivity

analyses to see if the results changed when subjects with certain brain

pathologies or genetic features were excluded.

MATERIALS AND METHODS

Participants

The Vantaa 85+ study includes all individuals aged ≥ 85 years, living

in the city of Vantaa, Finland, on 1 April 1991. Of the total cohort

(n = 601), 553 (92%) participated in the baseline study in 1991;

1 could not be contacted, 11 refused to participate and 36 died before

examination. Clinical follow-ups were performed in 1994, 1996 and

1999. The clinical information collected included data about cognitive

status, medicated hypertension, medicated type 2 diabetes mellitus,

smoking status and blood lipids analysed from nonfasting blood sam-

ples using standard laboratory methods [26]. During a 10-year follow-

up period, 304 autopsies were carried out. This neuropathologically

examined subpopulation (n = 304) consisted of 252 women and

52 men, and their age at death varied from 85 to 105 years. For the

present study, the final neuropathological subsample consisted of

301 individuals (two participants were excluded due to lack of hippo-

campal samples, and one participant was excluded due to having
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probable PSP). In this neuropathologically examined subpopulation,

DNA samples were available in 279 individuals for APOE analysis [27].

Additionally, an analysis of the MAPT 30 untranslated region (30UTR)

and of common MAPT haplotypes was performed on 264 participants

(see supporting information, Supplementary Methods). Furthermore,

to estimate differences in the genetic predisposition for AD in our

study participants, we calculated genetic risk scores (GRS) for AD

representing the burden of AD genetic risk variants (see supporting

information, Supplementary Methods).

Assessment of cognitive impairment

Assessment of cognitive impairment during the clinical examinations

has been described previously [28]. Dementia was diagnosed using

the DSM IIIR criteria, provided that the duration of dementia had

been at least 3 months prior to the examination. Cognitive function

was also assessed using the Mini-Mental State Examination (MMSE)

scores at the baseline study (in 1991, n = 283) and the MMSE scores

of still living participants at the follow-ups in 1994 (n = 134), 1996

(n = 82) and 1999 (n = 24) [29].

Neuropathological procedures and assessment

For the present study, we determined Braak HPtau stages and Thal

Aβ phases using immunohistochemistry (Table S1). This evaluation

followed the NIA-AA guidelines for the neuropathological assessment

of AD [6, 7]. Samples used for the assessment of HPtau pathology

included the hippocampus at the level of the lateral geniculate body,

middle temporal gyrus and occipital cortex at Brodmann areas 17 and

18. The hippocampal sections have been previously stained

immunohistochemically with HPtau (AT8) [30]. Here, 4-μm sections of

the temporal and occipital tissue blocks were stained

immunohistochemically with phospho-tau (Ser202, Thr205) mouse

monoclonal antibody (clone AT8, 1:1000, Invitrogen/Thermo Fischer

Scientific, Waltham, Massachusetts, USA) using the immunostainer

LabVision and Dako EnVision™ FLEX detection system with

EnVision™ FLEX+ Mouse Linker. Epitope retrieval was done with

BioCare Medical Decloaking Chamber™ NxGen (95�C) using TE-

buffer (pH 9). The Braak HPtau stages (0–VI) were then determined

microscopically using the modified Braak staging scheme [31, 32].

Assessment of the extent of Aβ pathology according to the Thal

phases [33] was performed using samples from the middle frontal

gyrus, hippocampus at the level of the lateral geniculate body, basal

ganglia at the level of the basal nucleus of Meynert, mesencephalon

at the level of the superior colliculus and right cerebellar hemisphere

including the dentate nucleus. Immunohistochemical staining of the

frontal, hippocampal and cerebellar samples with an Aβ antibody has

been described previously [34], and the basal ganglia and mesenceph-

alon were now stained using the same method. Additionally, samples

that had been Aβ-negative or scantly positive in the original study

[34] were restained with a more sensitive detection kit. The 4-μm-

thick sections were stained immunohistochemically with anti-

β-amyloid mouse monoclonal antibody (clone 4G8, residues 17–24,

1:14,000, BioLegend, San Diego, CA, USA) using the immunostainer

LabVision and Dako EnVision™ FLEX detection system. Epitope

retrieval was done with a BioCare Medical Decloaking Chamber™

NxGen (95�C, 20 min) using TE-buffer (pH 9), followed by 99% formic

acid treatment (5 min). All samples were then microscopically deter-

mined as either positive, scantily positive or negative for Aβ plaques,

according to the method described by Thal et al. [33]

Assessment of ‘Consortium to Establish a Registry for AD’
(CERAD) neuritic plaque score [35], types and severity of cerebral

amyloid angiopathy (CAA) [34, 36], Lewy-related pathology (LRP) [37],

‘limbic predominant age-related TDP-43 encephalopathy neuropatho-

logical change with hippocampal sclerosis’ (LATE-NC with HS) [30]

and cerebral infarcts [26] have been described previously. The screen-

ing protocol for argyrophilic grains is described in detail in the

supporting information, Supplementary Methods.

For statistical comparison, participants were divided into three

groups: (I) a combined PART group, consisting of both definite PART

and possible PART individuals (Braak I–IV, Thal 0–2); (II) a low AD

group, consisting of individuals with mild AD-type neuropathological

changes (Braak I–IV, Thal 3–5); and (III) a high AD group, consisting of

individuals with severe AD-type neuropathological changes (Braak V–

VI, Thal 3–5). PART was classified according to criteria suggested by

Crary et al [1]. Because of the small number of definite PART subjects,

the definite and possible PART subjects were analysed together to

retain statistical power, even though it was noted when one or the

other may have been driving the statistical significance of the results.

Four participants did not meet the criteria for any of the groups and

were thus excluded from analyses, that is, one had no HPtau pathol-

ogy (Braak 0), and three had Thal phases 0–2, but Braak stages V–VI.

Statistical analyses

The statistical analyses were performed using IBM SPSS Statistics ver-

sion 26. We used the Chi2-test to assess if there were any differences

in various categorical variables (sex, dementia status, smoking, medi-

cation for hypertension, medication for type 2 diabetes mellitus, APOE

genotype, Tau haplotype, LRP, CAA, LATE-NC with HS, argyrophilic

grain disease [AGD] and cerebral infarcts) between PART and the AD

(low and high) groups. If the expected count was less than five,

Fisher’s exact test was used. Mann–Whitney U test was used to com-

pare medians of continuous variables between the groups (age at

death, age at onset of dementia, duration of dementia, baseline

MMSE and cholesterol). We then used regression analysis to adjust

the results for age and sex. Additionally, we compared changes in

MMSE scores over time in the different groups. Thus, we used linear

regression analysis with PART vs low/high AD, age and sex as

covariates to compare the change in MMSE scores between the

baseline study in 1991 and follow-ups in 1994, 1996 and 1999,

respectively. Next, to explore which other neuropathological factors

might have been driving the cognitive changes in our study subjects,
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we performed multivariate regression analyses (with dementia status

or MMSE scores as the dependent variable) by adding comorbidity

pathologies (LATE-NC with HS, AGD, diffuse neocortical and limbic

predominant LRP, and small cortical infarcts) as additional covariates

to our age- and sex-adjusted models. Small cortical infarcts were cho-

sen over other cerebral infarcts because they showed the strongest

association with dementia [36]. We also performed sensitivity ana-

lyses by excluding certain subjects based on their comorbidity pathol-

ogies or genetic features from the age- and sex-adjusted regression

analyses to see if this made any difference to the results. Statistical

analyses of the MAPT 30UTR gene region are described in the

supporting information (see Supplementary Methods).

RESULTS

Demographics

Table 1 shows the demographic information of our study participants

(n = 301). Altogether, 61 (20%) participants were classified as PART

(16 (5%) as definite PART, and 45 (15%) as possible PART), whereas

133 (44%) participants met the criteria for the low AD group, and

103 (34%) for the high AD group. Females predominated (83% vs

17%) in this very elderly population-based cohort, but there were no

gender-related significant differences between the groups. There was

also no association between the groups and age at death, smoking

status, cholesterol values or use of medication for hypertension, but

PART subjects were slightly more often medicated for type 2 diabetes

than the high AD subjects (0.01 < p < 0.05, Table 1).

Comorbid pathologies

Neuropathological features of our study participants are shown in

Table 2. Of the 301 participants, all but one (99.7%) had some degree

of HPtau pathology in the examined brain regions, whereas about

20% had no or only sparse Aβ deposits. Only two (13%) definite PART

subjects had any LRP, compared with 38% of possible PART subjects,

40% of low AD subjects and 49% of high AD subjects. Diffuse neo-

cortical LRP was significantly more common in the high AD group

compared with the combined PART group (22% vs 5%,

0.001 ≤ p < 0.01), and comparison of low AD and PART showed a

similar trend (13% vs 5% 0.05 ≤ p < 0.1, Table 2) but was not statisti-

cally significant. No amygdala-predominant LRP subjects were found

within the PART group, whereas most (7/10) amygdala-predominant

LRP subjects were in the high AD group. When comparing the type of

CAA pathology between the groups, we found that the majority of

the PART subjects did not have any CAA at all (94% of definite PART

subjects and 62% of possible PART subjects), and only one PART

subject (i.e., in the possible PART group) had CAA-Type 1 (CAA with

capillary Aβ), whereas the rest had CAA-Type 2 (CAA without capillary

Aβ) (Table 2). In contrast, the majority of individuals in the high AD

(93%) and low AD (80%) groups had CAA. The high AD group had the

highest percentage of CAA-Type 1 subjects (49%). LATE-NC with HS

was somewhat more common in the high AD group compared with

the combined PART group (21% vs 8%, 0.01 < p < 0.05), and none of

the definite PART subjects had LATE-NC with HS. AGD, on the other

hand, was more common in the combined PART group compared with

high AD (34% vs 18%, 0.01 < p < 0.05). The frequency of cerebral

infarcts did not differ significantly between the groups.

Cognitive decline

Overall, 195/301 (65%) of the participants developed dementia

(Table 1). Subjects in the combined PART group were less likely to

have dementia (48% vs 87%, p < 0.001), and the onset of dementia

occurred later in life (mean age 88.6 vs 86.5, 0.001 ≤ p < 0.01) and

had a shorter duration (mean duration in years 3.3 vs 4.9,

0.001 ≤ p < 0.01) compared with high AD subjects. As seen in

Table 1, the difference in disease onset and duration derived mainly

from the possible PART group. The frequency of dementia, age at

onset and duration of dementia did not differ significantly between

the combined PART and low AD groups (Table 1).

MMSE scores at the baseline study (in 1991) were higher in the

combined PART group compared with the high AD group (median

21 vs 13, p < 0.001), but there was no difference in baseline MMSE

scores between the combined PART and low AD group (Tables 1 and

S2). However, in comparisons between the baseline MMSE scores

and the follow-up MMSE scores in still living participants (Tables 1

and S2), we observed that the MMSE scores declined more slowly in

PART subjects compared with both the high AD (B = �3.59, 95%

CI = �5.83 to �1.36, p = 0.002) and low AD (B = �2.69, 95%

CI = �4.76 to �0.61, p = 0.012) subjects between 1991 and 1994

(n = 134), and also between 1991 and 1996 (n = 82) (PART vs high

AD: B = �5.33, 95% CI = �9.10 to �1.55, p = 0.006. PART vs low

AD: B = �4.00, 95% CI = �7.52 to �0.48, p = 0.026). This finding is

visualised in Figure S1. When comparing baseline MMSE scores with

follow-up MMSE scores in 1999, the sample size (24 surviving study

participants) was too small at this point to perform a reliable analysis.

Results of the multivariate regression analyses are shown in

Table S2. After controlling our main age- and sex-adjusted results for

additional brain pathologies, we found that the high AD subjects

remained more likely to develop dementia and have lower MMSE

scores at baseline than the PART subjects. Additionally, LATE-NC

with HS, diffuse neocortical and limbic predominant LRP and small

cortical infarcts also correlated with cognitive decline (dementia

and/or lower MMSE score at baseline) in our study subjects

(Table S2). The finding that MMSE scores declined more slowly in

PART subjects compared with low and high AD subjects between

1991 and 1994 also did not change in the multi-adjusted model, but

when comparing MMSE scores in 1991 and 1996, statistical signifi-

cance was no longer present.

Results of the sensitivity analyses are seen in Table S3. Excluding

comorbid pathologies that were likely to affect cognitive decline

mostly did not affect our main age- and sex-adjusted models assessing
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cognitive impairment. The only change was excluding subjects with

diffuse neocortical and limbic predominant LRP, LATE-NC with HS,

small cortical infarcts and severe CAA annulled the statistically signifi-

cant difference between PART and low AD when comparing MMSE

scores in 1991 and 1996, as predicted by the multi-adjusted model,

but the statistical significance in comparison between PART and high

AD remained.

APOE genotypes and variation in MAPT

The APOE ε4 allele was significantly more frequent in both the high

AD group (in 54% vs 5% of the subjects, p < 0.001) and low AD group

(in 28% vs 5% of the subjects, 0.001 ≤ p < 0.01) compared with the

PART group (Table 3). None of the definite PART subjects had an

APOE ε4 allele. The APOE ε2 allele on the other hand was more fre-

quent in the PART group compared with the high AD group (in 24%

vs 6% of the subjects, 0.001 ≤ p < 0.01) and to the low AD group

(in 24% vs 12% of the subjects, 0.01 < p < 0.05). In sensitivity ana-

lyses, when excluding all subjects with APOE ε2 and ε4 from our main

age- and sex-adjusted models assessing cognitive impairment (leaving

subjects with APOE ε3ε3), all the statistically significant results were

either weakened or annulled (Table S3). Results of the AD GRS calcu-

lations are described in supporting information (Supplementary

Results) and visualised in Figures S2–S3. Excluding PART group AD

GRS outliers in the sensitivity analysis made no difference in the out-

come of the main analysis (Table S3). In the analysis of ancestral tau

haplotypes, there was no difference in Tau H1/H2 frequencies

between the groups (Table 3). Nominally significant associations were

found with two MAPT 30UTR region polymorphisms (rs7521 and

rs564954259) when PART and low AD were compared (Table S4–S5),

but these findings did not survive Bonferroni correction. For descrip-

tive purposes, we performed haplotype analysis of the MAPT 30UTR

region, which identified two nominally significant haplotypes when

comparing PART and low AD and one nominally significant haplotype

when comparing PART and high AD. These results did not survive

Bonferroni correction (Tables S6–S7).

DISCUSSION

Our population-based study supports the previous notions that basi-

cally all brains show some degree of HPtau pathology at old age,

whereas a substantial proportion lack Aβ deposits [9, 24, 25]. Thus,

HPtau accumulation in the absence of Aβ pathology, that is, PART,

appears common. Accordingly, we found that the prevalence of PART

(definite and possible) in the Vantaa 85+ study cohort was 20%, of

which definite PART represented about a quarter (i.e., a prevalence of

5%). Reports of the frequency of HPtau+/Aβ� pathology in elderly in

previous studies have varied, ranging from a few percent to about

20%, and even up to 30%–40% [1–5, 9, 10, 13, 24, 25, 38–40]. Most

reports of the 80+ age group have shown a prevalence of �20%.

However, comparing the prevalence of PART between differentT
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T AB L E 2 Neuropathological features of all study participants, and of PART subjects, subjects with low AD-type neuropathological changes
and subjects with high AD-type neuropathological changes

Variable

All

participants

All

PART

Definite

PART

Possible

PART Low AD High AD

p all PART vs

low AD

p all PART vs

high AD

CERAD scorea, n (%) p < 0.001 p < 0.001

None 69 (22.9) 55 (90.2) 16 (100.0) 39 (86.7) 10 (7.5) 1 (1.0)

Sparse 33 (11.0) 5 (8.2) 0 (0.0) 5 (11.1) 27 (20.1) 1 (1.0)

Moderate 160 (53.2) 1 (1.6) 0 (0.0) 1 (2.2) 89 (66.4) 70 (68.0)

Frequent 39 (13.0) 0 (0.0) 0 (0.0) 0 (0.0) 8 (6.0) 31 (30.0)

Braak NFT stageb, n (%) 0.001 ≤ p < 0.01 NA

0–II 53 (17.6) 20 (32.8) 7 (43.8) 13 (28.9) 32 (24.1) 0 (0.0)

III–IV 142 (47.2) 41 (67.2) 9 (56.2) 32 (71.1) 101 (75.9) 0 (0.0)

V–VI 106 (35.2) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 103 (100.0)

Thal phasec, n (%) NA NA

0 17 (5.6) 16 (26.2) 16 (100.0) 0 (0.0) 0 (0.0) 0 (0.0)

1–2 47 (15.6) 45 (73.8) 0 (0.0) 45 (100.0) 0 (0.0) 0 (0.0)

3 27 (9.0) 0 (0.0) 0 (0.0) 0 (0.0) 26 (19.5) 3 (2.9)

4–5 210 (69.8) 0 (0.0) 0 (0.0) 0 (0.0) 107 (80.5) 100 (97.1)

LRPd, n (%)

None 178 (59.1) 42 (68.9) 14 (87.5) 28 (62.2) 80 (60.2) 53 (51.5)

Brainstem

predominant

19 (6.3) 6 (9.8) 1 (6.3) 5 (11.1) 10 (7.5) 3 (2.9) NS NS

Limbic predominant 40 (13.3) 9 (14.8) 1 (6.3) 8 (17.8) 15 (11.3) 15 (14.6) NS NS

Diffuse neocortical 43 (14.3) 3 (4.9) 0 (0.0) 3 (6.7) 17 (12.8) 23 (22.3) 0.05 ≤ p < 0.1 0.001 ≤ p < 0.01

Amygdala

predominant

10 (3.3) 0 (0.0) 0 (0.0) 0 (0.0) 3 (2.3) 7 (6.8) NA NA

Non classifiable 11 (3.7) 1 (1.6) 0 (0.0) 1 (2.2) 8 (6.0) 2 (1.9) NS NS

CAAe, n (%)

CAA-Type 1 85 (28.6) 1 (1.6) 0 (0.0) 1 (2.2) 34 (25.6) 50 (48.5) 0.001 ≤ p < 0.01 p < 0.001

CAA-Type 2 135 (45.5) 17 (27.9) 1 (6.2) 16 (35.6) 69 (51.9) 46 (44.7) 0.001 ≤ p < 0.01 0.01 < p < 0.05

No CAA 77 (25.9) 43 (70.5) 15 (93.8) 28 (62.2) 26 (19.5) 7 (6.8) p < 0.001 p < 0.001

LATE-NC with

HSf, n (%)

47(15.6) 5 (8.2) 0 (0.0) 5 (11.1) 20 (15.0) 22 (21.4) NS 0.01 < p < 0.05

AGDg, n (%) 81 (27.0) 21 (34.4) 4 (25.0) 17 (37.8) 41 (31.1) 18 (17.5) NS 0.01 < p < 0.05

Cerebral infarcth, n (%)

All regions 162 (53.8) 34 (55.7) 8 (50.0) 26 (57.8) 76 (57.6) 49 (47.6) NS NS

Small cortical 57 (18.9) 8 (13.1) 2 (12.5) 6 (13.3) 28 (21.1) 20 (19.4) NS NS

Large cortical 51 (16.9) 13 (21.3) 3 (18.8) 9 (0.2) 25 (18.8) 14 (13.6) NS NS

Small white matter 44 (14.6) 11 (18.0) 1 (6.3) 10 (22.2) 21 (15.8) 12 (11.7) NS NS

Large white matter 6 (2.0) 3 (4.9) 1 (6.3) 2 (4.4) 3 (2.3) 0 (0.0) NS NS

Small basal ganglia 60 (19.9) 11 (18.0) 2 (12.5) 9 (0.20) 30 (22.6) 18 (17.5) NS NS

Large basal ganglia 1 (0.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.8) 0 (0.0) NS NS

Small brain stem 13 (4.3) 2 (3.3) 1 (6.3) 1 (2.2) 8 (6.0) 3 (2.9) NS NS

Large brain stem 1 (0.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.8) 0 (0.0) NS NS

Small cerebellum 53 (17.6) 12 (19.7) 2 (12.5) 10 (22.2) 23 (17.3) 17 (16.5) NS NS

Large cerebellum 15 (5.0) 2 (3.3) 1 (6.3) 1 (2.2) 7 (5.3) 6 (5.8) NS NS

(Continues)
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studies is not straightforward. First, most studies reporting HPtau

+/Aβ� frequencies have not been population- or community-based.

Second, there has been some variability between different studies

regarding neuropathological inclusion/exclusion criteria, sample size,

age, ethnicity and methodology for assessing cognitive decline, which

may explain some of the variation in reports of prevalence. For exam-

ple, in the Japanese population-based Hisayama study [3], the preva-

lence of SD-NFT was only 3.9% among individuals with dementia.

However, all these individuals had dementia and a Braak stage of IV,

thus representing individuals on the more severe end of the HPtau

+/Aβ� spectrum. In cognitively normal elderly alone, however, HPtau

+/Aβ� pathology has been shown to be quite common [4], implying

that the whole spectrum can be much wider. This was seen in a report

of a neuropathologically examined subpopulation (n = 233) of the

community-based VITA study, in which approximately 31% of the

>75-year-old participants were HPtau+/Aβ� subjects [24]. Similarly,

in the population-based 90+ study, which also used a small neuro-

pathological subpopulation (n = 185) of a larger population, the fre-

quency of definite PART was recently reported as 18%, and the

frequency of possible PART was 23% [25]. Interestingly, the fre-

quency of definite PART was much higher in the 90+ study when

compared with the present study (5%). In the 90+ study, the mean

age at death (97.7 vs 92.1 years) and the proportion of highly edu-

cated were higher (47% vs <10%) when compared with the Vantaa

85+ study, which might explain the discrepancy in definite PART

frequencies.

Multiple simultaneous brain pathologies are common in very

elderly populations [41, 42]. We were able to pinpoint some differ-

ences in the frequency of certain comorbid pathologies between

PART and AD, especially when looking at definite PART vs high AD

subjects. First, our PART subjects were less likely to have LRP than

AD subjects, which is in line with what has been demonstrated by

some previous studies [13, 43]. This finding is expected because LRP

often exists in combination with AD, and it has even been hypo-

thesised that there exists a biologically distinct AD-associated LRP

type with an amygdala-based progression pattern [37, 44, 45]. In this

context, it was interesting to find that most of our amygdala-

predominant LRP subjects were in the high AD group (7/10), whereas

none of them were in the PART group. Similarly, it has also been dem-

onstrated that CAA, especially CAA-Type 1, is less prevalent in PART

when compared with AD [2, 3, 19], which was also the case in our

study. This fits the fact that CAA-Type 1 is known to associate with

the APOE ε4 allele [46]. Furthermore, in a study by Josephs et al [43],

it was reported that hippocampal sclerosis was quite rare in PART

subjects (6%), whereas AGD was quite common (about 30%), also

consistent with our findings. The association between PART and

AGD is noteworthy. AGD is a poorly understood four-repeat

(4R) tauopathy occurring in old age and is known to associate strongly

with the APOE ε2 allele [47, 48], and we therefore postulate that the

linkage between PART and AGD in our study could be mediated by

the APOE ε2 allele. Another commonality between PART and AGD is

that they both have been shown to exhibit a selective vulnerability of

the CA2 region of the hippocampus, but because PART is both a 3R

and 4R tauopathy rather than just a 4R tauopathy, these two most

probably represent two different disease processes [23, 48]. The rarity

of LATE-NC with HS in PART is in turn a clear difference from AD,

because AD-type neuropathological changes and LATE-NC with HS

are often comorbidities [49], as demonstrated by our study (>20% of

high AD subjects had LATE-NC with HS). The frequency of

cerebrovascular lesions on the other hand did not differ between our

PART and AD subjects. This has also been the case in some previous

studies [2, 13], even though another previous study showed that

PART subjects had a higher frequency of vascular brain injury

compared with AD [15]. Taken together, the differences in the burden

of comorbidity pathologies between PART and AD that we and others

have observed could indicate that these entities might be formed by

two different mechanisms, although some of these findings could

reflect an overlap in the diagnostic criteria among the classics and

novelties of neurodegenerative diseases in this still evolving field of

research.

T AB L E 2 (Continued)

Variable
All
participants

All
PART

Definite
PART

Possible
PART Low AD High AD

p all PART vs
low AD

p all PART vs
high AD

Anterior circulation 121(40.2) 27 (44.3) 6 (37.5) 21 (46.7) 56 (42.1) 36 (35.0) NS NS

Posterior circulation 98 (32.6) 21 (34.4) 6 (37.5) 15 (33.3) 48 (36.1) 28 (27.2) NS NS

Note: Results of association analyses with different variables, adjusted for age and sex.

Abbreviations: AD, Alzheimer’s disease; AGD, argyrophilic grain disease; CAA, cerebral amyloid angiopathy; CERAD, Consortium to Establish a Registry for

AD; LATE-NC with HS, limbic predominant age-related TDP-43 encephalopathy neuropathological change with hippocampal sclerosis; LRP, Lewy-related

pathology; NA, not applicable; NFT, neurofibrillary tangle; NS, no statistical significance; PART, primary age-related tauopathy.
aNeuropathological protocol for scoring neuritic plaques, data published previously [35].
bModified Braak staging scheme for HPtau pathology [31, 32].
cStaging scheme for phases of Aβ-depositions by Thal et al. [33]
dLewy-related pathology. DLB Consortium classification for LRP, data published previously [37]. Statistical analysis was performed by comparing the other

groups to the ‘no LRP’ group.
eCerebral amyloid angiopathy, data published previously [34]. Data available in 297/301 participants.
fLimbic-predominant age-related TDP-43 encephalopathy neuropathological change with hippocampal sclerosis. Data published previously [30].
gArgyrophilic grain disease. n = 276.
hData available in 258/301 participants. Data published previously [26].
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Many previous studies have found that PART and AD show clear

differences in cognitive abilities, with PART subjects more often having

either no dementia or a more slowly progressing or milder cognitive

impairment in older individuals compared with AD [2, 5, 13–15,

50, 51]. When comparing PART and high AD, we were able to replicate

these findings, but when comparing PART and low AD, the differences

mostly disappeared. Because severity of cognitive impairment in AD

correlates best with the number of isocortical NFTs [52, 53], it is not

surprising that the difference in the frequency of dementia between

HPtau+/Aβ� and ‘HPtau+/Aβ+’ subjects disappeared when compari-

sons were made without neocortical Braak stages (V–VI). Additionally,

recent studies have found that the Braak HPtau staging scheme, which

focuses on the regional distribution of HPtau pathology rather than

quantification, does not correlate with cognitive decline in PART sub-

jects as well as it does in AD subjects [16, 23]. In the study by Iida et al

[16], it was even shown that computer-derived quantitative assess-

ment of HPtau burden was a better predictor of cognitive impairment

than the Braak stages in PART subjects. Because we used the Braak

HPtau staging scheme to evaluate disease severity in PART, this might

be one explanation why we were not able to find significant differ-

ences in cognitive status between PART and low AD. Still, like the high

AD subjects, even the low AD subjects showed a steeper decline in

MMSE scores during follow-up than PART subjects in our main age-

and sex-adjusted analyses, indicating a difference in disease progres-

sion between PART and AD.

Evaluating the effect that PART pathology has on cognitive

decline is complicated by the high frequency of comorbid brain

pathologies seen in this age group [1]. In our multivariate analyses, we

found that in addition to severe AD pathology correlating significantly

with cognitive impairment, some other brain pathologies (i.e., LATE-

NC with HS, diffuse neocortical and limbic predominant LRP and small

cortical infarcts) also correlated independently with cognitive impair-

ment in our study subjects. Additionally, when taking into account

these other brain pathologies, the statistically significant difference in

the decline of MMSE scores between 1991 and 1996 disappeared in

comparisons between PART and both low and high AD, although this

might reflect a too small sample size in follow-up for reliable multiple

regression analysis (n = 82 in 1996). In previous studies, it has been

shown that coexistence of other comorbidities such as cerebrovascu-

lar disease associates with cognitive decline in PART subjects [16, 51].

Still, it appears that some subjects with HPtau+/Aβ� pathology on

the more severe end of the PART spectrum can develop significant

dementia in the absence of other explanatory features [1, 3, 51]. To

examine this, we recalculated the percentages of dementia in our

study subjects after exclusion of some burdensome comorbidities and

found that the frequency of dementia among our PART subjects less-

ened somewhat (Table S10). Even then, a substantial portion of our

PART subjects (36%) remained with dementia. Therefore, in light of

the current and previous studies, we conclude that even though the

role of PART in dementia seems to be smaller in comparison with

other more burdensome brain pathologies, it still appears be able to

independently cause noteworthy cognitive impairment.

In accordance with findings of the present study, PART has previ-

ously shown the reverse association with APOE genotypes compared

T AB L E 3 APOE genotypes, allele ε4 and ε2 frequencies, and ancestral tau haplotypes (H1/H2) of study participants with genetic data

Variable

All
participants,

n = 279

All
PART,

n = 59

Definite
PART,

n = 15

Possible
PART,

n = 44

Low AD,

n = 120

High
AD,

n = 96

p all PART vs

low AD

p all PART vs

high AD

APOE genotypea, n (%) p < 0.001 p < 0.001

2/2 1 (0.4) 1 (1.7) 1 (6.7) 0 (0.0) 0 (0.0) 0 (0.0)

2/3 28 (10.0) 12 (20.3) 2 (13.3) 10 (22.7) 11 (9.2) 4 (4.2)

3/3 162 (58.1) 43 (72.9) 12 (80.0) 31 (70.5) 76 (63.3) 40 (41.7)

2/4 6 (2.2) 1 (1.7) 0 (0.0) 1 (2.3) 3 (2.5) 2 (2.1)

3/4 80 (28.7) 2 (3.4) 0 (0.0) 2 (4.5) 30 (25.0) 48 (50.0)

4/4 2 (0.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (2.1)

APOE ε4 alleleb

Yes, n (%) 88 (31.5) 3 (5.1) 0 (0.0) 3 (6.8) 33 (27.5) 52 (54.2) 0.001≤ p < 0.01 p < 0.001

APOE ε2 alleleb

Yes, n (%) 35 (12.5) 14 (23.7) 3 (20.0) 11 (25.0) 14 (11.7) 6 (6.3) 0.01 < p < 0.05 0.001 ≤ p < 0.01

Tau haplotypec, n (%)

H1/H1 229 (84.2) 47 (82.5) 13 (92.9) 34 (79.1) 94 (81.0) 85 (89.5) NS NS

H1/H2 39 (14.3) 9 (15.8) 1 (7.1) 8 (18.6) 19 (16.4) 10 (10.5) NS NS

H2/H2 4 (1.5) 1 (1.8) 0 (0.0) 1 (2.3) 3 (2.6) 0 (0.0) NS NS

Abbreviations: AD, Alzheimer’s disease; NS, no statistical significance; PART, primary age-related tauopathy.
aStatistical analysis was performed using Fisher’s exact test.
bStatistical analysis was performed using binary logistic regression (adjusted for age and sex).
cTau haplotype data were available in 272/301 participants. Statistical analysis was performed using binary logistic regression (adjusted for age and sex).
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with AD, with APOE ε4 being less common and APOE ε2 being more

common in PART [13, 19, 54–56]. It is of note that the APOE ε2/ε3

genotype has been associated with the lowest Aβ deposition, which is

in line with the definition of PART [57]. The difference in this key

genetic factor in PART vs classical AD indicates that there might be

differences in Aβ metabolism between these disease entities and that

PART might thus be a separate tauopathy from AD. As for the varia-

tion in the MAPT gene previously associated with PART, the study by

Santa-Maria et al [22] suggested that TPD had a strong protective

association with the MAPT H2 haplotype when compared with ‘suc-
cessful cerebral ageing’. Additionally, the study found an association

between TPD and two polymorphisms in the MAPT 30UTR region

[22]. In our study, we did not find associations to theseMAPT variants,

but found two other 30UTR polymorphisms, which were nominally

associated with PART. One of these polymorphisms, rs7521, occurs in

both haplotypes H1 and H2 [22], which may explain why we did not

detect an association with these ancestral haplotypes. In previous

analyses on Finns, theMAPT variation, including the H1/H2 haplotype,

has been shown to associate only weakly or not at all with different

forms of neurodegenerative diseases [58–60]. The rs7521 polymor-

phism has been previously associated with Parkinson’s disease in a

Finnish population, with the H1/H2 haplotype system not showing

any association in the same study [59]. The nominal MAPT

associations found in the present study were not very strong (lowest

p value 0.008), and this may have been influenced by the relatively

low number of subjects in this study. Furthermore, Bonferroni

correction, which was used here, is known to be a very conservative

correction method.

The Vantaa 85+ study has many strengths, but also some limita-

tions. Being a prospective population-based study, the risk of selec-

tion bias is minimised. Additionally, the Vantaa 85+ study is well

suited to examine PART and other novel neurodegenerative diseases,

because this is the age group in which they have been reported to

occur at high frequency. On the other hand, the fact that participants

have been included according to high age needs to be taken into

account when comparing results with those of other studies. The

small sample size of the definite PART group (n = 16) did not allow us

to perform reliable analyses on definite and possible PART separately

due to a possible lack of statistical power. Some results of the com-

bined PART group therefore appeared to derive from the possible

PART subjects rather than the definite PART subjects, and some of

the results of the definite PART group were somewhat divergent from

what has usually been reported. Moreover, because especially Braak

I–IV/Thal 1–2 subjects (i.e., possible PART) can represent either PART

or early/mild AD, this also needs to be taken into account as a possi-

ble confounding factor when interpreting the results. Another limita-

tion in our study was that the nuances of cognitive impairment were

not studied very precisely in our study, as the categorisation of

dementia was only based on the DSM IIIR criteria and only the MMSE

test was used to measure the rate of cognitive decline. Lastly, when

evaluating Braak stages, it also needs to be pointed out that we did

not study the anterior hippocampus, which makes recognition of

Braak stage I more difficult as the posterior parts of the hippocampus

sampled at the level of the lateral geniculate body only contain rem-

nants of the transentorhinal cortex [32].

In conclusion, our study confirms that many of the previous find-

ings related to PART also apply in a population-based setting. PART is

a common neuropathological finding in the brains of over

85-year-olds, and individuals with PART differ from individuals with

typical AD-type neuropathological changes with regard to their pat-

tern of cognitive decline, APOE genotype and burden of comorbid

pathologies. It is important to separate PART from classical AD and

other neurodegenerative disorders in both clinical and neuropatholog-

ical studies.
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