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Abstract

The diagnosis of Alzheimer’s disease (AD) in the oldest-old is complicated by the increasing
prevalence of age-related neurofibrillary tangles, plaques and non-AD pathologies such as
cerebrovascular disease (CVD), hippocampal sclerosis (HS), aging-related tau astrogliopathy
(ARTAG), as well as TDP-43 and Lewy pathology. The contribution of these non-AD pathologies
to dementia and cognitive resilience is unclear. We assessed the level of AD neuropathologic
change (ADNPC) and non-AD pathology in 185 participants enrolled in The 90+ Study with
available cognitive assessments and brain tissue. Logistic regression models—adjusting for age,
sex and education—determined the association between each pathology and dementia or between
subgroups. 53% had dementia, primarily AD or mixed AD; 23% had cognitive impairment
without dementia (CIND); 23% were not impaired. Both AD and non-AD pathology was
prevalent. 100% had tangles, 81% had plaques, and both tangles and plaques associated with
dementia. ARTAG distributed across limbic (70%), brainstem (39%) and cortical regions (24%).
49% had possible CVD and 26% had definite CVD, while HS was noted in 15%. Cortical
ARTAG, CVD and HS were each associated with dementia, but limbic and brainstem ARTAGs
were not. TDP-43 and Lewy pathologies were found in 36 and 17% and both associated with
dementia. No pathology distinguished CIND and the not impaired. By NIA-AA criteria and
dementia status, the cohort was subdivided into four groups: those with minimal ADNPC included
the not dementia (ND) and Not AD dementia groups; and those with significant ADNPC included
the Resilient without dementia and AD dementia groups. Compared to the ND group, the Not AD
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dementia group had more HS, cortical ARTAG, TDP-43, and Lewy pathology. Compared to the
AD dementia group, the Resilient group had less CVD, no HS and less cortical ARTAG, TDP-43
and Lewy pathology. Our findings imply that reductions in non-AD pathologies including CVD

contribute to cognitive resilience in the oldest-old.

Introduction

The neuropathological diagnosis of AD in the oldest-old—those older than 90 years—is
complicated by the increasing prevalence of aging-related neurofibrillary tangles (NFTs) and
plaques in individuals without clinical dementia [5]. In fact, those with AD pathology but no
dementia may be pathologically indistinguishable from those with dementia who are
vulnerable to a low burden of AD neuropathologic change (ADNPC). Similarly, others prove
cognitively resilient to an intermediate level of ADNPC, while their peers develop dementia
[34, 41].

Aging can also result in the accumulation of non-AD pathologies, including proteinopathies
such as a-synuclein-positive Lewy bodies, TDP-43-positive inclusions and aging-related tau
astrogliopathy (ARTAG), as well as cerebrovascular disease (CVD) and hippocampal
sclerosis (HS) [15, 27, 33, 35]. Incidental Lewy bodies are generally absent in those under
60 years, but are found in 17-25% of aged brains without parkinsonism and clinical
dementia. Lewy pathology occurs in distributions affecting amygdala-only, or brainstem,
limbic and cortical areas. Similar to a-synuclein, TDP-43 protein aggregates is a frequent
co-pathology in AD and is present in 13—-36% of individuals without clinical amyotrophic
lateral sclerosis or frontotemporal degeneration [15, 36, 38]. TDP-43 is staged as occurring
first in the amygdala, then hippocampal and finally cortical areas [19]. CVD is the most
frequent non-AD pathology in the brains of the oldest-old with 75-90% of individuals
having some degree of CVD pathology [34]. While no consensus criteria for CVD exist,
common approaches toward the pathological diagnosis of CVD involve reporting the extent
of microvascular lesions (MVL) including arteriolosclerosis, Ap-positive cerebral amyloid
angiopathy, expanded Virchow-Robin spaces, pigmented macrophages, myelin loss and
microinfarcts [13, 36]. We previously reported that just one of these MVL—microinfarcts—
affected 51% of the oldest-old [10]. HS is another common age-related pathology that may
directly be associated with TDP-43 co-pathology and with cognitive deficits [12, 18, 38].
ARTAG also rises in frequency with increasing age [23]. While rare under age 60 years,
ARTAG has been found in almost half of brains over age 75 years [24, 26, 27]. ARTAG
occurs as different types in multiple anatomical areas. Gray matter ARTAG might correlate
with clinical symptoms [25, 31]; however, limbic and brainstem subpial, perivascular and
white matter ARTAG has not been correlated with dementia [28, 46].

Cognitive impairment and dementia may be the consequence of any of these pathologies or
others not listed here. Thus, the decreasing correlation between AD pathology and dementia
in the oldest-old may be the result of the increasing prevalence of non-AD pathology with
advancing age. Here, we describe the prevalence and severity of each pathology in The 90+
Study and use logistic regression to determine the association of each measure with the
cognitively impaired, but no dementia (CIND) versus the not impaired (NI); the association
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of each measure with dementia; and the association of each measure with increasing burdens
of plaques and tangles independent of dementia. Finally, we use NIA-AA criteria to examine
the hypothesis that non-AD pathology associates with dementia independent of AD
pathology.

Participants were enrolled in The 90+ Study, a population-based study of people 90 years
and older [9]. Study participants were followed in person every 6 months with neurological
and physical examinations, neuropsychological testing, functional assessments and
informant interviews. Of 212 individuals who came to autopsy before September 30, 2013,
185 had adequate limbic, brainstem and neocortical brain tissue available and cognitive
assessments within 1 year of death.

The longitudinal neuropsychological battery included the MMSE, California Verbal
Learning Test, Trail-making tests, clock drawing, verbal fluencies and other standardized
measures of cognition. Additional information relevant to cognitive diagnoses included
interviews with knowledgeable informants and review of all medical records including
clinical neuroimaging and laboratory results. After a participant’s death, final clinical
diagnoses were assigned during a multi-disciplinary consensus conference led by The 90+
Study principal investigators (CK and MC) while blinded to pathological evaluations. Using
all available information, participants were cognitively classified as not impaired (NI),
cognitively impaired but no dementia (CIND) or as having dementia. Dementia diagnosis
was established using Diagnostic and Statistical Manual of Mental Disorders 4th Edition
criteria [1]. Participants were classified as CIND if they showed cognitive or functional
deficits that were not severe enough to meet criteria for dementia. In addition, for individuals
with dementia or CIND, the presumed clinical etiologies—i.e., Alzheimer disease,
Parkinson disease, vascular dementia, others—were assigned during this conference
applying standard diagnostic criteria. MMSE scores reflected the differences between
groups: NI (mean 27.5, IQR 27-29), CIND (mean 23.6, IQR 21-27) and dementia (mean
11.9, IQR 4-19). The mean number of months between death and last MMSE did not differ
between groups: NI (mean 5.9, IQR 2.0-6.2), CIND (mean 5.5, IQR 3.1-6.3) and dementia
(mean 6.3, IQR 2.7-7.0).

AD neuropathology

Hippocampus and amygdala (limbic), midbrain and medulla (brainstem), and mid-frontal
and superior temporal cortex (cortex) slides were immunostained for tau pathology with
PHF-1 antibody, for AP plaques with Nab228 antibody, for a-synuclein pathology with
Syn303 antibody and for TDP-43 pathology with 1D3 as described previously [38]. All
antibodies are well characterized as specific detectors of the common aggregating proteins in
neurodegenerative disease; each is made freely available to all Alzheimer’s disease centers
(PHF-1, Nab228, Syn303) or are commercially available (1D3, Millipore, USA). All slides
were available for review except for medulla in 36 subjects. Semi-quantitative scores (0-3+)
for each slide with NFT and AP plaque pathology were used to assign to each case as [-VI

Acta Neuropathol. Author manuscript; available in PMC 2019 May 24.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Robinson et al.

Page 4

Braak stage, 0—4 Thal phase (cerebellum was unavailable to stage the Thal phase 5) and 0-3
CERAD neuritic plaque scores as previously described [39]. Specifically, Braak stage was
determined using the hippocampal section for Braak stages I-IV; Braak stage V was defined
by the presence of NFT in either cortex slide; Braak stage VI (7= 4) was defined by the
presence of severe NFT pathology in both cortical regions. Thal phase was determined using
a simplified Thal phase schema (0—4) through examination of the hippocampus [44];
hippocampi without any plaques were assigned Thal phase 0 if both the frontal and temporal
cortices were also free of plaques. Neuritic plaque burden was determined by tau
immunohistochemistry to assign CERAD neuritic plaque scores [4, 42]. NIA-AA criteria
[30] determined the level of ADNPC (low, intermediate, high) with the additional diagnoses
of definite and possible primary age-related tauopathy (PART) also included [11]. Hence,
definite PART is defined by Braak stages I-IV without plaques; possible PART by Braak
stages [-IV with Thal phase 1-2 and CERAD 0-1; and the remaining levels of ADNPC as
per NIA-AA criteria.

Non-AD neuropathology

TDP-43 stage was determined from TDP-43 pathology semiquantitative scores for each
slide. Cases were either TDP-43 negative (stage 0), TDP-43 positive in the amygdala-only
(stage 1), TDP-43 positive in the amygdala and hippocampus (stage 2) or TDP-43 positive in
the amygdala, hippocampus and frontal or temporal cortex (stage 3) [19].

A Lewy pathology distribution score was determined from a-synuclein semi-quantitative
scores for each slide. a-synuclein-positive cases had Lewy pathology in the brainstem or
amygdala only (stage 1), in the limbic areas in addition to stage 1 areas (stage 2) or in the
cortical areas as well as stage 2 areas (stage 3) [29].

The tau-immunostained slides were used to determine the severity by semi-quantitative
scores for each of the two signature ARTAG astrocytic tau inclusions: thorn-shaped
astrocytes (TSA) and granular or fuzzy astrocytes (GFA). As per published consensus
recommendations, the anatomical location of each pathology was also noted (i.e., subpial,
subependymal, perivascular, white matter and gray matter) (Supplemental Table 1) [23]. For
purposes of this paper, the maximum semi-quantitative ARTAG score—TSA or GFA,
regardless of anatomical location—was used to determine separate ARTAG regional scores:
limbic (hippocampus and amygdala), brainstem (midbrain and medulla) and cortical (mid-
frontal and superior temporal cortex) ARTAG. This simplification—for example, a case with
2+ GFA in the amygdala and 1+ TSA in the hippocampus is scored 2+ limbic ARTAG—
allowed us to compare the regional ARTAG burden across cases. Note that all brainstem
ARTAG cases had limbic ARTAG, and cases with cortical ARTAG also had both limbic and
brainstem ARTAG except rarely (n=7/185).

CVD pathology was determined from the semi-quantitative grading of MVL (none, mild,
moderate, severe) similar to Neltner et al. [36]: arteriolosclerosis, expanded Virchow-Robin
spaces and pigment-laden macrophages in the perivascular spaces in hematoxylin and eosin-
stained sections for all limbic and neocortical slides, myelin loss on hematoxylin and eosin-
stained sections with Luxol fast blue for all neocortical slides, and cerebral amyloid
angiopathy on AP immunohistochemistry for all neocortical slides. Finally, the presence of
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microinfarcts was also noted. These MVL included arteriolosclerosis (77%, n= 142),
enlarged Virchow-Robin spaces (68%, n = 125), myelin loss (44%, n = 81), pigmented
macrophages (37%, n=69), AP amyloid angiopathy (16%, n = 30) and microinfarcts (8%, n
= 15) (Supplemental Table 1; Supplemental Fig. 1). For each case, a CVD diagnosis was
determined by summing all moderate to severe MVL and the presence of microinfarcts,
similar to Deramecourt et al. [13]. From observed MVL counts of 0-12, definite CVD was
defined by the presence of six or more MVL (26%, n = 48). For descriptive purposes, we
also report possible CVD as the presence of 3-5 MVL (49%, n=90) [30].

Finally, HS is determined from the presence of severe gliosis and neuronal loss in the CA1
sector and subiculum of the hippocampus. HS is frequently associated with TDP-43
pathology and “pure” HS occurs independently of NFT and A plaque pathology. Here, the
presence of HS was noted in the hematoxylin and eosin-stained hippocampus independently
of TDP-43, tau or AP immunohistochemistry [6, 38].

All statistical analyses used R version 3.3.2. All statistical tests were two-sided, reporting
odds ratios (OR), 95% confidence intervals (CI) and p values. Multiple testing adjustments
were not performed due to the exploratory nature of the study [2]. Statistical significance
was set at < 0.05 level. Logistic regression models using the full range of each available
pathology—adjusting for age at death, sex and education—determined the association
between each pathological measure and the odds of dementia. A separate logistic regression
determined the association between each pathological measure and the odds of being in the
CIND versus NI sub-cohorts. For the subgroup analysis, participants were defined as
belonging to one of four distinct subgroups according to their dementia status and the
presence or absence of significant AD pathology. Statistically, the presence of significant
AD pathology was defined by an intermediate or high level of ADNPC [11, 30]. The not
dementia (ND) group had no dementia and no significant AD pathology; the Not AD
dementia group had dementia and no significant AD pathology; the Resilient group had no
dementia and significant AD pathology; the AD dementia group had dementia and AD
pathology. By logistic regression, we estimated the odds of dementia for each non-AD
pathology after adjusting for AD pathology as a binary covariate and the given non-AD
pathology as predictor, as well as age at death and sex. To allow for the possibility of
interactions between AD pathology and the given predictor (i.e., the effect of the predictor
may be different in participants with AD pathology as opposed to participants without AD
pathology), we also included in each model an interaction term between AD pathology and
the given predictor [22]. If the interaction term between AD pathology and the given
predictor was not significant, it was removed from the model. In such cases, the effect of the
predictor on the odds of dementia is the same for the Resilient vs. AD dementia groups as
well as the ND vs. dementia Not AD groups. For measures with a significant interaction,
ORs were reported separately for AD and non-AD groups.
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The 185 participants were on average 98 years old at the time of death, 71% were women,
and 49% had a college education (Table 1). Cognitively, 53% had dementia and the majority
of those with dementia had a primary AD or mixed AD clinical diagnosis (84%, 84/99).
Those without dementia included 23% with CIND and 23% with NI.

Frequency and severity of AD pathology

AD pathology was highly prevalent (Table 2). 100% (2= 185) had NFTs quantifiable by
Braak stage, 81% (n= 150) had plaques that were measurable by Thal phase and 63% (n=
117) had neuritic plaques that could be assigned CERAD scores (21). A moderate
distribution of NFTs was most frequent (Braak III-1V, 63%, n= 115), while the plaque
burden was commonly low (Thal phase 0-2, 56%, n= 104; CERAD none or sparse, 62%, n
= 115). By NIA-AA criteria, a level of ADNPC was assigned to each case. 48% (n= 88) had
a low level of ADNPC, while 52% (1= 96) had an intermediate or high level of ADNPC.
The majority of the cases with low AD pathology were best classified as PART cases
(77/88), while the majority of the cases with more substantial AD pathology were assigned
an intermediate level of ADNPC (83/96).

Frequency and severity of non-AD pathology

Non-AD pathology was also very prevalent in this cohort (Table 2). ARTAG affected 77% (n
= 142) and was predominantly TSA pathology (75%, n= 138), but a minority also had GFA
pathology (25%, n= 46) (Fig. 1). Subpial and white matter ARTAGs were commonly
observed, particularly in limbic areas, but subependymal, perivascular and gray matter
ARTAGs were also noted (Supplemental Table 1). Most frequently, ARTAG was observed in
limbic regions (70%; n = 130), but was also present in brainstem regions (39%, n= 72) and
cortical regions (24%, n = 44). The majority of cases with brainstem ARTAG had limbic
ARTAG, and the majority of cortical ARTAG cases had both limbic and brainstem ARTAGs
(data not shown). TDP-43 positive lesions were not uncommon and 36% (1 = 66) had
inclusions that could be staged [19]. In 10% (n = 18), TDP-43 was limited to the amygdala,
while 22% (n = 41) had additional inclusions in the hippocampus, and 4% (n=7) of the
cases had neocortical TDP-43. Alpha-synuclein-positive Lewy pathology was less frequent
and were observed in 17% (1= 31) of the cohort. A mild or greater burden of Lewy
pathology was noted in the brainstem in 6% (2= 11) or as limbic pathology as well in 9% (n
= 16). Rarely did Lewy pathology spread to the neocortex (1%, n= 2).

CVD affected the majority of the cohort (75%, n= 138). CVD was defined by the presence
of three or more significant—moderate to severe—MVL in a given brain. Individually, MVL
were common. Only accounting for significant modifications, arteriolosclerosis was detected
in 45%, expanded Virchow-Robin spaces in 33%, myelin loss in 12%, pigmented
macrophages in 8% and cerebral amyloid angiopathy in 8% (Supplemental Table 1).
Additionally, microinfarcts were found in 8% of the cohort. Definite CVD, defined by the
presence of six or more significant MVL, was assigned to 26% of cases (1= 48). The
specific hippocampal cell loss and gliosis that defined HS were less common and noted in
15% (n=28).
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Associations with cognitive impairment and dementia

We first asked if any pathological measure was associated with either cognitive impairment
or dementia. By logistic regression, neither the AD nor the non-AD measures distinguished
CIND from NI (Table 3). Braak stage, Thal phase and CERAD score were statistically
equivalent in the CIND and NI groups, as were TDP-43 stage, Lewy pathology, cortical
ARTAG, limbic ARTAG, brainstem ARTAG, definite CVD and HS (all p values > 0.1).
Since the CIND and NI groups were pathologically indistinguishable, we assigned both to a
not dementia group for further analysis.

By logistic regression, most of the AD and non-AD pathologies were associated with the
dementia group than the not dementia group (Table 3). Increasing Braak stage strongly
associated with dementia (p value < 0.001) and increasing plaques burdens: Thal phase (p
value = 0.002), and CERAD score (p value = 0.002). TDP-43 stage and Lewy pathology
were higher in the dementia group than the not dementia group (p values < 0.001 and 0.018,
respectively). HS (p value < 0.001), definite CVD (p value = 0.016) and cortical ARTAG (p
value = 0.007) were associated with dementia, but limbic ARTAG (p value = 0.84) and
brainstem ARTAG (p value = 0.62) were not.

Interactions between pathologies

Since both AD and non-AD pathologies were associated with dementia, we next asked if
these variables were correlated. First, we divided the cohort by tau burden into low (I-III)
and high (IV-VI) Braak stage groups (Fig. 2 and Supplemental Table 3). By logistic
regression, the high Braak group had a higher Thal phase (OR 2.50, p value < 0.001) and
CERAD score (OR 3.38, pvalue <0.001). In addition, several of the non-AD pathologies
were also associated with the high Braak stage group. HS (OR 4.16, p value = 0.006) and
definite CVD (OR 2.65, p value = 0.009) were more likely at higher Braak stages as was
cortical ARTAG (OR 3.66, p value < 0.001) and TDP-43 stage (OR 1.92, p value < 0.001).
Limbic ARTAG (OR 1.04, p value = 0.76), brainstem ARTAG (OR 1.16, p value = 0.41) and
Lewy pathology did not significantly associate with a high Braak stage (p value = 0.11).

Next, we divided the cohort by plaque burden into low (0-2) and high (3—4) Thal phase
groups (Supplemental Table 3). By plaque burden, the AD pathologies were strongly
associated. The high Thal phase group had a higher Braak stage (OR 2.67, p value < 0.001)
and higher CERAD scores (OR 2.69, p value = 0.001). The non-AD pathologies did not
associate with the high Thal phase group compared to the low Thal phase group. The high
Thal phase group was not more likely to have HS (OR 1.26, p value = 0.57), definite CVD
(OR 1.21, pvalue = 0.58) or more TDP-43 (OR 1.24, p value = 0.18), Lewy pathology (OR
1.13, p=0.57), cortical ARTAG (OR 1.18, p value = 0.52), limbic ARTAG (OR 0.90, p
value = 0.44) or brainstem ARTAG (OR 0.75, p value = 0.12).

Resilient and Not AD dementia groups

The AD variables—Braak stage, amyloid phase and CERAD score—individually associated
with dementia in The 90+ Study, but did not differentiate the NI and CIND groups. By NIA-
AA criteria, the level of intermediate or high ADNPC accounted for 60% (1= 59) of the
dementia group (Supplemental Table 2). Nonetheless, 32% (n= 32) were also diagnosed
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with definite or possible PART. In the cases without dementia, 61% (1= 26) of the NI cases
had a PART diagnosis as did 54% (1= 19) of the CIND individuals. Conversely, 38% (n=
16) of the NI cases had an intermediate or high level of ADNPC along with 49% (n=21) of
CIND individuals. Overall, by NIA-AA criteria, an intermediate or high level of ADNPC
had limited sensitivity (60%) and specificity (57%) for dementia in The 90+ Study. As a
result, individuals could be subdivided into four groups based on the presence or absence of
AD pathology and their dementia status (Table 4). An AD dementia group was composed of
individuals with intermediate or high level of ADNPC and dementia, while a Resilient group
also had an intermediate or high level of ADNPC but without dementia. Similarly,
individuals without AP plaques or with a low level of ADNPC were separated into a not
dementia (ND) group and a Not AD dementia group. By NIA-AA criteria, both the AD
dementia and Resilient groups, and the ND and Not AD dementia groups were similarly
defined by their plaque and tangle burdens. The AD dementia group was primarily
composed of intermediate ADNPC cases (83%) as was the Resilient group without dementia
(92%). Similarly, the ND group was mostly definite or possible PART cases (92%) as was
the Not AD dementia group (80%).

We hypothesized that higher burdens of non-AD pathologies would associate with dementia
independent of AD pathology. Logistic regression was performed with interaction terms to
determine if the non-AD pathologies had differential effects in the ND and Not AD
dementia groups, compared to the Resilient and AD dementia groups with AD pathology
(Table 5). Definite CVD was the only measure to have a significant interaction. That is,
while CVD pathology was comparable in the Not AD dementia and ND groups (p value =
0.93), definite CVD was increased in the AD dementia group compared to the Resilient
group (p value = 0.003). For the other measures, the interaction term was non-significant and
removed from the model. After adjusting for AD pathology, the presence of HS was strongly
associated with dementia in the Not AD dementia group compared to the ND group, as well
as in the AD dementia group compared to the Resilient group (p value < 0.001). TDP-43
stage (p value = 0.001) and Lewy pathology (p value = 0.024) also associated with dementia
independent of AD pathology, as did cortical ARTAG (p value = 0.008). Limbic and
brainstem ARTAGs did not associate with dementia in this model (p value > 0.7).

Discussion

While AD pathology is common in the oldest-old, our study develops two lines of evidence
implicating non-AD pathologies in the development of dementia in this age group. First,
dementia occurs in the absence of significant AD pathology when CVD, ARTAG, HS,
TDP-43 and Lewy pathology act as multiple insults on the aged brain. Together, the
combined pathologies are a sufficient correlation of dementia. Second, cognitive resilience
occurs in the presence of a significant AD pathology when the non-AD pathological burden
is reduced. Here, neuropathological resilience to the non-AD pathologies may result in
cognitive resilience as AD pathology develops.

In The 90+ Study, both AD and non-AD pathologies are prevalent: NFTs were noted in
100%, plaques in 81%, ARTAG in 77% and the MVL that define CVD in 75%, while
TDP-43 inclusions, Lewy pathology and HS were less abundant. Since age-related
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pathologies are frequent in the oldest-old, it is important to highlight that it is not just the
presence but the severity of each pathology that associates with dementia. By analyzing only
burdens of NFTs above Braak stage III (57%), plaques above Thal phase 2 (44%), ARTAG
with a cortical distribution (24%) and MVL with a definite CVD diagnosis (26%) in many of
our models, we attempted to disambiguate the pathologies most proximal to dementia from
those pathologies that are age associated.

The foremost non-AD, age-associated pathology is CVD. Since CVD is the third leading
cause of death, it is not surprising that the MVL that develop into CVD are observed in 60—
90% of individuals with and without dementia [37, 40]. In this study, we used a simple
additive model of moderate to severe MVL including arteriolosclerosis, expanded Virchow-
Robin spaces, white matter myelin loss, pigmented macrophages, cerebral amyloid
angiopathy and microinfarcts. To date, there are no consensus neuropathologic criteria to
diagnose CVD, although previous studies have assessed MVL with similar scoring
methodologies and have reported on their association with vascular impairment, old age and
dementia [13, 16, 36]. In an earlier study, we reported on just one MVL and found that 51%
of participants had microinfarcts, but dementia was only associated with the 13% that had
frontal, temporal or parietal cortical microinfarcts [10]. Our study confirms the high
prevalence of MVL affecting 75% of the cohort and concludes that the 26% of individuals
with definite CVD have increased odds for dementia. We also report that AD-associated
dementia may have an increased prevalence of CVD or, alternatively, that cognitive
resilience to AD-associated dementia is more common in individuals without CVD.

ARTAG was also common in this cohort and, to our knowledge, this is the first study to
show an association of ARTAG with clinical dementia in a large cohort of elderly
individuals [27, 28, 43, 46]. While the importance of CVD and HS is increasingly
recognized [20], ARTAG’s clinical relevance has only been suggested in a small cohort of
individuals [25]. ARTAG may originate in the medial temporal lobe in the white matter or
subpial areas adjacent to the amygdala [23, 26, 43]. Our data are consistent with an outward
spread of ARTAG from limbic to the brainstem areas and then to the neocortical areas, since
only occasionally did we see cortical ARTAG independent of both limbic and brainstem
ARTAG:S also being present (4%, 7/185). Both Braak stage and cortical ARTAG were
associated with dementia in this cohort and the frequency of cortical ARTAG increased with
increasing Braak stage (Fig. 2). The templated spread of pathological tau as NFTs is now
well understood and, since there is experimental evidence for the spread of neuronal and
glial tau pathology following intracerebral injections of proteopathic tau seeds into mice
brains [3, 8, 32], it is plausible that ARTAG may undergo templated spread as well.
Nonetheless, how ARTAG spreads is still unknown, but our data are consistent with the
intriguing implication that neuronal tau pathology and astrocytic tau pathology are related in
the oldest-old.

The prevalence of HS increases with age and may be more directly associated with cognitive
deficits than the other more frequent pathologies reported here [6, 21]. In The 90+ Study, HS
prevalence was 15%, but represented 26% of dementia cases. Importantly, HS was strongly
associated with dementia independent of AD pathology and the absence of HS was
associated with the Resilient group. There are some indications that HS may be related to
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TDP-43 pathology and even to arteriolosclerosis [35, 38]. In our cohort, 71% (20/28) of the
HS cases also had hippocampal TDP-43 inclusions, although we did not see a relationship
with arteriolosclerosis (data not shown). For such a clinically relevant pathology, a closer
look at the mechanisms related to the pathology of HS bears further scrutiny.

In this study, TDP-43 pathology prevalence was 36% and associated with dementia in
individuals with and without AD pathology. Importantly, the amount of TDP-43 pathology
described here was not diagnostic of frontotemporal degeneration and amyotrophic lateral
sclerosis and none of the cohort was clinically characterized with those symptoms. Instead,
TDP-43 pathology may be accumulating in the aged brain downstream of increasing AD
pathologies [19] or, as already mentioned, downstream of HS [35].

The occurrence of incidental a-synuclein-positive Lewy bodies and Lewy neurites is
increasingly being reported [7, 15, 27, 33, 35] and the 17% prevalence in The 90+ Study is
in line with other cohorts without overt parkinsonism. Intriguingly, Lewy pathology was
associated with dementia even though there was a weak correlation between the clinical
diagnosis of Lewy body disease and Lewy pathology: 12 cases were diagnosed with LBD or
AD/LBD, of which only 4 had Lewy pathology. Rather than directly correlating with clinical
dementia, Lewy pathology may accumulate as a co-pathology in AD dementia [30], or as
one of many insults that contribute to cognitive decline (Table 5).

NFTs were present in all individuals in The 90+ Study and may drive the additional co-
pathologies observed in this cohort. Braak stage was associated with dementia along with
Thal phase and CERAD score (Table 3). However, at Braak stage IV or higher, there is an
increased prevalence of non-AD pathologies (Fig. 2), an association not seen at high Thal
phases. These results are correlative and not causal; nonetheless, the recent demonstration
that pathological tau isolated from AD brain increases the plaque burden and induces
widespread tau pathology in animal models implies that pathological tau interacts with the
AP plaque environment to drive the increase in tau and AP pathology [17]. In particular, the
increase from Braak stage III to IV may represent an important transition from age-
associated pathology to dementia-associated pathology. According to NIA-AA criteria,
Braak stages IIT and IV are pathological equivalent for diagnostic purposes [30], but this
simplification may overlook clinically relevant pathological changes in the oldest-old [14].

This study has several limitations. First, cognitive impairment and dementia may be the
consequence of any of the pathologies we examined here or others not examined such as
increased gliosis, blood brain barrier changes, etc. Second, while we reported ARTAG scores
that were significantly associated with dementia, our severity and distribution scores were
simple, additive measures based on a limited sample of brain regions. Our understanding of
ARTAG as a pathological correlate for cognitive decline needs further observations of the
specific constellations of ARTAG in vulnerable regions with greater discernment of the
pathogenic spread of ARTAG into additional brain regions. Third, we reported an
association of CVD with dementia, but there are no consensus criteria for CVD. Going
forward, the staging of MVL will have to be examined in a rigorous, reproducible way.
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Previous studies converge around two ideas related to the prevalence of AD pathology with
advancing age: that the oldest-old with dementia have fewer NFTs and plaques than do their
younger peers with dementia, and that those without dementia have more age-related NFT's
and plaques than the younger-old [5, 14, 38, 41]. This raises the possibility that additional,
non-AD pathologies underlie vulnerability to dementia and that a significant portion have
cognitive resilience to AD pathology. We conclude that non-AD pathologies such as HS,
TDP-43 inclusions, cortical ARTAG and Lewy pathology may increase the aged brain’s
vulnerability to dementia independent of AD pathology, and that individuals with minimal
CVD and the other non-AD pathologies may be more cognitively resilient to AD
neuropathology. Although it is unknown what factors influence the accumulation of many of
these pathologies, healthy aging choices may lower the burden of CVD [45] and could
reduce a person’s dementia risk in old age.
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Fig. 1.

Alg{TAG pathology. Limbic (a—d), brainstem (e—g) and neocortical (h) ARTAG in The 90+
Study. a Severe GFA in gray matter of the amygdala. b Severe TSA in the temporal lobe. ¢
ARTAG frequently co-exists with AD tau pathology. Substantial white matter TSA
underlying a severe burden of NFTs in the entorhinal cortex. d Subependymal TSA in the

lateral ventricle. e TSA in the medial lemniscus and inferior olive nucleus. f TSA and GFA
in the spinal lemniscus in the mesencephalon. g Perivascular TSA around the cerebral
aqueduct. h Gray matter GFA in the temporal cortex. Scale bar is 100 um in all images.
ARTAG aging-related tau astrogliopathy, GFA granular fuzzy astrocytes, 7:.SA thorn-shaped
astrocytes
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Fig. 2.

Pathological associations with Braak stages. Non-AD pathology and plaque pathology are
graphed by increasing Braak stage. Non-AD pathology includes TDP-43 stage and Lewy
pathology (lines, on the right axis) as well as HS, cortical ARTAG and CVD (histogram,
frequency indicated by the right axis), while plaque pathology is represented as NIA-AA
criteria AO-3 and C0-3 values (lines, on the left axis). At low Braak stages (I-III): definite
CVD is prevalent in about 15% of individuals; HS and cortical ARTAGsS are rare, as are
TDP-43 and Lewy pathologies; plaques are restricted to cortical areas (A1) and are only
rarely neuritic (C1). At high Braak stages (IV-VI): definite CVD increases to over 30% (p=
0.009); HS increases to over 20% (p = 0.006); cortical ARTAG increases to over 30% (p <
0.001); TDP-43 is commonly found in the amygdala (p < 0.001) but Lewy pathology
remains rare; plaques are more widespread (Thal phase, p < 0.001) and neuritic (CERAD, p
<0.001). See Supplemental Table 3 for the full statistics including OR and 95% ClI for each
measure’s association with Braak stage and Thal phase. ARTAG aging-related tau
astrogliopathy, CVD cerebrovascular disease, HS hippocampal sclerosis
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Clinical characteristics

Table 1

Characteristic n (%)

Age at death (st dev) 97.7 (3.6)

Male:female (% female) 54:131 (71%)

College educated 87 (47%)

Not dementia
NI 43 (23%)
CIND 43 (23%)

Dementia 99 (53%)
Alzheimer’s disease 64 (35%)
Lewy body disease (LBD) 1 (1%)
Vascular dementia (VaD) 6 (3%)
Mixed AD/LBD 11 (6%)
Mixed AD/VaD 8 (4%)

9 (5%)

. a
Other dementia

NInot impaired, CIND cognitively impaired but no dementia (CIND)

a . .
Includes four cases of unspecified dementia
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Cohort neuropathology

Table 2

Alzheimer’s pathology

Non-Alzheimer’s pathology

Measure n (%) Measure n (%)
Thal phase TDP-43 stage
0 35 (19%) None 119 (64%)
12 69 (37%) Amygdala 18 (10%)
3 50 (27%) Hippocampal 41 (22%)
4+ 31 (17%) Neocortical 7 (4%)
Braak stage Lewy pathology
0 0 (0%) None 154 (83%)
I-1I 21 (11%) Amygdala-only 2 (1%)
-1V 115 (63%) Brainstem 11 (6%)
V-VI 48 (26%) Limbic 16 (9%)
CERAD score Neocortical 2 (1%)
None 68 (37%) ARTAG
Sparse 47 (25%) None 43 (23%)
Moderate 36 (19%) Limbic 130 (70%)
Severe 34 (18%) Brainstem 72 (39%)
ADNPC Cortical 44 (24%)
Not AD 1 (1%) CVD
Definite PART 34 (18%) None 47 (25%)
Possible PART 43 (23%) Possible 90 (49%)
Low AD 11 (6%) Definite 48 (26%)
Intermediate AD 83 (45%) HS 28 (15%)
High AD 13 (7%)
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ADNPC Alzheimer’s disease neuropathologic change, ARTAG aging-related tau astrogliopathy, PART primary age-related tauopathy, CVD

cerebrovascular disease, H.S hippocampal sclerosis
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Non-AD associations with dementia in both the Not AD dementia and AD dementia groups

Table 5

95% CI p value

Measure OR
TDP-43 stage 1.87
Lewy pathology 1.83
Limbic ARTAG 0.99
Brainstem ARTAG 0.94
Cortical ARTAG 223
Definite CVD

Not AD dementia vs. ND 1.04
AD Dementia vs. Resilient 7.18
HS 14.99

(131,2.66)  0.001
(1.08,3.09)  0.024
(0.76, 1.30) 0.96
(0.66, 1.34) 0.73
(1.23,404)  0.008

(0.39,2.79) 0.93
(1.97,26.18)  0.003
(3.41,65.93) <0.001

ARTAG aging-related tau astrogliopathy, C'VD cerebrovascular disease, HS hippocampal sclerosis
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