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Abstract

Advancing age is typically associated with declining memory capacity and increased risk of Alzheimer’s disease (AD).
Markers of AD such as amyloid plaques (AP) and neurofibrillary tangles (NFTs) are commonly found in the brains of
cognitively average elderly but in more limited distribution than in those at the mild cognitive impairment and dementia
stages of AD. Cognitive SuperAgers are individuals over age 80 who show superior memory capacity, at a level consistent
with individuals 20–30 years their junior. Using a stereological approach, the current study quantitated the presence of AD
markers in the memory-associated entorhinal cortex (ERC) of seven SuperAgers compared with six age-matched
cognitively average normal control individuals. Amyloid plaques and NFTs were visualized using Thioflavin-S
histofluorescence, 6E10, and PHF-1 immunohistochemistry. Unbiased stereological analysis revealed significantly more
NFTs in ERC in cognitively average normal controls compared with SuperAgers (P < 0.05) by a difference of ∼3-fold. There
were no significant differences in plaque density. To highlight relative magnitude, cases with typical amnestic dementia of
AD showed nearly 100 times more entorhinal NFTs than SuperAgers. The results suggest that resistance to age-related
neurofibrillary degeneration in the ERC may be one factor contributing to preserved memory in SuperAgers.
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Introduction
It is well known that age is the most prominent risk factor for
the development of Alzheimer’s disease (AD), characterized by
pathologic hallmarks including neurofibrillary tangles (NFTs)
and amyloid plaques (APs). These hallmarks accumulate with
age in the cognitively average or “normal” human brain in lower
density and restricted distribution, likely giving rise to memory
complaints in the elderly. Age-related memory decline is so
common that normative values developed for neuropsycho-
logical assessment incorporate age-related adjustments. The
Northwestern University SuperAging project has shown that it
is possible to maintain youthful memory performance beyond
the eighth decade. SuperAgers (SAs) are defined by chronologic
age and neuropsychologic performance; they are 80+-year-olds
with episodic memory performance that is at least as good as
what would be considered normal for 50- to 60-year-olds. These
unique individuals are committed to longitudinal assessment
and brain donation. The presence of a cohort with such superior
performance offers unique opportunities for exploring mech-
anisms underlying concepts of “resistance,” “resilience,” and
“cognitive reserve” (Stern et al. 2019).

Our prior studies have identified biologic, psychosocial, and
genetic features of the SAs (Harrison et al. 2012; Rogalski et al.
2013, 2018; Gefen et al. 2014, 2015, 2018; Cook et al. 2017; Cook
Maher et al. 2017; Huentelman et al. 2018; Janeczek et al. 2018).
We have shown that compared with their age-matched cogni-
tively average-for-age peers, SAs show decreased rate of cortical
thinning (Harrison et al. 2012; Rogalski et al. 2013; Cook et al.
2017), greater volume of anterior cingulate cortex (ACC), greater
density of Von Economo neurons (Rogalski et al. 2013; Gefen et al.
2018), lower acetylcholinesterase activity in cortical pyramidal
neurons (Janeczek et al. 2018), lower densities of microglia in
white matter (Gefen et al. 2019), and distinct polymorphisms
of the MAP2K3 gene (Huentelman et al. 2018). Given these dis-
tinguishing factors, one lingering question is whether SAs are
immune to the development of age-related involutional influ-
ences. If so, is the immunity based on resistance to the emer-
gence of age-related structural changes in the brain (e.g., the
plaques and tangles of AD) or on a resilience of brain function
to pathologic changes?

The current study quantitatively evaluated the presence of
AD pathology in the memory-associated entorhinal cortex (ERC)
in postmortem samples from SAs compared with age-matched
cognitively average elderly individuals (normal controls [NCs])
(Rogalski et al. 2013). Our prior reports have documented rela-
tively low NFT burden according to the Braak staging schema
in limbic and cortical regions (Rogalski et al. 2019). Here, we
employ a comprehensive stereological approach that allows
for a finer-grained analysis in these two groups, with detailed
quantitation for robust estimates of APs and tau NFTs in the
ERC. Findings help address questions related to “resistance” to
the emergence of degenerative pathology in limbic regions or
“resilience” to their influence on cognitive function. The inte-
gration of these findings with prior and future studies of this
SuperAging cohort will elucidate the biologic drivers of superior
memory performance in aging.

Materials and Methods
Case Selection and Inclusion Criteria

Brain autopsies were identified from cases held within the
Northwestern University Alzheimer’s Disease Center Brain

Bank, based on criteria required to obtain status as either
“SuperAger” or as an age-matched cognitively average NC
participant, described below. Seven right-handed Cognitive SAs
and 6 right-handed cognitively average (normal) controls met
criteria for inclusion in this study. All participants were required
to lack clinical evidence or history of neurologic disease. Written
informed consent and agreement to enter the brain donation
program were obtained from all participants in the study,
and the study was approved by the Northwestern University
Institutional Review Board and in accordance with the Helsinki
Declaration (www.wma.net/en/30publications/10policies/b3/).
All participants were required to have preserved activities of
daily living.

SuperAging participants are required to meet psychometric
criteria on a battery of neuropsychological tests, which were
chosen for their relevance to cognitive aging and their sensitivity
to detect clinical symptoms associated with dementia of the
Alzheimer’s type (Weintraub et al. 2012). These criteria have
been described in detail in prior reports (Rogalski et al. 2013,
2019; Gefen et al. 2014, 2015). Five of 7 SAs included in this
analysis met criteria within 1 year prior to death; two additional
cases that fulfilled the SA criteria were identified through retro-
spective chart review. SuperAging criteria is based in part on the
delayed recall score (30 min) of the Rey Auditory Verbal Learning
Test (RAVLT) (Schmidt 2004), which is used as a measure of
episodic memory with performance in SAs required to be at or
above average normative values for individuals in their 50s and
60s (midpoint age = 61 years; RAVLT delayed recall raw score ≥ 9;
RAVLT delayed recall scaled score ≥ 10). A 30-item version of the
Boston Naming Test (BNT-30; Saxton et al. 2000), Trail-Making
Test Part B (TMT Part B; Reitan 1958), and Category Fluency test
(“Animals” Morris et al. 1989) were used to measure cognitive
function in nonmemory domains. On the BNT-30, TMT Part B,
and Category Fluency, SAs were required to perform within or
above 1 standard deviation (SD) of the average range for their age
and demographics according to published psychometric norms
(Ivnik et al. 1996; Heaton et al. 2004; Shirk et al. 2011). In general,
the cognitively average NCs are age-matched and are required
to score within 1 SD of the average range for their age and
education according to published psychometric norms on the
same neuropsychological measures administered to the SAs.
If comprehensive neuropsychological testing was unavailable
for cognitively average NCs, the holdings of the brain bank
were surveyed to identify cases that were cognitively normal
based on age and without evidence of cognitive impairment or
complaints. See Gefen et al. (2015) and Gefen et al. (2018) for
more information on these criteria. See Table 1 for demographic
and participant information.

Tissue Processing and Histopathologic Evaluation

Each brain was cut into 3- to 4-cm coronal blocks and fixed
in 4% paraformaldehyde for 30–36 h at 4 ◦C and then taken
through sucrose gradients (10–40% in 0.1 M sodium phosphate
buffer, pH 7.4) for cryoprotection and stored at 4 ◦C. Blocks were
sectioned at a thickness of 40 μm on a freezing microtome and
stored in 0.1 M phosphate buffer containing 0.02% sodium azide
at 4 ◦C until use. Postmortem intervals ranged from 4 to 58 h.
Samples from representative brain regions of each case were
surveyed qualitatively by a neuropathologist (E.H.B.). The region
investigated was equivalent across tissue blocks and taken from
the anterior portion of the ERC, corresponding to the rostral
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Table 1 Case information and demographics

Case Age at

death

(years)

Sex Education

(years)

Testing

obtained

ante-

mortem

(months)

MMSE (/30) Premorbid

intelli-

gence

PMIa ApoE CERAD Brain

weight

Braak

staging

Non-Alzheimer

pathology

SA 1 87 F 12 1 29 133b NA ∈3/∈3 2 1240 III ARTAG, AGD

SA 2 90 F 18 1 29 135b 4 ∈3/∈3 0 990 II–III 1 remote lacunar

infarct, left globus

pallidus

SA 3 99 F 16 4 25 112b 58 ∈3/∈3 3 1020 III Multiple cortical

microinfarcts

(nonsignificant); 1

remote lacunar

infarct, left putamen;

ARTAG, AGD

SA 4 87 F 18 5 30 119b 11 ∈3/∈3 3 1090 II–III ARTAG

SA 5 81 F 18 8 30 106.76c 9.5 ∈3/∈3 1 1269 0-I None

SA 6 90 F 14 8 29 110.81c 5 ∈2/∈3 0 1100 II–III PART (definite), Lewy

body in dorsal motor

nucleus of vagus

(incidental), ARTAG

SA 7 95 F 18 12 NA 113.81c 5 NA 0 1241 0 None

NC 1 77 F NA NA NA NA 42 NA 1 1200 III NA

NC 2 89 F 16 21 29 138b 6 ∈2/∈3 2 1160 III–IV Vascular disease

NC 3 96 F 14 14 NA NA 5 NA 0 NA IV Mild ischemic

changes

NC 4 88 M 12 11 28 100.81c 12 NA 1 1250 III–IV Infarct, right

temporal lobe

NC 5 82 M NA NA NA NA 24 NA 0 NA III NA

NC 6 95 F 12 4 28 108.34c 3.25 ∈2/∈3 2 1096 III None

Note: Cognitive measures were not identical for all participants and cognitive scores are provided as actual/total possible score. PMI, postmortem interval.
aARTAG, aging-related tau astrogliopathy; AGD, argyrophilic grain disease; PART, primary age-related tauopathy; NA, not available. Note, in cases noted as “None,”
TDP-43 staining was not available.
bWAIS-III FSIQ.
cBarona Index premorbid intelligence estimate (M = 100; SD 15) (Barona et al. 1984); Braak staging followed published guidelines (Braak and Braak 1991, 1993); neuritic
plaque score (0, 1, 2, or 3) was determined by the method of the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) (Mirra et al. 1991).

sector of Brodmann area 28. Within each block, the start of
the section sampling was randomized per the requirement of
stereologic counting principles. Up to 6 sections (intersection
interval = 24 or 54) in each cortical region were stained with
0.1% Thioflavin-S (Sigma Aldrich), which recognizes β-pleated
sheet protein conformations, to visualize NFTs and mature/-
compact APs.

In a small subset of cases (SA 4, 6, and 7; and NC 2, 3, and 4),
the mouse monoclonal antibody PHF-1 (generous gift of the late
Dr Peter Davies, Albert Einstein College of Medicine, NY, 1/1000)
was used employing the Vectastain Elite ABC Kit (Vector Labora-
tories). PHF-1 recognizes tau phosphorylated at Ser396/404 and
allows for additional visualization of tangles and pre-tangles
in ERC (see Fig. 1C,D). The 6E10 antibody (monoclonal mouse
anti-Aβ 1–16) was used to visualize all plaques, mature and
diffuse, via Aβ immunohistochemical processing in this smaller
cohort of select SAs and cognitively average NCs. Braak staging
according to published guidelines (Braak and Braak 1991; Braak
et al. 1993) was also determined in each case to identify NFT
involvement in transentorhinal/ERC, other limbic cortical areas,
and neocortical regions. The Consortium to Establish a Registry
for AD (CERAD) protocol was used to determine neuritic plaque
scoring (Mirra et al. 1991; Montine et al. 2012).

SuperAging cases were evaluated for the presence of sec-
ondary pathologies (Table 1). Four SAs showed age-related tau

astrogliopathy, a pathological entity that encompasses a number
of glial abnormalities frequently observed in the brains of elderly
(Kovacs et al. 2016); 2 evidenced argyrophilic grain disease; 2
showed at least one infarct, and 1 SA showed primary age-
related tauopathy (Crary et al. 2014). Secondary pathologies
on cognitively average NC cases were not available, with the
exception of one, which showed evidence of vascular disease.
Apolipoprotein (ApoE) genotyping was available for 8 out of 13
cases (6 SAs and 2 cognitively average NCs), with none showing
the presence of an ApoE∈4 allele.

Quantitation of AP and NFT Pathology in ERC

Modified stereological methods were used to estimate the den-
sity of Thioflavin-S-stained plaques and tangles as previously
reported (Gefen et al. 2012), using fluorescent (380–420 nm)
microscopy on whole hemisphere frozen sections. In a subset
of cases (3 SAs and 3 cognitively average NCs; SA 4, 6, and 7
and NC 2, 3, and 4), we performed modified unbiased stereology
in ERC stained immunohistochemically with PHF-1 to visualize
pre-NFTs and mature NFTs. Briefly, per case, the ERC region
was traced at 4× and analyzed at 40× magnification by an
individual “blinded” to group. Analysis was performed on up
to 6 sections according to procedures previously described in
detail (Geula et al. 2003) using the fractionator method and the
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Figure 1. (A–D) NFTs in the ERC of a SA and age-matched cognitively average

NC visualized with Thioflavin-S and PHF-1. (A,B) Thioflavin-S staining from
paraffin-embedded tissue in the ERC at 10× in NC2 and SA2. (C,D) PHF-1 staining
from frozen sections of ERC at 10× in NC2 and SA 2 shows comparable tangle

pathology. Scale bars indicate 100 μm.

StereoInvestigator software from MicroBrightField Biosciences.
The sections used in analysis were treated as adjacent sections,
allowing for calculation of the density in the total volume within
the sections. Each region to be studied was traced from the
cortical surface to the white matter. The top and bottom 2 μm
of each section were set as guard height. The dimensions of
the counting frame chosen were 170 × 170 μm based on trials.
For each set of stereologic markers, the coefficient of error was
calculated and sampling parameters were adjusted so that the
coefficient of error was < 0.1. Data were expressed as counts per
cubic millimeter based on planimetric calculation of volume by
the fractionator software. Counts included NFTs and/or APs, and
mean regional densities were compared among the two groups.

In a subsequent analysis, we quantified Aβ immunohisto-
chemistry using the 6E10 antibody in addition to Thioflavin-S, to
report all plaques including those that are mature and diffuse.
The area fraction fractionator method (StereoInvestigator soft-
ware) was performed to provide an unbiased estimate of plaque
load in the ERC, with 3 sections chosen randomly per case. Based
on trials, the counting grid was set to 1217.59 × 600.85 μm. An
estimate of the area fraction occupied by plaques was calculated
per group.

Statistical Analysis

Data were analyzed using nonparametric Mann–Whitney rank-
sum t-tests for between-group (SA vs. NCs) differences in Thio-
S-positive entorhinal pathology. Dependent variables were esti-
mate densities of NFTs and APs. A P < 0.05 was considered
significant. Statistical analysis was performed using GraphPad
Prism version 8.

Results
There were no significant differences in postmortem interval,
years of education, or age at death between NCs and SAs. The

entire sample was predominantly female (11 of 13) and so eval-
uation of sex differences was not possible.

On average, NCs showed significantly more Thio-S-positive
NFTs in ERC compared with SAs (P = 0.0367), by an order of
approximately 3-fold (SA mean NFT = ∼210 per mm3 vs. NC
mean NFT = ∼650 per mm3) (Fig. 2A,B). No statistically signifi-
cant differences were detected in Thio-S-positive plaque density
between cognitively average NCs and SAs (SA mean AP = ∼9
per mm3 vs. NC mean AP =∼15 per mm3). There was also no
difference observed in Aβ (6E10) plaque load in the ERC region
between SAs and cognitively average NCs. Both the SA and
cognitively average NC cases showed an average area fraction
of plaques of ∼0.015 (SD = 0.012 and 0.015, respectively).

At the individual level, 8 of the total 13 cases (5 SAs and 3
NCs) showed no Thio-S-positive APs in ERC using stereological
analysis, reflecting either no or extremely sparse density. The
other 5 cases showed very low AP counts that ranged from ∼8 to
39 counts of APs per mm3, also very sparse. There was overlap
and variability in AP (Fig. 2B) and NFT (Fig. 2A) counts where
one SA case (SA 7) showed no tangles based on stereological
quantitation in ERC; when viewed qualitatively at 4× and 20×,
there were approximately 1–2 Thio-S-positive NFTs visualized
in ERC. In this case, no plaques were encountered in ERC based
on stereological quantitation. All other SuperAging cases (N = 6)
and all NCs showed at least sparse Thio-S-positive NFTs in ERC.

We performed modified unbiased stereology in ERC stained
immunohistochemically with PHF-1 to visualize pre-NFTs and
mature NFTs in a subset of 3 SAs (SA 4, 6, and 7) and 3 NCs (NC 2,
3, and 4). PHF-1-positive NFTs in SAs were estimated to be 163.9
per mm3 versus an estimated 2333.5 per mm3 in the NC group.
These counts are consistent with Thio-S-positive NFT patterns
(Fig. 1), and as expected, they showed overall “higher” numbers
than Thio-S-positive densities accounting for both pre-NFTs and
mature NFTs.

In general, the Braak staging of NFTs in SAs ranged from
0 to III, whereas the range in normal elderly fell between III
and IV; and as expected, only SAs showed Braak stages of 0–
I. To highlight the utility of a careful stereologic quantitation
to distinguish these two groups, Mann–Whitney rank-sum t-
tests were performed comparing NFTs in SAs versus NCs, but
excluding the two SAs with Braak stages of 0–1. Although this
exploratory analysis did not reach significance (P = 0.1234), the
mean raw counts demonstrated that SA cases (mean = ∼290)
had less than half the number of ERC tangles compared with the
NC group (mean = ∼650 per mm3). The Braak staging scheme,
while invaluable to pathologic evaluation, is nonetheless
a coarse estimate of Thio-S-positive NFT burden, and our
stereologic findings are able to demonstrate with granularity
quantitative differences between SAs and NCs in ERC.

To place these data within the context of AD, we returned to
data obtained from a stereologic study that quantitated Thio-
S-positive plaques and tangles in 5 participants with dementia
of the Alzheimer type (DAT) and pathologic AD at postmortem
examination (Gefen et al. 2012). Age at death of the 5 DAT cases
ranged from 71 to 89 (2 males, 3 females), and all cases showed
either Braak staging V or VI. In this study, three adjacent sec-
tions from paraffin-embedded ERC of participants were stained
with 1.0% Thioflavin-S (Sigma-Aldrich). With the exception of
a difference in section thickness (cut at 5 μm) given paraffin
embedding and counting parameters at 60×, other stereologic
parameters were nearly identical and therefore estimates are
expected to be comparable. Mean NFTs were estimated to be
20 956 per mm3 (average of left and right ERC), and mean APs
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Figure 2. Stereological density (number/mm3) of Thioflavin-S-positive NFTs (A) and APs (B) in the ERC of SAs versus age-matched cognitively average NCs. The middle,

upper, and lower horizontal lines in the box plot represent the median, 75th, and 25th percentiles, respectively. The end of the vertical extensions above and below
the box represents the extreme value that is at most 1.5 times the interquartile range above the 75th percentile or below the 25th percentile. The “+” represents the
mean. ∗P < 0.05.

were estimated to be 937 per mm3. The number of ERC NFTs
in the previously reported DAT group is remarkable when con-
trasted with ∼210 per mm3 NFTs in the ERC of SAs, a nearly
100-fold difference.

Discussion
One of the major goals of the Northwestern University Super-
Aging project is to explore the neurobiologic mechanisms of
resilience and resistance to brain aging and Alzheimer’s dis-
ease. These are dynamic terms, in flux at present, representing
multiple constructs unique to cognitive aging. Our SuperAg-
ing study was designed to ask whether there are protective
factors that counter age-related involutional processes by pro-
moting resistance to the emergence of degenerative features in
the brain or resilience to their influence on cognitive function.
Our established and dedicated cohort of “SuperAgers” appears
to resist memory decline expected in average (normal) aging.
These participants undergo longitudinal assessment and brain
donation.

One prior stereologic study of this cohort observed that
SAs showed less AD pathology in cingulate cortex (Gefen
et al. 2015) and another introduced Braak staging in SAs
compared with NCs (Rogalski et al. 2013). In the latter study,
SAs as a group tended to affiliate with lower Braak stages,
though with some exceptions. The current study addressed the
question of limbic predominant Alzheimer pathology through
an in-depth stereologic study that quantitated the presence
of Thio-S-positive APs and NFTs in ERC in groups of SAs and
cognitively normal individuals, who showed no differences at
the group level in age at death. There are 3 main conclusions.
The first is that the density of NFTs in the ERC in cognitively
normal elderly individuals was significantly higher than those
in SAs, by a difference of about 3-fold. We reference our prior
stereologic quantitation using similar methodology in which

cases with typical amnestic dementia of AD had nearly 100
times more entorhinal NFTs than SAs (Gefen et al. 2012).
Second, there were no significant differences in plaque density
between the two groups, a finding that was not surprising given
weak relationships found between plaque burden and cognitive
status (Guillozet et al. 2003). Finally, we highlight that the Braak
staging system, though invaluable to pathologic assessment,
is nonetheless coarse; indeed, studies that employ unbiased
quantitative analyses of limbic regions can add archival and
meaningful information that allow for granular comparisons of
pathology (Furcila et al. 2019).

Our findings indicate that the majority of SAs remain at
Braak stages of NFT formation that are unusually low based
on age, suggesting that they are resistant to the emergence
of NFTs, while other SAs seem resilient to the effects of neu-
rofibrillary degeneration on cognition, having superior memory
performance even at Braak stages that overlap with those seen
in cognitively normal elderly controls (Rogalski et al. 2013). In a
qualitative survey of our first 10 SA brains (Rogalski et al. 2019),
the hippocampus and ERC contained healthy appearing neurons
with neurofibrillary degeneration even in those cases that were
in the Braak II–III stages. To unravel the neural basis of either of
these associations, our future studies will examine other puta-
tive factors relating to cellular degeneration including neuronal
integrity, dendritic extent, status of white matter, and integrity
of synapses. The question of comorbid pathology in the aging
brain is also relevant and timely. The new limbic predominant
age-related transactive response DNA-binding protein 43 (TDP-
43) encephalopathy neuropathological change (LATE-NC) classi-
fication (Nelson et al. 2019) was developed recently to describe
inclusions containing hyperphosphorylated TDP-43 that appear
in limbic structures in individuals over age 65 with an amnes-
tic syndrome. The relationship between TDP-43, hippocampal
integrity, and cognitive performance is still nebulous, with one
study showing that in cases with comorbid AD and TDP-43,
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TDP-43 is associated independently with cognitive impairment
(Nelson et al. 2010). In the current study, when available, SAs and
NCs did not tend to show comorbid TDP-43. Limitations of this
study include minimal attention to TDP-43, the small sample
size, lack of neuronal counts to account for overall density in
ERC, and overrepresentation of females in our sample. To date,
it is unclear whether there are biological sex differences that
affect SuperAging status. In general, future investigations will be
dedicated to addressing these questions in larger samples from
this cohort.

Some individuals who have been described as aging “suc-
cessfully” show normative episodic memory decline, which is
consistently correlated with altered hippocampal volume/func-
tion and reduced functional connectivity among other corti-
cal networks (e.g., default mode) (Sun et al. 2016). Our initial
cross-sectional studies established the remarkable fact that SAs
have larger cortical volumes than their same-aged elderly con-
trols and no significant thinning relative to cognitively average
middle-aged adults in their 50s and 60s (Harrison et al. 2012).
The ACC of the paralimbic network was even thicker in the SAs
than middle-aged controls and showed very little AD pathol-
ogy (Gefen et al. 2015). Comparative studies in humans and
other higher-order mammalian species show abundant axonal
and synaptic interconnectivity that is bidirectional from limbic
and paralimbic areas to cortex. Observations from studies of
neurodegenerative diseases like typical AD where neuronal loss
appears to spread preferentially from limbic to cortical networks
(Mesulam 2012) are crucial to understanding both cognitive
function and dysfunction. Exploring these circuits in autop-
sied human brain samples from SAs will offer more exciting
insights into resistance versus resilience, selective vulnerabil-
ity of anatomic regions to disease, and principles of human
connectivity in the aged.
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