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This human study is based on an established cohort of “SuperAgers,” 80⫹-year-old individuals with episodic memory function at a level
equal to, or better than, individuals 20 –30 years younger. A preliminary investigation using structural brain imaging revealed a region of
anterior cingulate cortex that was thicker in SuperAgers compared with healthy 50- to 65-year-olds. Here, we investigated the in vivo
structural features of cingulate cortex in a larger sample of SuperAgers and conducted a histologic analysis of this region in postmortem
specimens. A region-of-interest MRI structural analysis found cingulate cortex to be thinner in cognitively average 80⫹ year olds (n ⫽
21) than in the healthy middle-aged group (n ⫽ 18). A region of the anterior cingulate cortex in the right hemisphere displayed greater
thickness in SuperAgers (n ⫽ 31) compared with cognitively average 80⫹ year olds and also to the much younger healthy 50 – 60 year olds
(p ⬍ 0.01). Postmortem investigations were conducted in the cingulate cortex in five SuperAgers, five cognitively average elderly
individuals, and five individuals with amnestic mild cognitive impairment. Compared with other subject groups, SuperAgers showed a
lower frequency of Alzheimer-type neurofibrillary tangles (p ⬍ 0.05). There were no differences in total neuronal size or count between
subject groups. Interestingly, relative to total neuronal packing density, there was a higher density of von Economo neurons (p ⬍ 0.05),
particularly in anterior cingulate regions of SuperAgers. These findings suggest that reduced vulnerability to the age-related emergence
of Alzheimer pathology and higher von Economo neuron density in anterior cingulate cortex may represent biological correlates of high
memory capacity in advanced old age.
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Introduction
Neurons are predominantly postmitotic cells and therefore accumulate an unusually heavy burden of wear and tear over the
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lifespan. This may be one reason why aging is the strongest risk
factor for Alzheimer’s disease (AD), an age-related neurodegenerative disease characterized by both severe memory impairment
and characteristic accumulation of amyloid plaques (APs) and
neurofibrillary tangles (NFTs). The AD stage is preceded by a
prodromal amnestic mild cognitive impairment stage (aMCI)
(Albert et al., 2011) in which plaques and tangles have a relatively
limited distribution. In turn, the aMCI stage is preceded by a
period of time during which amyloid processing becomes abnormal and tangles begin to sparsely appear in memory-related regions of medial temporal lobe, but without resultant memory
impairment (Braak and Braak, 1991; Jack et al., 2013). Conceivably, these pre-MCI stages of Alzheimer pathology could be responsible for the ubiquitous “age-related” decline of memory
capacity considered to be an inevitable part of normal (or average) aging (Salthouse, 2009). A relatively unexplored question is
whether a continuum that leads from age-related memory
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changes to AD dementia is inherent to growing old or if alternative trajectories are possible.
To address this question, we recruited a cohort of individuals
80⫹ years of age whose memory performance was at least as high
as the performance of average 50 to 65 year olds and whose performance in other cognitive domains was average for their own
age or better. We coined the term “SuperAger” for these individuals with the assumption that they had a high likelihood of having
avoided the involutional effects of age on memory function. Previous investigations of this cohort (Harrison et al., 2012) found
that in a small group of SuperAgers (N ⫽ 12), there was little
evidence of the age-related cortical atrophy that has been demonstrated in numerous studies on cognitively average populations of healthy elderly (Salat et al., 2004; Yao et al., 2012). Most
surprisingly, a patch of anterior cingulate cortex was thicker in
the SuperAger group than even in cognitively normal 50- to 65year-old subjects (Harrison et al., 2012).
These initial findings from a whole-brain MRI prompted the
current investigation, which expands upon earlier results
through a focused region-of-interest (ROI) analysis of morphometric and histologic features of cingulate cortex in SuperAgers.
We first compared the structural integrity of the cingulate cortex
in larger groups of SuperAgers, cognitively average elderly individuals, and middle-aged controls using an in vivo ROI structural
MRI approach. A second goal, in a smaller number of SuperAgers
who came to postmortem brain autopsy, was to determine
whether the cingulate cortex was less vulnerable to the formation
of APs and NFTs. In initial stages of histopathologic evaluations,
we were struck by an unusually high prominence of specialized
nerve cells known as von Economo neurons (VENs) in the cingulate cortex of SuperAgers. Because these neurons are selectively
concentrated within anterior limbic areas (Nimchinsky et al.,
1995) and are vulnerable to frontotemporal neurodegeneration
(Seeley et al., 2006), we undertook a stereological quantification
to evaluate whether these neurons contribute to enhanced thickness of anterior cingulate cortex seen in SuperAgers.

Materials and Methods
MRI study methods
Recruitment and participants. Eighteen middle-aged controls (50 – 65
years) were recruited through the Northwestern University’s Alzheimer’s
Disease Center (ADC) Clinical Core. Thirty-one community-dwelling
SuperAgers and 13 age-matched but cognitively average elderly individuals were identified through the Northwestern University SuperAging
Study. Sample size for the cognitively average, elderly cohort was enlarged using data from nine participants obtained through the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (www.adni.
loni.usc.edu). The primary goal of ADNI has been to measure the progression of MCI and early AD and to aid researchers and clinicians in
developing new treatments for AD. Subjects are recruited into ADNI
from ⬎50 sites in the United States and Canada, including Northwestern
University’s ADC, and their neuroimaging and neuropsychological data
are made available to approved investigators. For up-to-date information on ADNI, see www.adni-info.org. ADNI participants were similar to
the cognitively average sample in age, sex, and education and met all
other criteria for that group.
Participants were identified based on strict neuropsychological criteria
(detailed below), availability of a 3T structural MRI scan, and chronologic age, for which SuperAgers and elderly controls were required to be
80 years of age or older and middle-aged controls were required to be age
50 – 65. In this MRI portion of the study, 41% of all subjects were male.
All participants were required to lack clinical evidence or history of neurologic or psychiatric disease. Apolipoprotein (ApoE) genotyping was
available for the majority of SuperAgers and elderly control subjects (44
subjects of 52 total). Written informed consent was obtained from all
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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/).
See Table 1 for demographic information and neuropsychological test
scores for each subject group.
Neuropsychological criteria for group inclusion. All 31 communitydwelling SuperAging participants were required to meet strict 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). The delayed recall score (30 min) of the Rey
Auditory Verbal Learning Test (RAVLT) was used as a measure of episodic memory and SuperAgers were required to perform at or above
average normative values for individuals in their 50s and 60s (midpoint
age ⫽ 61 years; RAVLT delayed-recall raw score ⱖ9; RAVLT delayedrecall scaled score ⱖ10). 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), a semantic memory test that is sensitive to early stages of AD
dementia] were used to measure cognitive function in nonmemory domains. On the BNT-30, TMT Part B, and Category Fluency, SuperAgers
were required to perform within or above 1 SD of the average range for
their age and demographics according to published normative values
(Ivnik et al., 1996; Heaton, 2004; Shirk et al., 2011). In this study, the
MMSE (Folstein et al., 1975) was administered as a general cognitive
screening measure and the TMT Part A was included as a measure of
psychomotor speed.
Middle-aged controls. Eighteen middle-aged control participants (ages
50 – 65 years) were administered the same neuropsychological battery as
SuperAgers and performed at a similar level to the SuperAger group. This
younger, cognitively average-for-age group was used as a cognitive-status
control group for which differences from SuperAgers could be attributed
to age.
Cognitively average elderly controls. A total of 21 age-matched, cognitively normal-for-age elderly controls were included in this study. Thirteen were recruited through the Northwestern SuperAging Study and
identified as “average” compared with their same-age peers based on
neuropsychological norms for the same tests administered to SuperAgers.
Their test scores were required to fall within 1 SD of the average range for
their age and education according to published normative values (Ivnik
et al., 1996; Heaton, 2004; Shirk et al., 2011). Data for the remaining nine
elderly controls were obtained through the ADNI database and subjects
were identified based on neuropsychological test scores (some identical
to the ones we used) and in accordance with the above criteria. Comparisons between SuperAgers and this control group would highlight differences not due to age, but rather to the SuperAgers’ higher cognitive
status.
MRI acquisition and preprocessing. All SuperAgers, middle-aged control participants, and a subset of the elderly control participants were
scanned at Northwestern University Feinberg School of Medicine’s Center for Translational Imaging (CTI) on a Siemens 3T TIM TRIO system
equipped with a 12-channel birdcage head coil. The structural scans
consisted of a 3D T1-weighted MP-RAGE pulse sequence (TR ⫽ 2300
ms, TE ⫽ 2.91 ms, flip angle ⫽ 9°, FoV ⫽ 256 mm; slice thickness ⫽ 1.0
mm). The remaining scans from the elderly controls were acquired
through the ADNI protocol using similar scanning procedures (Jack et
al., 2008).
MR images were processed using the image analysis suite FreeSurfer
(version 5.1.0), which is documented and freely available for download
online (http://surfer.nmr.mgh.harvard.edu/). Cortical thickness estimates were calculated by measuring the distance between representations of the white-gray and pial–CSF boundaries across each point of the
cortical surface. Images were visually inspected for errors and manually
corrected when necessary. This method has been demonstrated to be
reliable across scanning protocols and platforms in comparisons of cognition and cortical thickness (Dickerson et al., 2008). These procedures
have been described previously in detail by Fischl and Dale (2000).
ROI-based cortical thickness generation and statistical analysis. An a
priori ROI-based approach in three bilateral cingulate regions was used
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Figure 1. Three cingulate ROIs. Medial ROIs of the cingulate cortex in the Desikan-Killiany (Desikan et al., 2006) cortical labeling protocol are color-coded with their corresponding parcellations
characterized by Vogt (2009).
to analyze differences in mean cortical thickness among the SuperAgers,
cognitively average elderly, and middle-aged control groups. Each of the
three cingulate ROIs were defined as described in Desikan et al. (2006)
and for the purposes of this study were labeled according to the widely
adopted terminology offered by Vogt (2009). Mean cortical thickness
measures were extracted from cingulate areas that include the left and
right cortical divisions from the rostral anterior cingulate [pregenual
anterior cingulate cortex (prACC)], caudal anterior cingulate [anterior
midcingulate cortex (aMCC)], and posterior cingulate cortex [posterior
midcingulate cortex] (Fig. 1).
Statistical analysis of MRI study participants and cortical thickness.
ANOVAs with post hoc Tukey tests were used to determine differences in
age, education, and neuropsychological performance on given tests
across the three subject groups (Table 1). A  2 analysis was used to
determine if there were differences in sex distributions across subject
groups. A mixed-model ANOVA with Bonferroni-corrected pairwise
comparisons was used to compare cortical thickness across the three
cingulate ROIs in both hemispheres and among the three subject groups;
hemisphere was added as an interaction variable. Subsequent two-tailed
Pearson correlations were performed to determine relationships between
performance on neuropsychological measures (RAVLT, Animal fluency,
30-item BNT, TMT Parts A and B) and MRI thickness measures in mean
anterior cingulate ROIs. A two-tailed Fisher’s exact test was used to analyze differences in ApoE-4 allele frequency across two groups of samples
for which genotyping was obtained (SuperAgers and elderly controls
only). Statistical analysis was performed using SPSS software (version 20)
and SAS software (version 8; SAS Institute).

Cellular and pathologic analysis
Postmortem cases and inclusion criteria. Specimens belonging to the
Northwestern University Alzheimer’s Disease Center Brain Bank were

surveyed to identify five right-handed cases (per group) that met criteria
as described above for inclusion into the following three groups: SuperAgers, elderly cognitively average control group, and a group of individuals who were identified as having amnestic mild cognitive impairment
(aMCI) based on the criteria proposed by the National Institute on Aging
and Alzheimer’s Association (NIA-AA) (Albert et al., 2011). Based on
chart review, aMCI cases were required to show clear impairment on
neuropsychological tests of memory and no impairment in other cognitive domains. Twenty percent of the entire postmortem sample was male.
In contrast to the MRI portion of this multimodal study, a group of
cognitively average 50- to 65-year-old specimens (i.e., middle-aged controls) were not included due to lack of availability of postmortem cases in
this age group.
For most cases (four per group), ApoE genotyping was obtained.
Three SuperAgers were participants of the Northwestern University SuperAging brain donation program and the remaining cases were identified through retrospective chart review based on extensive longitudinal
cognitive assessment that was available within 24 months before death
(range ⫽ 1–21 months). One cognitively average elderly control case
(elderly control 3) was included despite a slightly younger age (72 years)
and based on comprehensive chart review. Cases with evidence of a history of neurological or psychiatric disease were excluded.
Tissue processing and histopathology. Postmortem intervals ranged
from 3 to 12 h. After autopsy, each specimen was cut into 3– 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 m on a freezing microtome and stored in 0.1
M phosphate buffer containing 0.02% sodium azide at 4°C until use.
Regions were equivalent across tissue blocks, taken from the midportion
of each subregion of the prACC (BA25/32 and pregenual BA24), aMCC
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Table 1. MRI study: subject demographic information and neuropsychological test scores with ANOVA comparisons
ANOVA post hoc comparisons
SA (n ⫽ 31)
Age at baseline (y)
Education (y)
Gender (% male)
% of subjects with ⱖ1 ApoE-4 allele
RAVLT Delay-Recall Raw (total ⫽ 15)
RAVLT Delay-Recall (ss)*
MMSE Raw (total ⫽ 30)
Category Fluency Raw
BNT-30 Raw
Trail-Making Test Part A Raw (sec)
Trail-Making Test Part B Raw (sec)

82.52 (2.93)
15.52 (2.51)
32%
15%
11.32 (1.62)
11.68 (1.22)
29.23 (0.88)
22.26 (5.16)
28.68 (1.47)
35.45 (12.95)
87.81 (32.72)

MAC (n ⫽ 18)
58.39 (3.70)
15.67 (2.25)
33%
NA
10.80 (2.70)
11.27 (2.28)
29.67 (0.49)
23.72 (4.64)
28.89 (1.13)
29.28 (6.88)
67.17 (24.69)

EC (n ⫽ 21)

SA vs MAC

83.76 (4.0)
16.19 (3.44)
62%
18%
5.57 (0.98)
7.05 (0.59)
28.86 (1.06)
18.95 (4.54)
27.57 (2.82)
38.52 (14.10)
118.38 (72.91)

SA ⬎ MAC
NS
NS
—
NS
NS
NS
NS
NS
NS
NS

EC vs MAC
a

SA vs EC

EC ⬎ MAC
NS
NS
—
MAC ⬎ ECa
MAC ⬎ ECa
MAC ⬎ ECb
MAC ⬎ ECb
NS
NS
MAC ⬍ ECb
a

NS
NS
NS
NS
SA ⬎ ECa
SA ⬎ ECa
NS
SA ⬎ ECc
NS
NS
SA ⬍ ECc

Values and scores are represented as mean (SD).
a
Significant at p ⬍ 0.0001.
b
Significant at p ⬍ 0.01.
c
Significant at p ⬍ 0.05.
*Scores were translated into scaled scores (ss; M ⫽ 10; SD ⫽ 3), based on normative values for younger individuals in their 50s and 60s.
NS, Not significant by ANOVA; SA, SuperAgers; MAC, middle-aged controls; EC, elderly controls; NA, not available.

(BA24), and pMCC (BA23/31) and were matched for each region across
subject specimen. Within each cingulate 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 ␤-pleated sheet protein conformations, to visualize
NFTs and mature/compact APs. A 1.0% cresyl violet Nissl stain was
used to visualize neurons, including VENs, in the cingulate cortex.
Samples from representative brain regions of each case were surveyed
qualitatively by a neuropathologist and found to be free of pathologies other than APs and NFTs. Braak staging (Braak et al., 1993) was
also surveyed in each case to identify NFT involvement in transentorhinal/entorhinal cortex, other limbic cortical areas, and neocortical
regions.
Quantitation of Alzheimer pathology and numbers of neurons. Modified
stereological methods were used to estimate the density of thioflavin-Sstained plaques and tangles using fluorescence (380 – 420 nm) microscopy. For each case, the three cingulate subregions were traced at 4⫻ and
analyzed at 40⫻ magnification by an individual blinded to group affiliation. Modified stereological analysis was performed on up to six sections
according to procedures previously described in detail (Geula et al.,
2003) using the fractionator method and the StereoInvestigator software
from MBF Biosciences MicroBrightField. The sections used in analysis
were treated as adjacent sections, allowing for calculation of the density
in the total volume within the sections. The cingulate section to be studied was traced from the cortical surface to the white matter. The top and
bottom 2 m of each section were set as guard height. The dimensions of
the counting frame chosen were 170 ⫻ 170 m 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 would
reach ⬍0.1. Stereological counts were combined for the total number of
sections available per brain area and expressed as mean counts per cubic
millimeter based on planimetric calculation of volume by the fractionator software. Counts included NFTs, APs, VENs, total number of neurons, and the ratio of VENs to total neuronal number to account for VEN
concentration relative to baseline total neurons. VENs were defined by
their location in the deep cortical layers and distinct morphology: thin,
elongated cell body and long, bipolar dendrites (Watson et al., 2006).
Mean counts were compared among the three groups to evaluate histopathologic differences between subject groups and to evaluate subregional differences across the cingulate.
Measurement of neuronal size. Given our prior findings of the preservation of the cingulate cortex and increased cortical thickness observed in
our SuperAging group, we determined the potential contribution of
larger neuronal size to cortical integrity. Because pyramidal neurons represent the overwhelming majority of cingulate neurons, the size of these
neurons was measured in layer III and layer V of each cingulate region

per subject. VENs were also included in measurement upon appearance
in the frame of interest. To measure neuronal size, ⬃six photomicrographs were obtained from combined layer III and V per each cortical
area and analyzed using the image-analysis program ImageJ version 1.45.
The tracing function was used to measure the area of soma at 5.5 pixels/m (image size ⫽ 1600 ⫻ 1200 pixels). Mean total area of neuronal
soma was calculated in layer III and layer V per region, per case, and
evaluated for differences across groups.
Statistical analysis of histopathologic data. Nonparametric ANOVAs
with post hoc Kruskal-Wallis tests were used to compare demographic
characteristics among the groups. Other data were analyzed using Wilcoxon rank-sum tests and a mixed-model repeated-measures ANOVA
with Bonferroni-corrected pairwise comparisons for tangles, plaques,
neuronal counts, and neuronal size, where p ⬍ 0.05 was considered
significant and p ⬍ 0.017 was considered significant with Bonferroni
correction. Based on quantification of mean NFTs in rostral anterior
cingulate in SuperAgers and control groups, a power analysis showed
that, with a sample size of 5 per group, there is 80% power to detect a
mean difference of 1.96 SDs assuming a 2-tailed test and a type 1 error
rate of 5%. Other markers in anterior regions showed effect sizes that
were near 1 SD, indicating adequate power for stereologic analysis. A
two-tailed Fisher’s exact test was used to analyze differences in ApoE-4
allele frequency across the three groups of samples. Statistical analysis
was performed using SAS version 8 software.

Results
Demographics and neuropsychological performance of MRI
study participants
Based on selection criteria, SuperAgers and elderly controls did
not differ in age or education ( p ⬎ 0.05; Table 1).  2 analyses
revealed no difference in number of males versus females across
groups. According to psychometric and group requirements and
based on age and demographically adjusted normative values,
there were no significant differences between SuperAger subjects
and middle-aged controls in performance on the RAVLT DelayRecall, Category Fluency, BNT-30, and TMT Part B. Although
performance on the MMSE and the TMT Part A were not primary tests used to determine SuperAging group membership,
SuperAgers and middle-aged controls showed no difference in
performance on either of these two tests, confirming that these
two groups were cognitively matched despite their 20- to 30year age difference. In general, elderly controls performed at
lower levels compared with SuperAgers and middle-aged controls on the majority of neuropsychological tests, consistent
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Figure 2. A–C, Cingulate ROI cortical thickness from superagers, middle-aged controls, and elderly controls. A, Bar graphs demonstrate the distribution of mean (average of left and right
hemisphere) cortical thickness values in SuperAgers, middle-aged controls, and elderly controls and SE bars are shown. B, C, Scatterplots show individual cortical thickness measures in left
hemisphere (LH) and right hemisphere (RH) in all three ROIs across subject groups. Black bars indicate means of each scatterplot column. SuperAger 3 is indicated to emphasize high caudal anterior
thickness. *p ⬍ 0.05; **p ⬍ 0.01.

with typical age-related cognitive decline based on average
norms for older individuals. See Table 1 for demographic and
neuropsychological testing information with post hoc statistical comparisons.
Apolipoprotein genotype
Apolipoprotein genotypes were available for most of the SuperAgers
and elderly control participants within the MRI portion of this study
(Table 1). The most extensively documented genetic risk factor
for dementia due to Alzheimer neuropathology is the ApoE 4
allele (Corder et al., 1993; Corder et al., 1994), which is also
associated with patterns of cortical atrophy (Geroldi et al., 1999).
In our sample, the frequency of 4 alleles across our two subject
groups did not differ statistically ( p ⬎ 0.05).
MRI ROI cortical thickness findings
Mean cortical thickness values (millimeters; average of left and
right hemispheres) from three cingulate ROIs, including rostral
anterior (corresponding to prACC), caudal anterior (aMCC),
and posterior (pMCC) were extracted and compared across SuperAgers, middle-aged controls, and elderly controls. Overall,
mean cingulate thickness was highest in SuperAgers, followed by

middle-aged controls and elderly controls (Fig. 2A). Specifically,
analyses revealed that in the posterior cingulate, elderly controls
showed lower thickness values relative to both SuperAgers (t[67] ⫽
2.70, p ⫽ 0.009) and middle-aged controls (t[67] ⫽ 2.48, p ⫽ 0.016).
In caudal anterior regions, elderly controls showed lower thickness
measures compared with SuperAgers only (t[67] ⫽ 2.72, p ⫽ 0.008),
despite a trend when compared with middle-aged controls. Interestingly, there was a significant group-by-hemisphere interaction
(t[67] ⫽ 2.31, p ⫽ 0.007): in the right rostral anterior cingulate,
thickness was greater in SuperAgers compared with middle-aged
controls (t[67] ⫽ 3.24, p ⫽ 0.002).
In general, findings suggest that, compared with SuperAgers
and middle-aged controls, typical age-related atrophy occurred
only in cognitively average elderly individuals and, despite the 20to 30-year difference, SuperAgers showed nearly identical or
greater thickness compared with middle-aged controls across
cingulate ROIs, with right rostral anterior thickness significantly
greater in SuperAgers. See Figure 2A for mean cortical thickness
measures across cingulate ROIs and Figure 2, B and C, for individual subject thickness measures in each ROI bilaterally across
groups.
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Table 2. Postmortem study: case information on SuperAgers, elderly controls, and aMCI subjects
Case
SA 1
SA 2
SA 3
SA 4
SA 5
EC 1
EC 2
EC 3
EC 4
EC 5
aMCI 1
aMCI 2
aMCI 3
aMCI 4
aMCI 5

Age at death
(y)
87
90
90
81
95
95
89
72
88
89
89
99
92
90
92

Sex
F
F
F
F
F
F
F
F
M
F
F
F
F
M
M

Education
(y)
18
14
18
18
18
12
16
13–15
12
16
18
13
12
14
16

Cognitive
score
a

13/15
11/15a
12/15a
9/10b
49/50c
6b
8b
Chart review
5b
8a
2b
1b
2b
2b
3b

Testing obtained ante
mortem (mo)

Barona premorbid intelligence
(M ⫽ 100; SD ⫽ 15)

PMI (hours)

ApoE

Brain weight
(g)

Braak staging

4
9
2
8
12
4
9
Chart review
11
21
16
1
7
2
12

119.13
108.91
119.6
106.76
113.81
108.34
116.65
110.22
100.81
115.83
103.5
114.46
107.08
115.75
118.88

11
4.5
4
9.5
5
3.25
9
7.5
12
6
4.5
5
3.5
3
4.5

⑀3/⑀3
⑀2/⑀3
⑀3/⑀3
⑀3/⑀3
NA
⑀2/⑀3
⑀3/⑀3
⑀3/⑀3
NA
⑀2/⑀3
NA
⑀3/⑀3
⑀3/⑀3
⑀3/⑀3
⑀3/⑀4

1090
1100
990
1269
1241
1096
1180
1310
1250
1160
1280
1060
1084
1380
1100

III
II
III
0
0-I
III
II
III-IV
III-IV
III-IV
II
IV
IV
III
V

Cognitive measures were not identical for all participants. Cognitive scores are provided as actual/total possible score.
a
Delayed recall score from the RAVLT (Schmidt, 2004).
b
Delayed recall score from the Consortium to Establish a Registry for Alzheimer’s Disease word list; total possible ⫽ 10 (Morris et al., 1989).
c
Total score from the telephone interview for cognitive status (Brandt et al., 1988),[A] which includes immediate and delayed recall of a 10-word list. All subjects were right handed. Braak staging followed published guidelines (Braak and
Braak, 1991, 1993).
PMI, Postmortem interval (hours); NA, not available; SA, SuperAgers; EC, elderly controls.

Relationships between neuropsychological performance and
MRI thickness of anterior cingulate
Given MRI findings in our sample of 70 subjects, we undertook a
subsequent correlation analysis to determine whether performance on specific measures of cognition were in fact related to
anterior cingulate thickness. Two-tailed Pearson correlations
were performed to establish relationships between raw performance scores on neuropsychological measures and MRI thickness measures in mean (left ⫹ right) anterior cingulate ROIs
(rostral anterior and caudal anterior cingulate cortex). As expected based on selection criteria, there was a significant positive
correlation between RAVLT raw scores and rostral anterior cingulate thickness (r ⫽ 0.262, p ⫽ 0.032) and caudal anterior cingulate thickness (r ⫽ 0.242, p ⫽ 0.049). There was a significant
negative correlation (r ⫽ ⫺0.285, p ⫽ 0.017) between raw scores
(time in seconds) on the TMT Part B and mean rostral anterior
thickness; that is, slower performance on TMT Part B, a measure
of executive functioning, was related to lower values of cortical
thickness (i.e., more atrophy). Correlations were driven predominantly by poorer performance achieved by the elderly control
group. These findings suggest that cognitive control, an element
of executive function, serves as a functional correlate of cingulate
integrity in our sample.
Cellular and pathologic findings
Demographic information and postmortem findings
There were no significant differences among postmortem intervals, age at death, and years of education between SuperAgers,
cognitively average elderly controls, and aMCI individuals (n ⫽
five per group; p ⬎ 0.05) from whom postmortem tissue had
been obtained for study. The Barona demographic equation was
used to derive estimates of premorbid intellectual functioning
(Barona et al., 1984); all subjects scored between the average and
high average range based on Barona premorbid estimates (M ⫽
100, SD ⫽ 15) and there were no statistically significant differences in pairwise comparisons between groups on these demographically based estimates (Table 2).

Apolipoprotein genotype
Apolipoprotein genotypes were available for four of five postmortem samples in each subject group. As was shown in the
larger MRI portion of the study, the frequency of 4 alleles across
these three subject groups did not differ statistically ( p ⬎ 0.05).
One SuperAger and two age-matched controls carried one 2
allele and none carried 4 alleles. Of the aMCI specimens, none
carried an 2 allele and one subject carried one 4 allele.
Stereological quantitation of NFTs and APs
Thioflavin-S stain provided the material for stereological analyses
in three cingulate regions in all 15 subjects (Fig. 3). Mean numerical estimates of AP and NFT density were lowest in SuperAgers,
followed by the elderly control (EC) and aMCI groups, across all
cingulate regions, with the exception of AP density in aMCC and
prACC, which was highest in elderly control subjects. Specifically, statistical analyses revealed significantly lower NFT density
in SuperAgers in prACC compared with both EC (z ⫽ 2.40, p ⫽
0.014) and aMCI (z ⫽ 2.61, p ⫽ 0.009), and in aMCC compared
with both EC (z ⫽ 2.40, p ⫽ 0.016) and aMCI (z ⫽ 2.61, p ⫽
0.009), with no differences between EC and aMCI groups. No
differences were found between groups in pMCC. AP distributions were highly variable across subject groups and across cingulate regions; nevertheless, elderly controls showed significantly
more APs compared with SuperAgers in aMCC region (z ⫽ 2.40,
p ⫽ 0.016) and prACC ( p ⬍ 0.05; Figs. 3, 4 A, B). Braak staging
showed qualitative differences in tangle densities that generally
matched NFT distribution within the cingulate across groups; no
cases reached a Braak stage of VI (Table 2).
Quantitation of neuronal number and size
All three groups demonstrated highest VEN counts in the most
anterior cingulate regions (prACC) and lowest counts in posterior regions (pMCC) (Fig. 4C). We were struck by the abundance
of VENs in most SuperAger cases (Fig. 5), in which they were
visibly abundant at 4⫻ magnification. When analyzed stereologically, the ratio of VEN density to total neuronal count was greater
in SuperAgers in aMCC compared with the elderly control ( p ⬍

Gefen et al. • Cingulate Integrity in “SuperAgers”

J. Neurosci., January 28, 2015 • 35(4):1781–1791 • 1787

aMCC of all 70 subjects (Fig. 2C). Consistent with the anatomy of cortical thickness in this area, this case also showed the
highest number of VEN counts of all SuperAgers, elderly controls, and aMCI
postmortem samples (n ⫽ 15, total) in
aMCC (Fig. 5). Overall neuronal density
was not at the higher end of the distribution
relative to other samples. NFTs and AP
counts were among the lowest in this cingulate area relative to the other 15 postmortem
specimens (Fig. 3). This particular SuperAger case emphasizes the possible concordance of histopathologic features and in vivo
MRI measures of cortical thickness in anterior cingulate regions.

Discussion
This study is based on a selected group of
healthy persons at or over the age of 80
years identified as “SuperAgers” on the
basis of memory test scores at least as high
as scores obtained by healthy 50 to 65 year
olds, and with performance levels in other
cognitive domains at least average for age.
Our assumption has been that this group
is likely to be enriched in individuals who
are resilient to age-related involutional
changes and that investigations of this
group may reveal factors that are relevant
to this resilience. The present study is focused on the cingulate cortex, which was
shown in our preliminary whole-brain
MRI investigation to be particularly free
of age-related cortical thinning and to be
significantly thicker in anterior cingulate
regions in the brains of SuperAgers comFigure 3. Thioflavin-S staining of NFTs and APs at 20⫻ magnification. The photomicrographs above show no (or extremely pared with individuals 20 –30 years their
sparse) Alzheimer neuropathology (APs and NFTs) in the anterior aspects of cingulate cortex (aMCC) in a 90-year-old SuperAger junior (Harrison et al., 2012). We first in(SuperAger 3) compared with an age-matched elderly control (middle), and an individual diagnosed clinically with aMCI (bottom).
vestigated whether this observation could
Scale bar in bottom left corner indicates 50 m at 20⫻.
be confirmed in a larger group of subjects
and if its anatomy could be defined more
precisely. We then investigated whether this
0.05) and aMCI ( p ⬍ 0.05) groups, in which VEN density was
region had less vulnerability to the age-related appearance of
⬃3- to 5-fold higher in SuperAgers. In pMCC, aMCI showed
Alzheimer-spectrum neurodegenerative markers and sought to
significantly lower VEN densities than both the elderly control
identify a possible neural substrate for the apparently greater thick(z ⫽ 2.61, p ⫽ 0.009) and SuperAger groups (z ⫽ 2.40, p ⫽ 0.016).
ness of anterior cingulate cortex in SuperAgers.
In prACC, aMCI also showed significantly lower VEN densities
The cingulate cortex has attracted a great deal of attention
than elderly controls (z ⫽ 2.45, p ⫽ 0.014) and SuperAgers ( p ⬍
within the context of the aging-MCI-Alzheimer dementia spec0.05) (Fig. 4E). Similar results held for VEN counts (Fig. 4C). It
trum. Atrophy (Chételat et al., 2002), hypoperfusion (Johnson et
should be noted that we did not encounter in our investigation
al., 1998; Huang et al., 2002), amyloid load, and neurofibrillary
any tangle-bearing VENs across specimens. Stereological results
degeneration (Braak and Braak, 1991; Chu et al., 1997) in this
revealed no difference in total neuronal count among the three
region have been linked to cognitive decline associated with MCI
groups ( p ⬎ 0.05; Fig. 4D); measurement of neuronal size (inand dementia of the Alzheimer’s type. Consistent with earlier
cluding VENs and pyramidal neurons) in layer III and V of antefindings (Harrison et al., 2012), the elderly control group in our
rior and posterior regions of the cingulate cortex generated no
sample showed the expected age-related thinning of the cingulate
significant results across areas or subject groups (Fig. 4E).
cortex compared with the middle-aged control group. This age
In one case worth highlighting, SuperAger 3, quantitative MRI
effect was not seen in the SuperAgers. They showed cortical thickscanning and comprehensive neuropsychological testing was
ness values across most cingulate ROIs that were similar to those
obtained within 2.5 months before death. In relation to quantiof the middle-aged group, except in the rostral anterior cingulate
tative in vivo MRI measures, of all middle-aged controls, elderly
region of the right hemisphere, where cortical thickness was the
controls, and SuperAgers (n ⫽ 70), SuperAger 3 maintained relgreatest in SuperAgers. It is well documented that patterns of
atively higher thickness values in all cingulate ROIs; most dramatically, this subject showed the thickest right hemisphere
cingulate atrophy function as a predictor of progression to de-
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Figure 4. A–F, Heights of the bars represent mean estimated counts of NFTs, APs, VENs, total neurons, and size of neurons, respectively, per cubic millimeter in subject groups (n ⫽ 5 per group).
A, B, Mean numerical estimates of NFT and AP density were lowest in SuperAgers, followed by the elderly control and aMCI groups across all cingulate regions, with the exception of AP density in
aMCC. Significantly lower NFT density in anterior cingulate regions (prACC and aMCC) in SuperAgers compared with the other groups were found, whereas AP density was more variable, with
differences reaching statistical significance between SuperAgers and elderly controls in anterior cingulate regions. C, The inverse pattern was demonstrated in VEN counts across regions, where
SuperAgers showed highest counts, especially in anterior cingulate regions (aMCC), followed by elderly controls and aMCI individuals. D, There were no differences in total neuronal counts across the
subject groups. E, When total neuronal count was accounted for, patterns of VEN distributions (illustrated as the ratio of VEN counts to total neuronal counts) remained similar to the distribution
illustrated in VEN counts alone (C); this is due to generally equal counts of total neurons within regions and across groups. F, No differences in total mean neuronal size (area is in mean squared
micrometers) across groups were found. *p ⬍ 0.05; **p ⬍ 0.01.

mentia (Whitwell et al., 2008; Tosun et al., 2011; Dickerson and
Wolk, 2013). In these contexts, it is tempting to speculate that the
inverse phenomenon of preserved or unusually high cortical
thickness in cingulate regions may contribute to preserved cognitive functioning in old age. Functionally, anterior cingulate is

indirectly related to episodic memory through its influence on
related functions such as cognitive control, conflict resolution,
motivation, and perseverance (Devinsky et al., 1995; Carter et al.,
1999; Carter and van Veen, 2007). Our correlation analyses that
showed positive relationships between TMT Part B and mean
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ing that neuronal number (Freeman et al.,
2008) and size (Peters, 2002; Riudavets et
al., 2007) do not necessarily vary with
changes in age-related brain structure or
cognition. We did not quantitate capillaries, glia, or myelin and therefore cannot
comment on their possible contributions
to the observed differences of cortical
thickness. The one potential factor we
identified was the VENs, which displayed
the greatest number and density in the anterior cingulate of SuperAgers. VENs
comprise a peculiar set of spindle-shaped
neurons confined to anterior paralimbic
areas such as the anterior cingulate and
frontoinsular regions (Allman et al., 2001;
Allman et al., 2010). The proposed functional correlates of VENs are speculative,
based mostly on descriptive studies of
comparative neuroanatomy (Allman et
al., 2010; Butti et al., 2013; Seeley et al.,
2012). The detection of these neurons
predominantly in great apes, hominids,
Figure 5. A–D, Nissl stain at 20⫻ magnification in aMCC shows higher density of VENS (green arrows) in a SuperAger (A, and cetaceans (Hof and Van der Gucht,
SuperAger 3) compared with an elderly control (C) and an individual with aMCI (D). Photomicrograph B displays very densely 2007) has led to the suggestion that they
packed VENs in SuperAger 3, clearly visible in abundance at 10⫻ magnification; selected dashed region highlights the same region have selectively emerged in species with
that is displayed in higher power in 5A. Scale bar in bottom right corner indicates 50 m in photomicrographs A, C, and D at 20⫻, complex behavioral repertoires and that
and 100 m in photomicrograph B at 10⫻.
they play a critical role in the rapid transmission of behaviorally relevant contexrostral anterior cingulate thickness further suggest that well pretual information related to social interactions (Hakeem et al.,
served executive function (cognitive control) is functionally cor2009). The most recent findings of VENs in macaques (Evrard et
related with cingulate integrity that may serve to facilitate more
al., 2012) and a more diverse array of terrestrial mammals
(Raghanti et al., 2014) suggest that, in the near future, hypotheses
efficient memory processes. Our study focuses on the cingulate
about VEN function may be in fact testable. In humans, there is
cortex, but in the absence of in-depth analyses of other key paraconsiderable evidence for the vulnerability of VENs in neurodelimbic and limbic regions, the true uniqueness of cingulate archigenerative disorders such as the behavioral variant of frontotemtecture and function cannot be fully characterized and, in this
poral dementia (Seeley et al., 2006; Kim et al., 2012; Santillo et al.,
context, future clinicopathologic studies are needed to under2013). In contrast to other studies, which have reported that the
score the uniqueness of the cingulate in SuperAging.
VENs are spared in AD (Seeley et al., 2006), our results in the
Numerous studies have shown that NFTs frequently emerge
aMCI sample show that VENs may be vulnerable to Alzheimerin the course of “normal” aging, that they become increasingly
type neurodegeneration as well. The mechanism of this putative
more prominent in aMCI, and that their densities are correlated
vulnerability appears independent from neurofibrillary degenerwith cognitive performance (Arriagada et al., 1992; Gómez-Isla et
al., 1997; Mesulam, 1999; Guillozet et al., 2003; Balasubramanian
ation because we did not identify tangle-bearing VENs in the
et al., 2012). The NFT density in the anterior cingulate region
aMCI sample. It should be mentioned that it is possible that
(prACC and aMCC) was lower in SuperAgers than in cognitively
methodological differences, including sample size, precise samaverage elderly controls and individuals with aMCI, suggesting
pling location, and/or clinical criteria all account for the inconthat resistance to the well known age-related emergence of
sistencies between studies. Future experiments with larger
Alzheimer-type neurofibrillary pathology may promote the pressample sizes and more comprehensive focus on morphometric
ervation of memory function in advanced age. Because the anteand histologic properties of other limbic regions in both derior cingulate cortex is a paralimbic region that provides a site for
mented and successful agers will be imperative to challenge quesinteractions between the limbic system and high-order associations of selective vulnerability.
tion cortex (Pandya et al., 1981), its integrity may promote effective memory function through its known importance in various
Conclusions
aspects of complex attention and cognitive control (Devinsky et
Our findings seem to converge toward the conclusion that the
al., 1995; Carter et al., 1999; Bush et al., 2000; van Veen et al.,
cognitively defined SuperAger phenotype has a biological signa2001). Unexpectedly, APs had the greatest density in elderly inture (Harrison et al., 2012; Rogalski et al., 2013; Gefen et al.,
dividuals identified as cognitively normal. This last result is con2014). The present investigation was focused on the cingulate
cortex of SuperAgers, their cognitively average peers of the same
sistent with multiple reports showing that AP density is poorly
age, healthy middle agers, and persons with the mild cognitive
correlated with cognitive state (Arriagada et al., 1992; Bobinski et
al., 1996; Guillozet et al., 2003; Nelissen et al., 2007).
impairment stage of Alzheimer pathology. We found that anteNeither neuronal counts nor neuronal size differences could
rior parts of the cingulate cortex were the thickest in SuperAgers,
account for the greater thickness of the anterior cingulate region
that this region contained the least density of neurofibrillary dein SuperAgers. This finding is consistent with other studies showgeneration, and that it contained the highest number of VENs.
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These features of the SuperAger biological signature may provide
a foundation for future exploration of the factors that promote
resistance to age-related involutional phenomena.
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