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The mechanisms underlying superior cognitive performance in some older adults are poorly understood.
We used a multimodal approach to characterize imaging and cognitive features of 26 successful agers
(SA; defined by superior episodic memory ability) and 103 typical older adults. Cortical thickness was
greater in multiple regions in SA including right anterior cingulate and prefrontal cortex and was related
to baseline memory performance. Similarly, hippocampal volume was greater in SA and associated with
baseline memory. SA also had lower white matter hypointensity volumes and faster processing speed.
While PiB burden did not differ, there was a significant group interaction in the relationship between age
and PiB such that older SA individuals were less likely to have high brain b-amyloid. Over time, memory
performance in typical older adults declined more rapidly than in SA, although there was limited evi-
dence for different rates of brain atrophy. These findings indicate that superior memory in aging is
related to greater cortical and white matter integrity as well as slower decline in memory performance.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Cognitive decline is a common feature of normal aging (Hedden
and Gabrieli, 2004). Aging trajectories, however, are inconsistent
across individuals, and variance of cognitive performance on neu-
ropsychological tests is positively correlated with advancing age.
Older adults who avoid cognitive decline and perform similarly to
much younger people contribute to this age-related variance. There
is great interest in these individuals and the underlying factors that
mediate their unusually successful aging.

By definition, successful agers (SA) have not only avoided normal
age-related cognitive decline but also clinical expression of Alz-
heimer’s disease (AD) including both mild cognitive impairment and
dementia. AD, however, also has a prolonged asymptomatic pro-
drome that can be characterized by biomarkers of pathology. Thus, a
crucial and tractable question is whether preserved cognition in
successful aging reflects avoidance of AD-related pathology. There is
evidence to suggest that SA defined by preserved episodic memory
performance avoid age-related cortical thinning and have cortical
morphology that more closely resembles middle-aged adults than
their age-matched peers (Harrison et al., 2012). This could reflect
nce Institute, University of
A 94720-3190, USA. Tel.: þ1

arrison).

ll rights reserved.
greater brain reserve (e.g., larger cortex thinning at the same rate) or
slower progression of age-related atrophy. In this regard, a recent
study of “SuperAgers” showed that this unique group had a lower
rate of whole cortex thinning over 18 months compared to a typical
control group (Cook et al., 2017). SA have also been shown to have
greater hippocampal volume than their peers (Sun et al., 2016).
These findings suggest a unique successful aging trajectory in which
individuals resist changes in brain morphometry.

Two important pathological processes that are related to the
development of cognitive decline and dementia in aging are b-
amyloid (Ab) deposition and cerebrovascular disease. Ab can be
quantified with positron emission tomography (PET) tracers, and a
widely reported measure of cerebrovascular disease is reflected in
changes in white matter, often detected in hypointensities on T1
images. In contrast to differences in cortical thickness or hippo-
campal volume, Ab accumulation and white matter signal abnor-
malities cannot be explained by higher lifetime brain reserve or
slower age-related structural brain changes. Individuals with su-
perior memory performance in the presence of age-related brain
pathology such as Ab accumulation andwhitematter diseasewould
be resilient to the effects of the pathology rather than resistant to
the pathology itself (Latimer et al., 2017). It remains unclear
whether SA also avoid Ab accumulation and white matter disease,
or if they are resilient to these pathologies. The factors underlying
resistance to pathology (e.g., the avoidance of pathology itself) and
resilience to pathology (e.g., the avoidance of typical cognitive
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consequences of pathology or coping with pathology) in cognitively
superior older adults are underexplored.

In the present study, we aimed to first replicate previous find-
ings with cross-sectional structural magnetic resonance imaging
(sMRI) and second to expand the literature with investigations of
Ab burden, white matter hypointensities, longitudinal changes in
cortical thickness, as well as longitudinal cognition in unusually SA.
We were further interested in how Ab is related to age in superior
memory performers and whether Ab is predictive of cognitive
changes. We examined cognitive trajectories in our cohort of SA
using longitudinal cognitive follow-up data (mean total follow-up
time ¼ 5.2 [2.5] years) to determine whether superior memory
performance in older adults is predictive of future cognitive
changes. Finally, we examined basic medical data and self-report
questionnaires to search for factors underlying our successful ag-
ing cohort’s superior memory performance.

2. Methods

2.1. Participants

The present study included 150 participants enrolled in the
Berkeley Aging Cohort Study (BACS), an ongoing longitudinal study
of normal cognitive aging, whowere aged 70 years or older, and had
MRI and PiB-PET data quantifying Ab in the brain. Additional
eligibility requirements included no imaging contraindications;
baseline MinieMental State Examination score �25; no neurolog-
ical, psychiatric, or major medical illness; no medications affecting
cognition; and that all participants were community dwelling. Of
the 150 participants, 26 met criteria for superior memory perfor-
mance and were called SA. Criteria for SA included a score of 14 or
above (max score ¼ 16) on the California Verbal Learning Test
(CVLT) long delay free recall (LDFR) and normal-for-age perfor-
mance on Trails B; the CVLT threshold of 14 reflects average per-
formance for an individual aged 18e32 years (Sun et al., 2016). Of
the remaining participants, 103 met criteria for typical older adults
(TOA). TOA were required to score at or above 1 standard deviation
below normal for age on the CVLT LDFR, making a score of 7 the
inclusive cutoff. Thus, TOA scored in the range of 7e13 on the CVLT
Table 1
Cohort characteristics

SA TO

n 26 10
Age (y) 74.9 � 4.6 7
Sex (M/F) 3/23 48
Education (y) 17.5 � 1.9 1
APOE (% of ε4 carriers) 30 27
Family history of dementia (Y/N) 12/13 (1 N/A) 21
BMI 28.2 � 6 (2 N/A) 2
History of hypertension (Y/N) 8/18 37
Comorbidity Index Score 1.54 � 1.2 1

Hippocampal volumea (cm3) 2.4 � 0.3
WM hypointensitiesa (cm3) 1.5 � 1.0
Whole cortex thickness (mm) 2.3 � 0.2
sMRI follow-up (y) 4.5 � 2.7
PiB DVR 1.13 � 0.20 1

CVLT LDFR 14.8 � 0.8 1
Cognition follow-up (y) 5.5 � 2.5

LEQ 123.6 � 18.5 (6 N/A) 11
Wilson cognition: present 4.06 � 0.45 (1 N/A) 3

SA and TOA were compared using Welch’s t-tests for continuous variables and Fisher’
(significant differences at p < 0.05 are bolded).
Key: AD, Alzheimer’s disease; APOE, apolipoprotein E; BMI, body mass index; CVLT LD
Experiences Questionnaire; PiB DVR, Pittsburgh Compound-B distribution volume ratio;

a Denotes volumes that have been adjusted by intracranial volume (ICV).
b In raw CVLT LDFR score, SA performed better than YA while TOA performed worse t
LDFR. A total of 21 participants scored too low on the CLVT LDFR to
be included in either experimental group. These criteria are based
on previous studies andwere designed tomaximize interpretability
in the context of the “SuperAging” literature and to allow for
replication efforts within the present study (Gefen et al., 2015;
Harrison et al., 2012; Sun et al., 2016). Baseline cognition was
defined as the neuropsychological testing visit that was closest in
time to each participant’s PiB-PET scan. Twenty-five of 26 SA and 90
of 103 TOA had follow-up neuropsychological testing visits
(Table 1). All older adult participants reported basic medical history
including present or past history of hypertension, hypocholester-
olemia, arthritis, macular degeneration, and diabetes. An un-
weighted linear comorbidity index score was created based on
these 5 age-related medical conditions to examine whether medi-
cal comorbidity influences SA. Height and weight were measured
for body mass index (BMI) calculation, and BMI differences be-
tween groups were also measured.

Sixty-four participants aged 20e30 years were also recruited
using the same criteria (except age) to serve as a young control
group. The young adults (YA) participated in neuropsychological
testing and baseline structural MRI studies but did not undergo PiB-
PET or longitudinal MRI scanning.

The institutional review board at Lawrence Berkeley National
Laboratory (LBNL) and the University of California Berkeley
approved the present study, and written, informed consent was
obtained from all participants.

2.2. Cognitive assessment

All participants in the BACS, including YA, undergo neuropsy-
chological testing to measure performance on specific cognitive
tasks including those related to verbal and visual memory, working
memory, processing speed, executive function, language, and
attention. Participants also complete questionnaires designed to
assess lifetime cognitive activities, symptoms of depression, and
sleep quality. In the present study, composite scores were calcu-
lated to measure 3 cognitive domains: episodic memory (omitting
all CVLT scores), working memory, and processing speed. Episodic
memory tests were Visual Reproduction (VR) immediate recall
A SA vs. TOA; p-value YA

3 d 64
5.9 � 4.5 0.321 24.1 � 0.29
/55 0.001 30/34
6.5 � 2.0 0.031 16.21 � 1.8
(3 N/A) 0.810 d

/80 (2 N/A) 0.010 d

6.7 � 4.4 (2 N/A) 0.265 d

/66 0.818 d

.45 � 0.99 0.716 d

2.2 � 0.3 <0.001 2.71 � 0.2
2.1 � 1.8 0.029 0.61 � 0.3
2.3 � 0.1 0.432 2.51 � 0.1
3.5 � 1.9 0.145 d

.10 � 0.17 0.512 d

0.2 � 1.9 d 13.21 � 2.4b

5.1 � 2.6 0.535 d

7.1 � 19.8 (42 N/A) 0.187 d

.84 � 0.56 (7 N/A) 0.042 d

s exact test for sex, APOE status, family history of AD, and history of hypertension

FR, California Verbal Learning Test long delay free recall (16 words); LEQ, Lifetime
SA, successful agers; TOA, typical older adults; WM, white matter; YA, young adults.

han YA (both p < 0.0001).
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total, VR delay recall total, VR recognition (hitsþ correct rejections),
Logical Memory story A plus B1, and Visual Paired Associates Total
Score. Working memory tests were Digit Span total score and
Listening Span total recall. Processing speed tests were Trail Making
Test B minus A, Stroop number correct in 1 minute, and Digit
Symbol total. Each composite was calculated by taking the average
z-score of the constituent tests. For the older adults, z-scores for a
specific test were calculated using themean and standard deviation
computed from older BACS participants with neuropsychological
data regardless of imaging requirements (n¼ 194). We chose to use
this larger group as the z-score reference cohort instead of the
study cohort for increased accuracy of the mean and variance es-
timates. The 3 composite scores were also calculated for all avail-
able follow-up neuropsychological sessions in addition to baseline.
Of 129 older adult participants, 14 (1 SA) had no follow-up neuro-
psychological testing. The remaining participants had from 1 to 10
follow-up neuropsychological testing sessions.

For calculation of baseline composite z-scores for YA, mean and
standard deviation were calculated from the 64 participants
included in the present study.

Lifetime cognitive activity was measured using the Lifetime
Cognitive Activity Questionnaire (Wilson et al., 2003). The Lifetime
Experiences Questionnaire was also administered to a subset of the
cohort (20 SA and 61 TOA) (Valenzuela and Sachdev, 2007).

2.3. Apolipoprotein E (APOE) genotyping

Determination of APOE alleles was performed using a TaqMan
Allelic Discrimination Assay using a real-time PCR system (Applied
Biosystems). This method has been previously described (Coppola
et al., 2012). APOE genotyping was completed for all SA and 100
of 103 TOA.

2.4. Image acquisition

PiB-PET data were acquired at the LBNL. [11C]PiB was synthe-
sized at the Biomedical Isotope Facility according to a previously
published protocol (Mathis et al., 2003). Data collection was per-
formed in 3D acquisition mode on either an ECAT EXACT HR
scanner or a BIOGRAPH PET/computed tomography (CT) Truepoint
6 scanner (both scanners Siemens Medical Systems, Erlangen,
Germany). Previous work has demonstrated that PiB distribution
volume ratio (DVR) values do not differ significantly between
Fig. 1. SA have better baseline cognition across domains. Domain-specific average z-scores r
domain score did not include any subscores of the CVLT because they would be highly correl
and TOA) and YA were z-normalized according to age-appropriate mean and standard deviat
for-age performance. Abbreviations: CVLT LDFR, California Verbal Learning Test long delay fr
adults. *p < 0.05; **p < 0.001.
scanners (Elman et al., 2014). Immediately after injection of
10e15 mCi of PiB into an antecubital vein, 35 dynamic acquisition
frames were recorded over a 90-minute session (4 � 15 seconds,
8 � 30 seconds, 9 � 60 seconds, 2 � 180 seconds, 10 � 300 seconds,
and 2 � 600 seconds). Each PiB-PET scan was accompanied by a
transmission scan or CT scan, which was used for attenuation
correction. Transmission scan or CT images were reconstructed
using an ordered subset expectation maximization algorithm with
weighted attenuation, scatter correction, and smoothed with a
4 mm Gaussian kernel.

A high-resolution T1-weighted magnetization-prepared rapid
gradient echo scan was acquired for each participant with the
following parameters: TR ¼ 2110 ms, TE ¼ 3.58 ms, flip angle ¼ 15�,
voxel size ¼ 1 mm isotropic. These data were collected on a 1.5-T
Siemens Magnetom Avanto scanner at LBNL. A subset of the par-
ticipants in the present study had at least 1 additional longitudinal
1.5-T MRI (19 SA and 70 TOA). For 4 participants, their first longi-
tudinal sMRI was collected more than 1month (mean time 0.6 [0.7]
years) before the “baseline” visit scans that included the PiB-PET
scan and cross-sectional sMRI scan (used for group cortical thick-
ness analyses). We chose to include these scans to use all available
sMRI data.
2.5. PET processing

PiB-PET data were processed using SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/). Data frames were realigned, and frames
corresponding to the first 20 minutes of the 90-minute scanwere
averaged and used for coregistration to each participant’s MRI.
The resulting coregistration matrix was used to reslice the real-
igned PiB-PET frames into sMRI space. DVR images in native sMRI
space were generated using Logan graphical analysis
(35e90 minutes after injection, cerebellar gray matter reference
region; Logan et al., 1996). Global cortical PiB DVR values were
calculated using FreeSurfer-derived gray matter regions of in-
terest (ROIs) as previously described (Mormino et al., 2011). A
global PiB DVR threshold of 1.065, based on previous work in our
laboratory, was used to dichotomize participants as PiB negative
or positive (Villeneuve et al., 2015). After quality control, PiB-PET
data from 5 participants (0 SA) were excluded from analyses in
the present study because of participant placement and acqui-
sition errors.
evealed significantly higher performance in SA compared to TOA. The episodic memory
ated with CVLT LDFR that was used to define SA. Domain scores in the older adults (SA
ions. Differences between older adults and YA are interpreted as differences in normal-
ee recall; n.s., not significant; SA, successful agers; TOA, typical older adults; YA, young

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/


Fig. 2. SA do not experience typical episodic memory decline. Linear mixed-effects (LME) models were used to extract predicted longitudinal trajectories for each cognitive domain
in both experimental groups. Trajectories for episodic memory (left) domain scores showed a group by time interaction effect such that TOA declined while SA did not. For working
memory (center) and processing speed (right), both groups declined at similar rates. Abbreviations: SA, successful agers; TOA, typical older adults. *p < 0.05.
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2.6. MRI processing

T1-weighted magnetization-prepared rapid gradient echo scans
were processed using FreeSurfer version 5.3 (http://freesurfer.net/).
Themain processing pipeline includes surface delineation for cortical
thickness estimates, cortical parcellation based on anatomical land-
marks, and volumetric segmentation of subcortical structures (Dale
et al., 1999; Desikan et al., 2006; Fischl and Dale, 2000). Results
were manually checked for accuracy. The cortical parcellation was
used to define the cortical ROIs used to calculate global PiB DVR for
each participant (Mormino et al., 2011). The volumetric segmentation
results were used to measure hippocampal volume and to define
cerebellar gray matter that was used as the reference region in PiB-
PET processing. The pial and white-gray matter boundary surface
delineations were used to compare cortical thickness across experi-
mental groups. ROIs identified in group comparisons between SA and
TOAwere registered from template space to each participant’s native
space, and mean thickness was extracted. In a separate analysis, the
FreeSurfer longitudinal stream was used to process longitudinal
sMRIs and linear mixed-effects (LME) models were used to calculate
unbiased, accurate slopes of change in hippocampal volume and
cortical thickness in ROIs (Reuter et al., 2012). Finally, white matter
hypointensities were labeled using a probabilistic procedure, and
total volume was calculated for each hemisphere (Fischl et al., 2002;
Salat et al., 2009). We averaged these hemispheric values together to
create a bilateral white matter hypointensity load measure.
Fig. 3. Specific cortical regions are thicker in SA. (A) Whole-brain cortical thickness
analyses revealed regions of cortex that were significantly thicker in SA compared to
TOA (p > 0.05, uncorrected). There were no regions where cortex was thicker in TOA.
(B) Mean thickness values were extracted for difference regions in the LH and RH and
plotted to illustrate the differences between groups. Bilateral mean thickness across
the whole cortex was also extracted for each participant. There were no differences in
whole cortex thickness between SA and TOA. Abbreviations: ACC, anterior cingulate
cortex; LH, left hemisphere; RH, right hemisphere; MCC, middle cingulate cortex;
mPFC, medial prefrontal cortex; SA, successful agers; TOA, typical older adults; YA,
young adults; n.s., not significant. ***p < 0.0001; ****p < 0.00001.
2.7. Statistical analysis

Two-sample, unpaired Welch’s t-tests were used to compare
baseline cognition and sMRI measures across groups. Fisher’s exact
tests were used to test for differences in categorical variables such
as sex. Pearson correlation was used to probe associations between
age and imaging metrics. Multiple linear regression models were
used to examine the relationships between cognition, sMRI mea-
sures, and PiB DVR at baseline. To interrogate how cognition and
imaging biomarkers at baseline affect longitudinal cognition in
older adults, we used an LME model with fixed effects for con-
founding variables such as age, sex, years of education, and the
number of cognitive follow-up visits. Random effects for participant
slope and intercept were included to account for our hypothesis
that cognitive trajectories would be unique across participants. LME
models including random effects for slope and intercept were also
used to extract longitudinal slopes of change in hippocampal vol-
ume and cortical thickness and to test for group differences in rates
of structural change.
Cortical thickness statistical surface maps were generated using
a general linear model (GLM) framework in FreeSurfer. Sex was
included as a binary covariate in the GLM comparing vertex-wise
cortical thickness in SA versus TOA to account for the significant
difference in sex composition between groups.
3. Results

3.1. Participants

Cohort characteristics are summarized in Table 1. There was no
significant difference in age between SA and TOA. There were
proportionally more women in the SA group than in the TOA group

http://freesurfer.net/


Fig. 4. SA have greater hippocampal volume, which is related to their superior
memory performance. (A) Hippocampal volume was greater in SA than in TOA. Both
older adult groups had significantly lower hippocampal volume than YA. (B) ICV-
adjusted, bilateral hippocampal volume was related to baseline episodic memory
performance across all older adult participants. yDenotes volumes that have been
adjusted by intracranial volume (ICV). Abbreviations: SA, successful agers; TOA, typical
older adults; YA, young adults. **p < 0.001; ***p < 0.0001; ****p < 0.00001.
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(p¼ 0.001). SA also had slightly higher years of education (p¼ 0.03)
and more neuropsychological follow-up visits (p ¼ 0.04) although
there was no difference between groups in mean cognitive follow-
up time (p ¼ 0.535). We took a conservative approach and
controlled for age, sex, education, and number of follow-up visits in
all applicable multiple linear regression and LMEmodels. In cortical
thickness GLM comparisons, we included sex as a covariate but did
not include other covariates to conserve degrees of freedom. There
was no difference in APOEε4 carriage rate between SA and TOA (SA:
8 carriers, 30% of group; TOA: 27 carriers, 27% of group; p ¼ 0.81).
There was a higher incidence of family history of “dementia” (self-
reported, not just AD) in SA (p ¼ 0.010). Finally, there were no
differences between groups in BMI, history of hypertension, or in a
comorbidity index score that included hypertension, hypo-
cholesterolemia, arthritis, macular degeneration, and diabetes (p >

0.2).

3.2. Cognition

SA had better baseline episodic memory (p < 0.001), working
memory (p ¼ 0.009), and processing speed (p ¼ 0.025) than their
typically performing peers despite being defined as SA based on a
single subscore of the CVLT, which was not included in any com-
posite score (Fig. 1). Compared to composite scores in YA, which
were normalized to age-appropriate mean and variance, SA
perform better in episodic memory (p ¼ 0.002), which was ex-
pected due to the SA memory performance criteria. SA also per-
formed better for their age than YA in z-standardized processing
speed (p¼ 0.027) but not working memory (p¼ 0.104). By contrast,
there were no differences in performance in any composite score
between TOA and YA (all p > 0.16). Processing speed was correlated
to episodic memory performance in SA (r ¼ 0.47, p ¼ 0.01) and in
TOA (r ¼ 0.23, p ¼ 0.02). In raw CVLT LDFR score, SA performed
better than YA while TOA performed worse than YA (both p <

0.0001; Table 1). The Lifetime Experiences Questionnaire and the
Wilson Lifetime Cognitive Activities questionnaires both showed
trending group differences in the expected direction, with higher
scores in the SA group, but the only difference that reached sig-
nificance was the “present” score for the Wilson measure (p ¼
0.042, Table 1). The “present” score represents the level of
engagement in cognitive activities reported by participants at their
baseline visit.

Analyses of longitudinal cognitive composite scores revealed that
TOA decline in episodic memory more rapidly than SA over time
(Fig. 2). An LME model predicting episodic memory composite score
uncovered a significant interaction of time and group status (SA or
TOA; p¼ 0.017) indicating that decline in TOA is greater than in SA. In
fact, the SA group showed a trend toward increasing memory per-
formance over time indicating the emergence of practice effects. The
model that controlled for fixed effects of age, sex, years of education,
and number of follow-up visits and included random effects for
participant intercept and slope also revealed significant effects of age
(p ¼ 0.001; older participants performworse overall) and number of
follow-up visits (p ¼ 0.001; participants with more follow-up visits
perform better overall) across all older adults. There were no group
differences in LMEmodels predictingworkingmemory or processing
speed composite scores.

3.3. Cortical thickness

Cortical thickness analyses revealed several regions of greater
cortical thickness in SA compared to TOA (p < 0.05 vertex-wise,
uncorrected; Fig. 3A), including right anterior cingulate and pre-
frontal cortex, which have been previously associated with suc-
cessful aging (Harrison et al., 2012; Sun et al., 2016). There were no
regions in either hemisphere that were thicker in TOA. A multiple
regression model controlling for the effects of intracranial volume
(ICV), age, sex, and years of education revealed that in those regions
where cortical thickness is greater in SA, mean cortical thickness
was related to baseline episodic memory performance across all
participants (R2 ¼ 0.12, p ¼ 0.02), while mean global cortical
thickness was not (p ¼ 0.17). There was no difference between SA
and TOA in bilateral mean cortical thickness (p ¼ 0.43), which
highlights the regional specificity of cortical preservation in SA. In
Fig. 3B, cortical thickness values for SA and TOA are plotted
alongside YA. Both older adult groups had significantly thinner
cortex than YA, but the differences were less significant in SA (TOA
vs. YA p < 1 � 10�29; SA vs. YA p < 0.0001).

There were longitudinal sMRI data available for a subset of the
older adult participants (19 SA and 70 TOA; mean number of
additional longitudinal scans ¼ 1.54 [0.72]; range ¼ 1e4 longitu-
dinal scans; Table 1). We examined longitudinal changes in cortical
thickness of (1) the whole cortex and (2) regions that showed
greater thickness in SA. There was no difference between SA and
TOA in the longitudinal slope of cortical thickness for the whole
cortex (p ¼ 0.660). Longitudinal thinning of left hemisphere (LH)
regions with preserved cortical thickness in SA was more severe in
TOA (p ¼ 0.01). There were no differences in longitudinal slope,
however, in right hemisphere (RH) regions (p ¼ 0.43). Combined
bilaterally, all the regions shown in Fig. 3A were not thinning at
statistically different rates in SA and TOA (p ¼ 0.23). Cortical thin-
ning in LH or RH regions or across the whole cortex was not related
to change in episodic memory over time in models that also
accounted for age, sex, and years of education (p > 0.10).
3.4. Hippocampal volume

Baseline ICV-adjusted hippocampal volume was greater in SA (p
< 0.001) compared to TOA(Fig. 4A). Both SA and TOA had signifi-
cantly lower hippocampal volume compared to YA. Across all par-
ticipants, hippocampal volume was associated with baseline
episodic memory in a model controlling for ICV, age, sex, and ed-
ucation (R2 ¼ 0.13, p ¼ 0.01). Hippocampal volume was also related
to episodic memory decline, measured by linearly fitted slopes, but
this effect was driven by TOA (p ¼ 0.02). Fig. 4B shows the rela-
tionship between ICV-adjusted hippocampal volume and baseline
episodic memory in all older adult participants (r¼ 0.35, p< 0.001).



Fig. 5. Ab accumulation is similar in SA and TOA, but advanced age, superior memory,
and PiB positivity appear to be incompatible. (A) There was no difference in global PiB
DVR between SA and TOA. (B) SA showed a significant negative relationship between
global PiB DVR and age while TOA did not. There was a significant group interaction.
(C) Global PiB DVR was not predictive of episodic memory performance cross-
sectionally in either SA or TOA. (D) Global PiB DVR significantly predicted decline in
episodic memory performance in TOA, but not SA. Abbreviations: SA, successful agers;
TOA, typical older adults; PiB DVR, Pittsburg Compound-B distribution volume ratio;
n.s., not significant.
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In the subset of older adults with longitudinal sMRI, we exam-
ined longitudinal change in hippocampal volume. There was no
difference between SA and TOA in hippocampal volume longitu-
dinal change (p¼ 0.715). In a model including hippocampal volume
change (slope), age, sex, and years of education, we found that only
change in hippocampal volume was a significant predictor (p ¼
0.014) of change in episodic memory, but the model overall was not
significant (R2 ¼ 0.09, p ¼ 0.090).

3.5. White matter hypointensities

SA had lower bilateral volume of white matter hypointensities
compared to TOA (p¼ 0.020; Table 1). Both SA and TOA had a greater
extent of white matter hypointensities compared to YA (p < 0.001)
but, similar to the findings in hippocampal volume and cortical
thickness, the SA group was intermediate to YA and TOA. Across all
older adult participants, the volume of white matter hypointensities
was not associated with baseline episodic memory, working mem-
ory, or processing speed in models controlling for ICV, age, sex, and
years of education (p > 0.05). There was a trend (p ¼ 0.07) for the
effect of white matter hypointensities on working memory, but the
model overall was not significant (R2 ¼ 0.02, p ¼ 0.18).

3.6. PiB-PET

There were no differences in global PiB DVR between SA and
TOA (p¼ 0.512; Fig. 5A), nor was there a significant difference in the
proportions of PiB positivity (p ¼ 0.903, 38% of SA and 40% of TOA
were PiBþ). Across all participants, Pearson correlation showed no
significant association between global PiB DVR and age (r ¼ �0.11,
p ¼ 0.22). There was, however, a significant group interaction effect
(two-way analysis of variance; p ¼ 0.045) driven by a significant
negative correlation between age and global PiB DVR in SA
(r ¼ �0.42, p ¼ 0.03; Fig. 5B) but not TOA (r ¼ 0.01, p ¼ 0.92). This
association was driven in part by a single SA participant who was
89 years old and had very low PiB DVR. If this individual is removed,
the relationship between age and global PiB DVR in SA is a trend
(r ¼ �0.31, p ¼ 0.14).

Across all participants, global PiB DVR was not related to base-
line episodic (Fig. 5C) or working memory (p > 0.10). There was,
however, a significant positive relationship between global PiB DVR
and baseline processing speed (p ¼ 0.037) in a model that also
accounted for age, sex, and years of education (overall model R2 ¼
0.12, p ¼ 0.002). We probed this relationship in each group sepa-
rately and discovered that higher global PiB DVR is predictive of
faster processing speed in SA (p¼ 0.006) but not in TOA (p¼ 0.384).
The group � PiB interaction was not significant (p ¼ 0.16).

Next, we examined relationships between global PiB DVR and
subsequent changes in cognition. Fourteen participants (1 SA)
included in PiB analyses did not have longitudinal cognitive data. In
a model accounting for age, sex, years of education, and number of
follow-up visits, PiB DVR predicted decline in episodic memory
performance in TOA (p ¼ 0.01) but not SA (p ¼ 0.38). The group �
PiB interactionwas not significant but borderline at p¼ 0.08. Fig. 5D
illustrates these findings by plotting the correlations between
baseline global PiB DVR and change in episodic memory in SA and
TOA. Global PiB DVR was not related to longitudinal change in
working memory or processing speed (p > 0.30).

To ensure PiB burden was not related to differences in brain
structure, we examined the relationships between PiB burden and
(1) cortical thickness in the regions with greater cortical thickness
in SAs, (2) cortical thickness across the entire cortex, and (3) hip-
pocampal volume. There were no significant relationships between
PiB DVR and any of the morphological measures tested or in lon-
gitudinal change in these measures (p > 0.05).
4. Discussion

Our unique data set with an average of over 5 years of cognitive
follow-up data allowed us to address a critical question: does being
a successful ager mean that you are less likely to decline than your
typically performing peers? Indeed our findings suggest that the
superior memory performance in SA remains superior over time.
We have shown that episodic memory performance slightly
increased in our group of older adults with superior memory per-
formance while declining in their typically performing peers. This
positive slope can be interpreted as practice effects in the SA in-
dividuals who are avoiding age-related decline in episodic memory
performance. By contrast, we did not observe differences between
SA and TOA in working memory or processing speed performance
trajectories. Rather, early changes in episodic memory perfor-
mance, which along with processing speed is among the first
cognitive processes to be negatively affected in normal aging,
differentiated the SA and TOA groups (Salthouse, 2009). SA and TOA
also differed in brain morphology, with SA showing regions of
greater cortical thickness and greater hippocampal volume. These
morphological features were related to memory suggesting that
greater cortical thickness and hippocampal volume underlie, in
part, the superior memory performance observed in SA. Past re-
ports have found that gray matter volume mediates the effect of Ab
on cognition (Wirth et al., 2013). While Ab burden did not differ
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between SA and TOA, more Ab was associated with faster memory
decline in the TOA but not SA. Together, this suggests that unique
brain morphology in SA may contribute to the mitigation of
cognitive decline in the presence of Ab. We also discovered evi-
dence that high Ab was not compatible with superior cognition in
the oldest participants, demonstrated by a negative relationship
between PiB DVR and age in SA.

A previous study showed that cortical regions with greater
thickness in SA are predominantly located within the default mode
and salience networks (Sun et al., 2016). We observed a similar
pattern in our SA group, with medial prefrontal and temporopar-
ietal junction regions (default mode) and anterior/middle cingulate
and insula (salience) showing evidence of preservation. Studies of
“SuperAgers,” who are individuals aged 80 years or older with
memory performance equivalent to a 50-year-old, have implicated
the anterior cingulate as a key region underlying superior memory
performance in old age (Gefen et al., 2015; Harrison et al., 2012).
Portions of both anterior and middle cingulate were implicated in
our study despite the differences in how we defined our cohort
compared to the “SuperAgers.” This provides further evidence that
the cingulate is an important region involved in the circuitry un-
derlying successful aging.

Further analyses with sMRI data revealed 2 additional features
of SA: first, hippocampal volume, when accounting for age, sex,
education, and ICV, was greater in SA compared toTOA; and second,
the volume of white matter hypointensities in the brain was lower.
The former finding is also consistent with previous work in SA and
underscores the strong link between hippocampal integrity and
episodic memory performance (Sun et al., 2016). The latter finding
that suggests resistance to white matter disease in SA is novel and
may contribute, along with the morphological features of SA, to
mitigating pathological effects of Ab in SA. Previous studies have
reported that white matter signal abnormalities increase with age,
are related to cognitive decline and increased risk for clinical AD in
the presence of Ab, and are not correlated with Ab accumulation
(Abe et al., 2002; Burns et al., 2005; Hedden et al., 2012). Thus,
lower white matter disease burden combined with typical Ab levels
in SA means that they are relatively more protected from future
cognitive decline resulting from Abewhite matter disease in-
teractions than TOA. Further in-depth studies of white matter using
diffusion-weighted imaging might reveal important associations
between white matter microstructure and superior cognition.

Despite having greater baseline hippocampal volume, SA
showed no difference from TOA in the change in hippocampal
volume over time. Across both groups, change in hippocampal
volume over timewas related to decline in episodic memory. When
we examined cortical regions with baseline differences in cortical
thickness between SA and TOA, areas in the LH declined more
slowly in SA compared to TOA although there were no differences
when both hemispheres were examined together. The slope of
cortical thinning in these LH regions was also not related to change
in memory. Taken together, these findings define a relationship
between brain structure (cortical thickness, hippocampal volume,
white matter alterations) and cognition that supports a passive
model in which brain reserve endows some individuals with
greater capacity (e.g., larger cortex or more neurons and synapses)
so that they may escape from age-related cognitive decline (Stern,
2002). While there is some evidence for different trajectories of
brain volume loss in older SuperAgers �80 years old (Cook et al.,
2017), the aggregate data in our cohort seem to suggest that both
TOA and SA experience similar degrees of longitudinal atrophy
across thewhole cortex. This disagreement in findings may indicate
that different processes underlie superior memory during different
epochs of older adulthood, with slower longitudinal atrophy being
important in the ninth and 10th decades of life.
Neither PiB positivity prevalence nor global PiB DVR differed
between SA and TOA. This is an important finding underscoring that
SA do not avoid all pathological, age-related brain changes. Recent
work with postmortem tissue of highly SA is congruent with our
findings, showing that Ab pathology was observed in 5 of 10 in-
dividuals (Rogalski et al., 2018). The link between Ab burden and
cognition has been explored, and the growing consensus is that the
correlation, at least in cross-sectional comparisons, is weak (Hedden
et al., 2013; Jansen et al., 2018). Thus, maintenance of superior
memory performance even in PiBþ individuals is not surprising.
Indeed, another study recently found that older high memory per-
formers do not differ from their typical peers in Ab burden (Dekhtyar
et al., 2017). It does, however, indicate that SAmay be resilient to Ab-
triggered processes that negatively affect cognition. One clue in our
results is that there is a negative relationship between age and PiB
DVR in SA such that only the youngestmembers of the SA group have
higher PiB DVR. In our data, very high Ab burden, very old age, and
superior memory performance appear to be incompatible. It may be
that SA are resilient to the high Ab for a time, perhaps while pre-
served brain morphology remains protective, but eventually, com-
bined with normal aging, this resilience begins to give way and
cognitive impairment follows.

Initial resilience to elevated Ab may also be related to faster
processing speed, which we foundwas positively related to PiB DVR
and also to better memory performance in SA. Processing speed has
been previously suggested to support performance in other cogni-
tive domains, such as memory (Salthouse, 2000). Youthful pro-
cessing speed in older adults has been associated with greater
volume of the corpus callosum, lower inflammatory markers, and
more physical activity, indicating that superior memory and pro-
cessing speed in older adults are mediated by different morpho-
metric and biological factors (Bott et al., 2017). The link between
processing speed and Ab in the present study may represent a
unique feature of successful aging with Ab, as a largermeta-analysis
did not find a significant relationship between processing speed
and Ab deposition (Hedden et al., 2013).

The relationship between Ab burden and longitudinal cognitive
changes is stronger than to cross-sectional cognition (Donohue
et al., 2017; Landau et al., 2012; Wirth et al., 2013). We observed
this distinction in the present study by showing that baseline PiB
DVR predicted decline in TOA, but not baseline performance. In fact,
memory decline in TOA was associated with baseline hippocampal
volume and with baseline PiB DVR, but these associations were not
present in SA. These findings support the idea that the SA group has
an aging trajectory with unique features, including slower age-
associated decline in memory performance, with some protection
conferred by differences in brain volumes.

Only 26 of 150 individuals whom we screened for the present
study met our rigorous criteria for successful aging. While the uti-
lization of these criteria was essential to identify the SA group and
facilitate reproducibility and interpretability of our results, the final
cohort size was small and may have made effects within SA group
difficult to detect. Our sample, however, was larger than SA groups
in most of the previous works (Cook et al., 2017; Gefen et al., 2014;
Harrison et al., 2012; Sun et al., 2016). Future studies will focus on
screening a greater volume of participants to identify a larger SA
cohort. It should be noted that the TOA group, like the entire BACS
cohort, is a highly educated sample that is likely not a “typical” aged
group despite our designation as such. Thus, the differences in brain
structure, white matter, and cognition we have uncovered between
SA and TOA are remarkable. A major limitation of the present study
is the low number of men in the SA group. This could be related to
the fact that we used a verbal memory task, the CVLT, to identify SA
and women have been reported to perform better in tests of verbal
memory (Andreano and Cahill, 2009; Munro et al., 2012). It is also
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likely related to the fact that about w60% of the BACS cohort is
female and the small overall size of the SA group. In a report by Sun
and colleagues, which used SA inclusion criteria similar to the
present study, 12 of 17 designated “SuperAgers” were female (Sun
et al., 2016). We included sex as a covariate in all our analyses,
and it was not found to be a significant predictor in any of the re-
sults we report in the present study. Finally, we measured white
matter abnormalities using T1-weighted images, which can result
in lower volume estimates compared to those derived from T2-
weighted or fluid attenuation inversion recovery images. Despite
this, T1-weighted image derived estimates have been shown to be
highly correlated (r > 0.9) with T2-weighted or fluid attenuation
inversion recovery estimates of whitematter abnormalities in aging
and disease (Coutu et al., 2015; Klistorner et al., 2016). FreeSurfer
derived estimates of T1-weighted hypointense white matter have
been validated against experienced raters at an intraclass correla-
tion coefficient of 0.91 (Smith et al., 2011). In postmortem tissue,
T1-weighted image derived estimates of white matter signal ab-
normality have been shown to reflect demyelination and axonal
loss, perhaps capturing only more severe changes to white matter
(Bitsch et al., 2001).
5. Conclusions

The present study provides new evidence for a model of suc-
cessful aging in which brain morphology is crucially important. In
addition, we found that AD-related pathology was not associated
with superior memory performance in older adults and occurred at
similar rates in both high performing and typical groups. Our find-
ings indicate that the concept of brain reserve plays a major role in
the maintenance of superior memory performance in older adults.
Longitudinal differences in atrophy rates are also likely important to
maintaining healthy cognition, especially in older cohorts, but we
found only limited evidence of this in our participants. Faster pro-
cessing speed, a feature of our SA cohort that was not determined by
criteria, and fewer white matter hypointensities also contribute to
their superior memory performance. In contrast to the apparent
advantages of SA in brain structure and cognition, there were no
differences in Ab accumulation between SA and TOA. An important
future direction is the elucidation of the mechanisms of reserve and
resilience that allow SA to maintain structural integrity and white
matter health in the brain, supporting superior memory similar to
that of 18- to 32-year-olds, while still experiencing typical-for-age Ab
accumulation and longitudinal, age-related atrophy. In terms of the
detrimental effects of Ab accumulation, our data suggest that SAmay
be resilient to these effects due to their greater brain volumes in key
structures, reduced white matter abnormalities, and faster process-
ing speed. In our participants, a basic comorbidity index score and
lifetime cognition and activities questionnaires could not account for
the imaging and cognitive differences we observed, although there
were important trends in the self-report questionnaires. Taken
together, our findings support a model in which a combination of
protective effects including (1) brain reserve (e.g., hippocampal
volume) and (2) resistance to pathology (e.g., white matter hypo-
intensities) and (3) resilience to pathology (e.g., Ab accumulation)
interact to support a unique successful aging trajectory defined by
superior memory performance.
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