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Research into cognitive resilience imaging markers may help determine the clinical significance of Alzheimer’s disease pathology

among older adults over 80 years (80 + ). In this study, we aimed to identify a fluorodeoxyglucose (FDG)-PET based imaging

marker of cognitive resilience. We identified 457 participants5 80 years old (357 cognitively unimpaired, 118 cognitively impaired

at baseline, mean age of 83.5 � 3.2 years) from the population-based Mayo Clinic Study of Aging (MCSA) with baseline MRI,

Pittsburgh compound B-PET and FDG-PET scans and neuropsychological evaluation. We identified a subset of ‘resilient’ partici-

pants (cognitively stable 80 + , n = 192) who maintained normal cognition for an average of 5 years (2–10 years). Global PIB ratio,

FDG-PET ratio and cortical thickness from Alzheimer’s disease signature regions were used as Alzheimer’s disease imaging bio-

marker outcomes and global cognitive z-score was used as a cognitive outcome. First, using voxel-wise multiple regression analysis,

we identified the metabolic areas underlying cognitive resilience in cognitively stable 80 + participants, which we call the ‘resilience

signature’. Second, using multivariate linear regression models, we evaluated the association of risk and protective factors with the

resilience signature and its added value for predicting global cognition beyond established Alzheimer’s disease imaging biomarkers

in the full 80 + sample. Third, we evaluated the utility of the resilience signature in conjunction with amyloidosis in predicting

longitudinal cognition using linear mixed effect models. Lastly, we assessed the utility of the resilience signature in an independent

cohort using ADNI (n = 358, baseline mean age of 80 � 3.8). Our main findings were: (i) FDG-PET uptake in the bilateral anterior

cingulate cortex and anterior temporal pole was associated with baseline global cognition in cognitively stable 80 + (the resilience

signature); (ii) established Alzheimer’s disease imaging biomarkers did not predict baseline global cognition in this subset of

participants; (iii) in the full MCSA 80 + and ADNI cohorts, amyloid burden and FDG-PET in the resilience signature were the

stronger predictors of baseline global cognition; (iv) sex and systemic vascular health predicted FDG-PET in the resilience signa-

ture, suggesting vascular health maintenance as a potential pathway to preserve the metabolism of these areas; (v) the resilience

signature provided significant information about global longitudinal cognitive change even when considering amyloid status in

both the MCSA and ADNI cohorts. The FDG-PET resilience signature may be able to provide important information in conjunc-

tion with other Alzheimer’s disease biomarkers for the determination of clinical prognosis. It may also facilitate identification of

disease targeting modifiable risk factors such as vascular health maintenance.
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Introduction
As the Alzheimer’s disease research field moves towards a

biological definition of the disease (Jack et al., 2018) par-

allel efforts are needed to define the biological basis and

neural correlates of cognitive resilience. This will help clar-

ify the clinical significance of Alzheimer’s disease pathology

seen by in vivo biomarkers and provide mechanistic in-

sights into the development of alternative therapeutic

approaches such as lifestyle interventions.

The ‘cognitive resilience’ paradigm stems from the obser-

vation of the disconnect between pathology and cognition,

i.e. normal cognition in the presence of Alzheimer’s disease

pathology. This disconnect occurs in a significant propor-

tion of the elderly, evidenced by neuropathology, PET ima-

ging and CSF findings (Mintun et al., 2006; Pike et al.,

2007; Aizenstein et al., 2008; Price et al., 2009; Rowe

et al., 2010). Along with the exponential increase in the

prevalence of Alzheimer’s disease pathology and

Alzheimer’s disease dementia with age (Corrada et al.,

2008; Jack et al., 2017a, b), the pathology–cognition dis-

connect also becomes more marked with increasing age,

such that �50% of older adults over 80, referred to as

the oldest old in the literature, show normal cognition des-

pite significant Alzheimer’s disease pathology (Crystal et al.,

1988; Katzman et al., 1988; Price et al., 2009;

Balasubramanian et al., 2012; Bennett et al., 2012;

Corrada et al., 2012; Mathis et al., 2013). Longitudinal

imaging and neuropathology studies have reported subtle

or no correlation between Alzheimer’s disease pathology

and cognitive trajectories in cognitively unimpaired oldest

old, raising further questions about the clinical significance

of Alzheimer’s disease pathology in this group (Savva et al.,

2009; Balasubramanian et al., 2012; Snitz et al., 2013).

Overall, these results provide the basis for research into

additional factors and mechanisms that may support cog-

nition and play a role in the clinical expression of

Alzheimer’s disease pathology at older ages.

Among the oldest old, those who maintain normal cog-

nition may represent a subgroup who experience ‘success-

ful’ cognitive ageing, potentially protected from dementia,

and thus provide a model to identify brain mechanisms

underlying cognitive resilience. Brain mechanisms underly-

ing cognitive resilience may include: (i) varying tolerance/

resilience to pathological changes; (ii) varying resistance to

pathological changes; and/or (iii) maintenance or preserva-

tion of key brain regions sustaining cognition (Arenaza-

Urquijo and Vemuri, 2018). Recent efforts have focused

on the first two set of mechanisms using imaging and

CSF biomarkers (Hohman et al., 2016; Rentz et al.,

2017; Carvalho et al., 2018). Research using surrogate

markers of cognitive resilience and reserve suggests, how-

ever, that resilience mechanisms and Alzheimer’s disease

pathology may independently contribute to cognition

(Vemuri et al., 2011; Gidicsin et al., 2015; Soldan et al.,

2017), providing support for mechanism (iii) described

above. Even though regions primarily not targeted by the

disease may be crucial in supporting cognition at older

ages, little research has been aimed at identifying these cog-

nitive resilience markers. Emerging evidence from neuro-

pathology studies support synaptic markers as measures

of resilience to Alzheimer’s disease pathology at the cellular

level (Perez-Nievas et al., 2013; Boros et al., 2017), and

thus fluorodeoxyglucose (FDG)-PET would be a good ima-

ging candidate for investigating and quantifying cognitive

resilience.

The overall aim of the present study was to advance our

knowledge about the mechanistic underpinnings of cogni-

tive resilience in older adults 80 years and older (80 + ).

Using FDG-PET imaging, we wanted to identify brain

areas that (i) are supportive of cognition in cognitive resili-

ent 80 + participants; (ii) are associated with protective/risk

factors; and (iii) add predictive value in explaining cogni-

tive performance beyond established Alzheimer’s disease

biomarkers. We posit that such brain regions may be

useful candidate markers for cognitive resilience.

We conducted analyses in three broad steps: First, on the

basis that old age and maintenance of normal cognitive

performance is consistent with cognitive resilience and po-

tentially successful cognitive ageing, we focused on a group

of cognitively stable 80 + subjects. Here, using voxel-wise

analysis of FDG-PET scans, we identified brain metabolic

regions that supported cognition in this subset of partici-

pants. Then we investigated protective/risk factors as po-

tential predictors of the metabolism of these regions and

evaluated their added value to predict baseline cognition in

the full 80 + sample beyond established Alzheimer’s disease

imaging biomarkers [Pittsburgh compound B (PIB)-PET,

FDG-PET and cortical thickness]. Finally, we assessed the

utility of these regions to predict longitudinal global cogni-

tive change in conjunction with amyloidosis.

Materials and methods

Selection of participants

Participants for this study were selected from the Mayo Clinic
Study of Aging (MCSA), a population based study started in
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2004 among Olmsted County, Minnesota residents aged 70–
89. The Olmsted County population was enumerated using the
Rochester Epidemiology medical records linkage system
(Rocca et al., 2012; Sauver et al., 2012). Details about study
design and clinical diagnostic criteria are discussed elsewhere
(Roberts et al., 2008; Petersen et al., 2010). For the present
study, we included all participants 80 years and older who had
a baseline amyloid and FDG-PET scan, had completed the full
neuropsychological battery and were in the Alzheimer’s disease
cognitive spectrum (cognitively unimpaired, mild cognitive im-
pairment or probable Alzheimer’s disease).

Defining cognitive resilience as
stable normal cognition in the 80 +
population

In this study, we define ‘cognitive resilience’ as maintaining
normal cognition or cognitively unimpaired status at very
old age. We refer to this group of participants as cognitively
stable 80 + (see the selection chart in Fig. 1). As compared to
resilience to Alzheimer’s disease pathology, the definition of
cognitive resilience here does not rely on Alzheimer’s disease
biomarkers but relies on the notion of cognitive stability in the
face of ‘risk’, age in this case (Kaup et al., 2015; Arenaza-
Urquijo and Vemuri, 2018). Given the high prevalence and
incidence of dementia in the 80 + population, a longitudinal
criterion for ‘cognitive stability’ seems necessary to exclude
individuals with higher probabilities to progress to mild cog-
nitive impairment and dementia. The importance of including
longitudinal approaches to investigate successful cognitive
ageing has been previously highlighted (Fiocco and Yaffe,
2010).

A study participant was considered cognitively stable when
they presented a stable cognitively unimpaired diagnosis
during follow-up visits, i.e. no progression to mild cognitive
impairment or dementia. We only considered participants with

a minimum clinical follow-up of two visits after the baseline
visit. Cognitively stable 80 + participants had remained cogni-
tively normal for 5 years as an average, ranging from 2 to 10
years. The current approach has an advantage of including a
resilient group of participants who do not develop cognitive
impairment during follow-up visits in the study. A disadvan-
tage is that we do know whether a participant will develop
cognitive impairment beyond the clinical follow-up. See
Supplementary Fig. 1 for further details.

The full sample of 80 + cognitively unimpaired and impaired
at baseline participants were used for subsequent analyses
aiming (i) to evaluate the robustness of the imaging findings
with increasing sample size and inclusion of cognitively unim-
paired at baseline 80 + participants; and (ii) to assess the util-
ity of the imaging marker in the full 80 + sample. The
demographic characteristics of the full 80 + group and cogni-
tively stable 80 + subsample are provided in Table 1.

Standard protocol approvals,
registrations and patient consent

The study was approved by the Mayo Clinic and Olmsted
Medical Center Institutional Review Boards and informed con-
sent was obtained from all participants or their surrogates.

FDG-PET scan preprocessing

FDG-PET images were preprocessed using our in-house auto-
mated image processing pipeline (Jack et al., 2008). In brief,
FDG-PET scans were scaled by the signal in the pons to create
standardized uptake value ratio (SUVR) images and spatially
normalized using SPM12 to the in-house template (Schwarz
et al., 2017) via their co-registered MRI scan. These FDG-
PET maps were then smoothed at 6 mm full-width at half-
maximum and entered as dependent variables into voxel-wise
multiple regression models using SPM12, as described below.

Figure 1 Selection and analyses chart. aMCSA imaging visit during time period 1 May 2006–31 July 2017. b,cForty-eight cognitively

unimpaired and impaired participants did not have follow-up visits and were not considered for the linear mixed effect model. Thus the mixed

effect model included n = 427 and 1586 observations. Labels 1–3 indicate the statistical analyses performed.
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Quantification of Alzheimer’s disease
biomarkers

Details of the acquisition, processing and summary measure
for Alzheimer’s disease signatures for amyloid PET, FDG-
PET and MRI computed on the MCSA study participants
are discussed previously (Lowe et al., 2009; Jack et al.,
2017a, b).

Global cortical PIB-PET retention ratio

A global cortical PIB-PET retention ratio was computed by
calculating the median uptake over voxels in the prefrontal,
orbitofrontal, parietal, temporal, anterior cingulate, and pos-
terior cingulate/precuneus regions of interest for each subject
and dividing this by the median uptake over voxels in the
cerebellar grey matter region of interest of the atlas (Lopresti
et al., 2005) and was used as an amyloid biomarker. We clas-
sified subjects as being on the amyloid pathway (amyloid-b-
positive or Alzheimer’s disease pathophysiology) if their global
cortical PIB-PET SUVR was 51.42.

Global FDG-PET ratio measure

A global FDG-PET ratio measure was computed for each in-
dividual scan by averaging the left and right angular gyri, bi-
lateral posterior cingulate and left middle/interior temporal
gyrus pons-normalized SUVR values for each participant as
described previously (Landau et al., 2011) and was used as
an FDG-based Alzheimer’s disease biomarker.

Global cortical thickness measure

A global cortical thickness measure was computed using
FreeSurfer (v.5.3)-derived temporal lobe cortical thickness
composite reporter region of interest of entorhinal, inferior
temporal, middle temporal, and fusiform regions of interest
(Jack et al., 2017a, b) from 3 T MPRAGE scans and was
used as an MRI-based Alzheimer’s disease biomarker.

Global cognition variable

All study participants underwent a neuropsychological evalu-
ation designed for the MCSA study, as described previously

(Roberts et al., 2008; Petersen et al., 2010). For the present
analyses we used a global cognitive z-score as a cognitive out-
come variable which is a z-transformation of the average of
nine tests covering four domain z-scores (executive function,
language, memory, and visuospatial performance) (Vemuri
et al., 2014).

Risk and protective factors: intellec-
tual enrichment and vascular health

We assessed intellectual enrichment and systemic vascular
health indicators as potential predictors of the resilience signa-
ture. Intellectual enrichment was measured using years of edu-
cation and midlife cognitive activities. We ascertained systemic
vascular health by computing a score for cardiac metabolic
chronic conditions (CMC) based on electronic health records
of the Rochester Epidemiology Project (REP) (Rocca et al.,
2012) as a summation of the presence or absence of hyperten-
sion, hyperlipidaemia, cardiac-arrhythmias, coronary artery
disease, congestive heart failure, diabetes mellitus, and
stroke. Here, we dichotomized it based on the median score
of 2 (Vemuri et al., 2017a).

Statistical analyses

The statistical analyses were conducted using Statistical
Parametric Mapping (SPM 12), IBM Statistical Package for
Social Science (SPSS) and R packages.

Identifying the brain areas associated with global

cognition in the cognitively stable 80 + : the resilience

signature

In the first set of analyses, we focused on cross-sectional FDG-
PET data from cognitively stable 80 + participants to identify
specific areas associated with global cognition and evaluated
protective and risk factors associated with these areas.

To identify the resilience signature regions supporting global
cognition in this group, we performed a voxel-wise multiple
regression analysis in SPM 12 with smoothed and normalized
FDG-PET maps and z-global cognition scores as the variable
of interest. A study-specific grey matter mask was used as an
explicit mask for the voxel-wise analysis. The segmented and
normalized grey matter maps of the study participants were
averaged and thresholded to include voxels with a grey matter
probability 40.2. Voxel-wise results were considered signifi-
cant when false discovery rate (FDR) P5 0.05 and a cluster
extend of K41500 mm3. Anatomical grey matter labels were
determined with reference to the Mayo Clinic Adult Lifespan
Template (MCALT, Schwarz et al., 2017).

To show the specificity of these results to the cognitively
stable 80 + group, we carried out the same analyses in all cog-
nitively unimpaired at baseline 80 + participants. We also ran a
complementary two-sample t-test voxel-wise analysis to identify
brain metabolic areas that differed between participants who
developed cognitive impairment during follow-up visits (pro-
gressors) and those that remained stable. The objective of the
two analyses was to assess the overlap between these areas and
areas detected in our primary analyses.

Table 1 Demographic characteristics of the 80 +

sample

Full 80 + sample

(n = 475)a
Cognitively stable

80 + (n = 192)
Mean (SD) Mean (SD)

Age 83.5 (3.21) 82.7 (2.8)

Sex, % male 58 53

Education, years 14.4 (2.99) 14.8 (2.81)

Vascular risk

(CMC)

2.74 (1.5) 2.7 (1.5)

Global cognition

z-score

�0.74 (1.2) �0.007 (0.79)

Amyloid positive, % 59 47

APOE4 positive, % 27.2 20

Characteristics of the cognitively stable subset of participants are provided separately.
aOf the full sample, 25% were cognitively impaired.

CMC = cardiac metabolic chronic conditions score.
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Demographic and risk or protective factor

predictors of the resilience signature

The association between the resilience signature, demographic
variables, amyloid status (amyloid-b-positive or -negative)
APOE E4 genotype, vascular risk (CMC) and intellectual en-
richment was assessed. For this statistical analysis and the ana-
lyses described below, we extracted a FDG-PET uptake value in
the ‘resilience signature’ for each individual subject in the study,
using the subject’s normalized and smoothed FDG-PET maps.

Evaluating the added value of the resilience

signature for predicting baseline cognition

In the second set of analyses, we assessed and compared the
strength of the effect of the resilience signature to the effect of
Alzheimer’s disease imaging biomarkers to explain baseline
global cognition. As pointed out above, with this analysis we
aimed to assess the robustness of the results with increasing
sample size and including cognitively impaired 80 + . We thus
fitted a multiple regression model for predicting baseline global
cognition including demographic variables (age, sex, educa-
tion), APOE E4 status and imaging variables (resilience signa-
ture, PIB ratio, FDG-PET and cortical thickness from the
Alzheimer’s disease signature) in the subset of cognitively
stable 80 + and the full 80 + sample. To allow assessment of
the specificity of the results to the cognitively stable group, the
same model was fitted in cognitively unimpaired at baseline
80 + participants and is presented in the Supplementary
material.

Assessing the utility of the resilience signature in

conjunction with amyloidosis

Finally, we evaluated whether FDG-PET uptake in the resili-
ence signature predicted longitudinal change in global cogni-
tion in the full 80 + sample, i.e. the full Alzheimer’s disease
cognitive spectrum, taking into account amyloid status. We
fitted a linear mixed effect model with global cognition as a

dependent variable and time (age at visit), PIB status, sex,
years of education, APOE status, and number of visits as
fixed effects (predictors). The model included all main effects
as well as interactions with time, including our interaction of
interest, i.e. the resilience signature FDG-PET uptake by time
(age at visit), but also the interactions between PIB, APOE,
education, sex and time, that we wanted to test and/or control.
Random effects for intercept and slopes were included to ac-
count for initial differences and different trajectories across
participants. A significant interaction of a predictor with
time would indicate that the rate of change of global cognition
over time differs according to the value of the predictor vari-
able, i.e. according to FDG-PET uptake of the resilience signa-
ture. As illustrated in the chart (Fig. 1), the mixed effect model
included 333 cognitively unimpaired at baseline 80 + subjcets,
94 cognitively impaired 80 + subjects and a total of 1586
observations.

Assessing the utility of the resilience signature in the

ADNI cohort

We performed sensitivity analyses in participants from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI)
(n = 358). As in the analyses described above, we evaluated
whether the FDG-PET resilience signature predicted (i) cross-
sectional global cognition over and above Alzheimer’s disease
biomarkers using multiple linear regression models; and (ii)
longitudinal cognitive change after accounting for amyloid
status using mixed effect models. See Supplementary material
and Supplementary Table 1 for the description of the partici-
pants and methods.

Data availability

MCSA data used in this study are not publically available for
download.

Table 2 Results of the linear multiple regression models to predict global cognition in the cognitively stable subset of

participants and the full 80 + sample

Cognitively stable 80 + Full sample 80 +

Model R2 Beta CI P R2 Beta CI P
0.23 0.38

Intercepta
�0.93 �5.5 to 3.6 0.686 �2.3 �6.34 to 0.32 0.077

Demographic variables

Agea
�0.04 �0.08 to 0.002 0.063 �0.06 �0.09 to 0.04 _0.001

Sexa
�1.34 �0.35 to 0.09 0.231 �0.08 �0.26 to 0.11 0.425

Education, yearsa 0.09 0.06 to 0.13 _0.001 0.13 0.11 to 0.17 _0.001

APOE4 statusa
�0.11 �0.38 to 0.17 0.447 �0.04 �0.25 to 0.17 0.728

Imaging variables

‘Resilience signature’ FDG-PETb 0.32 1.32 to 4.05 _0.001 0.20 1.32 to 3.79 _0.001

‘Alzheimer’s disease signature’ FDG-PETb
�0.04 �0.87 to 0.47 0.494 0.11 0.07 to 1.66 0.033

PIB ratiob
�0.06 �0.36 to 0.20 0.545 �0.20 �0.68 to �0.29 _0.001

‘Alzheimer’s disease signature’ cortical thicknessb
_0.001 �0.95 to 0.95 0.998 0.11 0.23 to 1.64 0.009

The table allows assessment of the robustness of the results with increasing sample size and inclusion of cognitively impaired 80 + . Unadjusted R square, beta coefficients, confidence

intervals (CI) for unstandardized betas and P-values are provided.
aUnstandardized Beta coefficient.
bStandardized Beta coefficient.
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Results

Established Alzheimer’s disease
imaging biomarkers do not predict
baseline cognition in cognitively
stable 80 + participants

As shown in Table 1, 47% and 20% of the cognitively

stable 80 + participants were amyloid-positive and APOE

E4-positive, respectively. Compared to the cognitively

stable 80 + participants the percentage of amyloid-b-posi-

tive (Pearson chi-square = 11.46, P = 0.001) was signifi-

cantly lower than in the rest of cognitively unimpaired at

baseline 80 + while the percentage of APOE4 carriers did

not differ (Pearson chi square = 1.07, P = 0.32). These re-

sults suggest that cognitive stability is possible even with

amyloid and APOE E4 positivity in the 80 + population.

Among the cognitively stable 80 + , education was signifi-

cantly associated with baseline global cognition and PIB

ratio. FDG ratio or cortical thickness from Alzheimer’s dis-

ease signature regions did not predict baseline cognition.

These results support our hypothesis that other regions

may be fundamental to sustain global cognition in this

subset of 80 + participants defined as ‘cognitively resilient’.

The resilience signature: bilateral
anterior-mid cingulate, medial
prefrontal and anterior temporal
lobes

Voxel-wise multiple regression analyses showed that global

cognition was positively associated with FDG-PET uptake in

the bilateral anterior-mid cingulate gyrus (dorsal and ventral

sections of the anterior cingulate) extending to the medial

prefrontal cortex (rostral and medial sections), and the bi-

lateral anterior temporal lobes (Fig. 2). Peak coordinates are

provided in Supplementary Table 2. The most significant

peaks were located in the left temporal pole and left anterior

cingulate gyrus. The peak coordinates and cluster size of the

significant results are provided in Table 3. Of note, the cog-

nitively stable 80 + group did not show any association be-

tween global cognition and the Alzheimer’s disease signature

regions which supports the multiple regression analyses pre-

sented in the previous section.

The two additional analyses outlined in the methods pro-

vided support for the specificity of the results detected in

the cognitively stable 80 + group. The sensitivity analysis in

the cognitively unimpaired at baseline 80 + group showed a

widespread association between global cognition and

FDG-PET uptake including the Alzheimer’s disease signa-

ture regions (Supplementary Fig. 2). In the complementary

analyses (Supplementary Fig. 3), only posterior cingulate

cortex was observed when cognitively stable 80 + subjects

were compared to progressors.

Systemic vascular health is associated
with the resilience signature

Early or midlife intellectual enrichment variables were not sig-

nificantly associated with FDG-PET uptake in the resilience

Figure 2 Results from the voxel-wise multiple regression

analysis between global cognition and FDG-PET uptake in

cognitively stable 80 + participants. Maps were thresholded at

FDR P5 0.05 and K4 1500 mm3. Note the lack of association be-

tween cognition and FDG in Alzheimer’s disease signature regions.

Table 3 Results of the mixed effect model to predict

global cognitive change in the 80 + sample

Beta CI P

Intercept 18.70 7.16 to 30.24 0.002

Time, age at visit �0.29 �0.40 to �0.16 50.001

Sex �2.06 �3.79 to �0.33 0.02

Education, years 0.21 �0.06 to 0.49 0.13

APOE4 status 0.91 �1.22 to 3.04 0.28

‘Resilience signature’

FDG-PET

�11.58 �20.92 to �2.24 0.015

PIB status 6.91 5.21 to 8.61 50.001

Number of visits 0.03 �0.001 to 0.06 0.057

Sex � time 0.02 0.003 to 0.043 0.027

Education, years � time �0.001 �0.06 to 0.49 0.50

APOE4 status � time �0.01 �0.03 to 0.011 0.28

‘Resilience signature’

FDG-PET � time

0.17 0.07 to 0.28 0.002

PIB status � time �0.08 �0.10 to �0.07 _0.001

Beta coefficients, confidence intervals (CI) for unstandardized Betas and P-values are

provided.
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signature (years of education: t = 0.48, P = 0.64; midlife cogni-

tive activity: t = �0.30; P = 0.76). However, lower vascular risk

(CMC high versus low) was associated with higher FDG-PET

uptake in the resilience signature (t = 2.61; P = 0.02).

Examining demographic variables, women had greater metab-

olism in this area (t = �2.33; P = 0.02) but there was only a

marginal effect of age (t = 1.8; P = 0.07) (Fig. 3). Further ana-

lyses with high (n = 101) versus low (n = 91) CMC groups

showed that the CMC groups differed in sex and years of edu-

cation such that the lower CMC group had more years of edu-

cation (high CMC = 14.33 years � 2.79; low CMC = 15.35

years � 2.76; t = �2.55; P = 0.01) and included a lower pro-

portion of males (high CMC = 66 males/101; low CMC 34

males/91; Pearson chi-square = 15.02; P5 0.001).

Neither amyloid nor the presence of an APOE E4 allele

was associated with metabolism in this area and voxel-wise

analyses adjusting for these two covariates showed that the

association between FDG-PET in the resilience signature

and global cognition was similar in each group (Figs 4–6

and Supplementary Table 3). Further, FDG-PET uptake in

the resilience signature was higher in the cognitively

stable 80 + as compared to the rest of cognitively unim-

paired at baseline 80 + (t = 3.7, P5 .001), suggesting that

these areas were more preserved.

The resilience signature and amyloid
are the stronger predictors of
baseline global cognition in all 80 +
participants

Table 2 below summarizes results in the subsets of cogni-

tively stable as well as in the full 80 + sample. While the

resilience signature was the only brain imaging marker

associated with global cognition in the cognitively

stable 80 + group, both FDG-PET from the Alzheimer’s

disease-signature and the resilience signature significantly

contributed to explain global cognition (P5 0.001) in cog-

nitively unimpaired at baseline 80 + (Supplementary Table

4). Standardized beta coefficients from the multiple regres-

sion analyses in the full 80 + sample indicated that

FDG-PET uptake in the resilience signature had one of

the strongest effects on baseline global cognition, only com-

parable to the effect of PIB. The models considering demo-

graphic variables, APOE E4 status and imaging markers

explained up to 38% of the variance in global cognitive

performance.

In summary, PIB ratio and FDG-PET in the resilience

signature were the most strongly associated with baseline

global cognition across analyses.

The resilience signature predicts
longitudinal global cognitive change
in all 80 + participants accounting for
amyloid effects

Using mixed effect models, we identified a significant inter-

action between the resilience signature and time, indicating

that participants with greater FDG-PET in the resilience

signature performed better over time. Among the other pre-

dictors, sex and PIB status also significantly interacted with

time, indicating greater cognitive decline in participants

with higher baseline PIB ratio and in males (Fig. 4 and

Supplementary Table 4).

Figure 3 Vascular health and sex effects on the resilience signature. Box plots showing the effect of CMC (high versus low; left) and sex

(right) on the resilience signature.
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The resilience signature predicts
cross-sectional global cognition and
longitudinal global cognitive change
in the ADNI cohort

In cross-sectional analyses, FDG-PET in the resilience signa-

ture, but not in Alzheimer’s disease regions, predicted global

cognition. Using mixed effect models, we identified a signifi-

cant interaction between the resilience signature and time,

indicating that participants with greater FDG-PET in the re-

silience signature showed less cognitive decline over time ac-

counting for amyloid status (Supplementary Table 5 and 6).

Discussion
Recently, the Alzheimer’s disease research field has shifted

towards a biological definition of the disease (Jack et al.,

2018). The biomarker-based definition of Alzheimer’s dis-

ease makes a distinction between Alzheimer’s disease neuro-

pathological changes and clinical symptoms and brings

forward interest to understanding the dissociation between

these two entities. Investigating factors that provide cognitive

resilience will allow us to understand how individuals are

able to maintain normal cognition in the setting of risk ex-

posure, for example, very old age or APOE E4 carriage (see

clarification of definitions and terminologies in Arenaza-

Urquijo and Vemuri, 2018). We operationalized a ‘cogni-

tively resilient’ or cognitively stable group (as 580 years

with a stable cognitively unimpaired status during 5 years

as average) and found that in this group (i) established

Alzheimer’s disease imaging biomarkers (including PIB

ratio) were not associated with baseline global cognition;

(ii) increased FDG-PET uptake in the bilateral anterior cin-

gulate and anterior temporal poles was associated with

better baseline global cognition (the resilience signature);

and (iii) better systemic vascular health was associated

with greater metabolism in the resilience signature. In the

full 80 + sample, we found that (iv) FDG-PET uptake in

the resilience signature and amyloid were the stronger risk

factors associated with baseline global cognition; and (v) the

resilience signature significantly predicted longitudinal cogni-

tive change, independently of amyloid status.

Defining cognitive resilience in the
80 + population

Imaging-focused studies have commonly approached the

concept of successful cognitive ageing on the basis of ‘ex-

ceptionality’ instead of stability or maintenance of normal

cognition over time (e.g. exceptional memory ability after

60s, 70s or 80s compared to younger individuals or age

matched peers; Harrison et al., 2012, 2018; Rogalski et al.,

2013; Sun et al., 2016; Dekhtyar et al., 2017; Lin et al.,

2017a; for exceptions see Pudas et al., 2013; Rosano et al.,

2012; Lin et al., 2017b). Another difference across studies

is the selected cognitive domains to investigate successful

cognitive ageing, for example, a single domain, usually

memory, or a global cognitive score (see Negash et al.,

Figure 4 Predicted cognitive trajectories. Left: Trajectories for an 80 + participant with low, average or high FDG-PET uptake in the

resilience signature. Right: Trajectories for an 80 + participant with low, average or high FDG-PET uptake in the resilience signature with normal

versus abnormal amyloid status (A�, A + ).
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2011 for an assessment of different operationalizations).

The different approaches may capture different aspects of

successful ageing and, as highlighted below, there are

common but also specific mechanisms identified using vary-

ing approaches. The definitions used may have implications

for the identified underlying mechanisms, generalization of

mechanisms, and described biomarker and cognitive trajec-

tories in the defined subset. There is a need for consensus

definitions that may help researchers interpret results from

a common ground and integrate them in a general frame-

work of successful cognitive ageing.

Cognitively stable 80 + : amyloid and
APOE status

Although cognitively stable 80 + participants were selected

as maintaining normal cognition after 80 (5 years on aver-

age), almost half of them were amyloid positive (i.e. in the

Alzheimer’s disease continuum) and 20% were APOE E4

carriers. These results suggest that stability of normal cogni-

tion occurs in the presence of Alzheimer’s disease pathology

and genetic risk profiles in a significant proportion of the

cognitively unimpaired older individuals. Previous imaging

studies among the non-demented oldest old (including mild

cognitive impairment participants) have reported the pres-

ence of amyloid pathology to be common in this population

(Zhao et al., 2018). Studies focusing on successful agers,

however, have suggested lower amyloid deposition

(Harrison et al., 2018), reduced Alzheimer’s disease path-

ology at autopsy (Gefen et al., 2015) and a lower percentage

of APOE E4 carriers (Rogalski et al., 2013). The main dif-

ference between those studies and the present one, as pointed

out above, is the definition of successful cognitive agers or

resilient participants. Although previous studies suggest that

exceptional memory abilities might be incompatible with

high Alzheimer’s disease pathology and APOE E4 carriage,

our results suggest that a stable cognitively unimpaired diag-

nosis after age 80 might be possible even in the presence of

Alzheimer’s disease pathology and in APOE E4 carriers.

Established Alzheimer’s disease
biomarkers do not predict
cross-sectional global cognition in
cognitively stable 80 +

Our results showed that established Alzheimer’s disease

biomarkers, i.e. PIB-PET, FDG-PET and cortical thickness

in Alzheimer’s disease signature regions, were not cross-sec-

tionally associated with global cognition among cognitively

stable 80 + . It is important to note that this result was

specific to this subset of participants because established

Alzheimer’s disease imaging markers were associated with

global cognition among the cognitively unimpaired at base-

line 80 + subset of participants in supplementary analyses.

This finding is congruent with reports suggesting that the

relationship between amyloid burden and global cognition

among cognitively unimpaired adults may be weak

(Hedden et al., 2013; Mormino, 2014), which would be

expected to be even weaker in a priori selected cognitively

stable participants. However, neither FDG-PET and cortical

thickness in Alzheimer’s disease signature regions predicted

cognition (Wirth et al., 2013a, b; Mormino, 2014).

Overall, we interpret these results as reinforcing our hy-

pothesis that regions different from the Alzheimer’s disease

signature regions may be key to sustaining cognitive per-

formance in this subset of participants.

The resilience signature: bilateral
anterior cingulate and temporal lobes
metabolism

The metabolism of the anterior cingulate and anterior tem-

poral lobes was associated with global cognitive perform-

ance among cognitively stable 80 + participants. The

metabolism in these areas was preserved (as compared to

the rest of cognitively unimpaired 80 + ) and showed only a

marginal effect of age in cognitively stable 80 + partici-

pants, which provides further support to the idea of pres-

ervation. The association did not vary as a function of

APOE E4 and PIB status, suggesting these areas are fun-

damental to maintain global cognition in all cognitively

stable 80 + participants.

Although definitions and methodologies vary among stu-

dies, a remarkable consistent finding is that the anterior cin-

gulate has emerged as a fundamental neural correlate of

successful cognitive ageing (Harrison et al., 2012, 2018;

Rosano et al., 2012; Rogalski et al., 2013; Gefen et al.,

2015). The microstructure of the anterior cingulate was re-

ported to be preserved in older adults that maintained global

cognitive performances over a 10-year period (Rosano et al.,

2012). The anterior cingulate was significantly thicker as

compared to elderly and/or middle-age controls in independ-

ent studies and samples (Harrison et al., 2012, 2018; Sun

et al., 2016), showed stronger functional connectivity with

areas such as the hippocampus (Lin et al., 2017a) and pre-

served neural integrity (Wang et al., 2017) in older adults

with exceptional memory abilities. The temporal lobes as

well as prefrontal cortices have also emerged in previous

studies (Rosano et al., 2012; Sun et al., 2016). This is, how-

ever, the first study showing that metabolic activity within

these regions is associated with cognitive resilience. In com-

plementary analyses, we assessed whether cortical thickness

in the resilience signature provided similar explanatory

power as metabolism in these areas. Interestingly, cortical

thickness in the resilience signature was predictive of

global cognition in the cognitively stable 80 + but not in

the full sample, although metabolism showed a stronger

effect (Supplementary Table 7). FDG-PET may provide a

broader and more general measure of both structure and

function thus showing a higher predictive value. Overall,

our study findings taken together with previous studies sug-

gests that the topography that we discovered here could
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serve as the basis for refinement and development of robust

resilience measures in the population.

Of note, our results suggest a dissociation between

Alzheimer’s disease-related pathological changes and resili-

ence processes. As seen in the supplementary analysis the

posterior cingulate metabolism was important to differenti-

ate cognitively stable 80 + participants from progressors;

however, preserved metabolism of the anterior cingulate

and anterior temporal lobes (but not of the posterior cingu-

late) was associated with better cognition. This suggests that

resilience processes may be, at least partly, independent of

the pathological process. A biological explanation to these

findings is the presence of Von Economo neurons or spindle

neurons in the anterior cingulate, supporting faster transmis-

sion of information between brain regions, may underlie

cognitive resilience (Nimchinsky et al., 1999). These neurons

have been reported to be more frequent in older adults with

exceptional memory abilities (Gefen et al., 2015). Moreover,

the anterior cingulate is considered a critical site of trans-

modal integration related to episodic memory, spatial atten-

tion, cognitive and emotional control, motivational modula-

tion, error recognition and adaptation to changes (Mesulam,

1998, 2009; Bush et al., 2000; Allman et al., 2001).

A testable hypothesis about the role of these regions in

maintenance of normal cognition is that they may represent

hub regions to sustain cognition and potentially compensa-

tion. Both the anterior cingulate and the temporal poles

have been identified as hub regions for semantic memory

and executive control (Zhao et al., 2017). The dorsal an-

terior cingulate and anterior temporal lobes (together with

the cerebellum) were part of a ‘task invariant network’

described by Stern et al. (2018): a network common

across multiple tasks that influenced overall task perform-

ance and was associated with IQ. Furthermore, a majority

of studies report responses in the frontal and temporal

cortices associated with better cognitive performances

among older adults (Eyler et al., 2011). The specific meta-

bolic profile of associations with cognition involving medial

prefrontal regions in cognitively stable 80 + participants as

compared to cognitively unimpaired at baseline 80 + par-

ticipants is coherent with a model where increased frontal

engagement underlies the maintenance of normal cognitive

performance at older age [the Posterior Anterior Shift in

Ageing (PASA) model] (Davis et al., 2008). From a net-

work-based perspective, we should highlight that our sig-

nature maps into the anterior dorsal/ventral default mode

network and, according to recent theories, the connectivity

of the anterior default mode network may be key along the

Alzheimer’s disease continuum (Jones et al., 2016).

Whether the metabolism of these areas sustains higher

functional responses needs further investigation. Finally, it

is important to note that a series of studies have suggested

the left frontal cortex as a hub supporting higher resilience

(Franzmeier et al., 2017, 2018). The data-driven approach

used in this study is unique in comparison to the hypothesis

driven approaches used in the literature.

An important non-exclusive and testable hypothesis for

future studies regarding the aetiology of the resilience signa-

ture is that it may reflect the absence or lower amount of

pathologies or limited impact of pathologies on these areas.

This is supported by the lack of association between amyloid

and FDG-PET uptake in the resilience signature in the cog-

nitively stable 80 + participants. Further work will clarify

whether these areas are affected by neurofibrillary tangles

(Delacourte et al., 1999) or other pathologies in cognitively

resilient older adults. In the elderly, non-Alzheimer’s disease

pathologies are increasingly common including cerebrovascu-

lar disease, hippocampal sclerosis and TDP-43 pathology,

ageing-related tau astrogliopathy (ARTAG), and Lewy

body pathology. Interestingly, recent data suggest that the

anterior temporal pole is the most commonly involved cor-

tical region with TDP-43 (Nag et al., 2018). In a 90 + study,

cognitive resilient participants showed lower non-Alzheimer’s

disease pathologies including cerebrovascular disease, hippo-

campal sclerosis, TDP-43, ARGAT and Lewy body path-

ology (Robinson et al., 2018). Whether the FDG-PET

resilience signature reflects absence of one of these patholo-

gies requires additional evaluation.

Finally, it is important to note that, as discussed below,

these areas were predictive of global cognition in the full

80 + sample, suggesting that they are fundamental regions

for cognition, instead of a specific feature of a subset of

successful agers or a consequence of higher IQ or general

cognitive abilities. Thus it becomes necessary to understand

how these brain areas may be preserved over the ageing

process and how they relate to risk and protective factors.

Associations between the resilience
signature and risk and protective
factors

We found the metabolism of the resilience signature to be

associated with better vascular health, which is in line with

previous reports suggesting an association between excep-

tional brain ageing without Alzheimer’s disease pathologies

and vascular health (Vemuri et al., 2017b). This finding is

important because it emphasizes the relevance of vascular

health to maintaining brain health and potentially achiev-

ing successful cognitive ageing (Vemuri, 2018).

We also found that females had greater metabolism in

this region. This observation is consistent with previous

findings suggesting a greater effect of age on the frontal

cortex (specially anterior cingulate) in men than women

and a greater effect of cognitive reserve proxies in the an-

terior cingulate in females than in males (Malpetti et al.,

2017). To the best of our knowledge previous studies did

not report similar effects in relation to the density of Von

Economo neurons and thus the biological underpinning of

these effects needs further research.

There was no relationship between the resilience signature

and intellectual enrichment factors. Previous studies, how-

ever, have found increased metabolism or grey matter
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volume with years of education within the areas included in

the signature, notably the anterior cingulate cortex (Arenaza-

Urquijo et al., 2013). A potential explanation for the differ-

ent results is that the effects of education may be mediated

by different factors including better lifestyles and better vas-

cular health. Thus, associations between brain imaging vari-

ables and education may vary depending on the vascular risk

profiles of the study sample. This explanation is consistent

with the results showing that participants in the low CMC

group were higher educated.

Resilience signature predicts baseline
and longitudinal cognition beyond
established Alzheimer’s disease
biomarkers

After identifying the resilience signature, we tested whether

this signature accounted for additional variance in global

cognition, and we compared its effect to PIB, FDG-PET and

cortical thickness in Alzheimer’s disease signature regions.

Multiple regression analyses showed that the resilience sig-

nature and PIB were the main predictors of baseline cogni-

tion, with effects only comparable to those of education.

We validated these results in ADNI cohort showing that the

resilience signature and amyloid were the main predictors

of baseline cognition. A linear mixed effect model for pre-

dicting longitudinal cognitive decline showed that both the

resilience signature and PIB significantly interacted with

time, such that the resilience signature would predict

better performances over time independently of the effect

of PIB. On an interesting note, education had an effect on

baseline cognition but did not interact with time to predict

lesser decline over time. In the ADNI cohort, the resilience

signature and amyloid significantly interacted with time,

such that the resilience signature would predict less cogni-

tive decline over time independently of amyloid status.

These results suggest that applying resilience imaging mar-

kers in conjunction with Alzheimer’s disease biomarkers may

provide a more accurate prediction of cognitive outcomes in

the 80 + population. The independent contributions of the

resilience signature and PIB to explain cognition is consistent

with results suggesting that resilience mechanisms might con-

tribute to cognition independently of Alzheimer’s disease

pathologies (Vemuri et al., 2011; Soldan et al., 2017). It is

important to note, however, that our longitudinal models did

not include FDG-PET measurements from the Alzheimer’s

disease regions because metabolism in Alzheimer’s disease

and resilience areas were strongly associated. This may sug-

gest that ratio measurements reflecting the discordance be-

tween Alzheimer’s disease and resilience processes could

better capture the full picture of ongoing brain processes.

Multiple pathways for maintaining
cognitive function: resilience,
resistance and maintenance or
preservation

The results of the present study should not be interpreted in

isolation, but rather in a framework where multiple (and

probably interrelated) pathways may lead to cognitive re-

silience and potentially successful cognitive ageing. In

Fig. 5, we integrated the results of the present study in a

Figure 5 Paths to cognitive resilience or successful cognitive ageing. Adapted from Arenaza-Urquijo and Vemuri (2018). The predictors

and potential mechanistic pathways identified in the present study are highlighted in red. Labels 1–3 indicate the statistical analyses performed.

Ab = amyloid-b.
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broader framework (Arenaza-Urquijo and Vemuri, 2018)

that acknowledges different pathways including resilience

to pathology (Elman et al., 2014), resistance to pathology

(Landau et al., 2012) and maintenance or preservation of

key regions to sustain cognition. In the present paper we

lay a foundation towards a better mechanistic understand-

ing of a pathway that may be associated with vascular risk

and sex, as well as with the maintenance or preservation of

key brain areas to sustain cognitive performance at older

ages. Future studies can help refine the mechanistic under-

pinnings of each pathway illustrated in Fig. 5.

This study has the limitation that we could not replicate

the FDG-PET topography in an independent sample.

However, we showed the robustness of the results by in-

clusion of the full 80 + sample and showed the predictive

value of the resilience signature in an independent sample.

Future work will need to be focused on further refining,

understanding mechanisms, establishing generalizability

and specificity of markers for resilience.

Overall, our results suggest that the metabolism of the

anterior cingulate and anterior temporal lobes might be a

good candidate marker of cognitive resilience in the 80 +

population as it predicted: (i) baseline global cognition

beyond (in cognitively unimpaired at baseline 80 + ) or

equal (in all 80 + ) to established Alzheimer’s disease imaging

biomarkers including PIB; (ii) global cognitive change inde-

pendently of PIB; and (iii) showed associations with vascular

health, being thus potentially informative for therapeutic

trials targeting modifiable risk factors. Identification of spe-

cific markers of cognitive resilience and applying them in

conjunction with Alzheimer’s disease biomarkers may be a

pivotal step toward prevention and understanding of suc-

cessful cognitive ageing, but also towards a better under-

standing of the factors that play a role in the transition

from preclinical to symptomatic Alzheimer’s disease.

Acknowledgements
We would like to thank Heather J. Wiste and Matthew L.

Senjem with their help with the ADNI analyses requested

by the reviewers. We thank all the study participants and

staff in the Mayo Clinic Study of Ageing, Mayo

Alzheimer’s Disease Research Center, and Ageing

Dementia Imaging Research laboratory at the Mayo

Clinic for making this study possible.

Funding
This work was supported by National Institutes of Health

(National Institute on Aging and National Institute of

Neurological Disorders and Stroke) grants R01 AG56366

(PI: P.V.), R01 NS097495 (PI: P.V.), U01 AG06786 (PI:

R.C.P.), P50 AG16574/P1 (PI: P.V.), P50 AG16574 (PI:

R.C.P.), R01 AG11378 (PI: C.R.J.), R01 AG041851 (PIs:

C.R.J. and D.S.K.); the Gerald and Henrietta Rauenhorst

Foundation grant, the Alexander Family Alzheimer’s

Disease Research Professorship of the Mayo Foundation,

the Millis Family Liston Award, Elsie and Marvin

Dekelboum Family Foundation, Schuler Foundation, Opus

building NIH grant C06 RR018898, and was made and

made possible by Rochester Epidemiology Project (R01

AG034676). The funding sources were not involved in

the manuscript review or approval.

The sensitivity analyses for this work as requested by the

reviewer were done using Alzheimer’s Disease

Neuroimaging Initiative (ADNI) data which was funded

by the ADNI grant (National Institutes of Health Grant

U01 AG024904) and DOD ADNI (Department of

Defense award number W81XWH-12–2–0012). ADNI is

funded by the National Institute on Ageing, the National

Institute of Biomedical Imaging and Bioengineering, and

through generous contributions from the following:

AbbVie, Alzheimer’s Association; Alzheimer’s Drug

Discovery Foundation; Araclon Biotech; BioClinica, Inc.;

Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.;

Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly

and Company; Euroimmun; F. Hoffmann-La Roche Ltd

and its affiliated company Genentech, Inc.; Fujirebio; GE

Healthcare; IXICO Ltd.; Janssen Alzheimer

Immunotherapy Research & Development, LLC.; Johnson

& Johnson Pharmaceutical Research & Development LLC.;

Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale

Diagnostics, LLC.; NeuroRx Research; Neurotrack

Technologies; Novartis Pharmaceuticals Corporation;

Pfizer Inc.; Piramal Imaging; Servier; Takeda

Pharmaceutical Company; and Transition Therapeutics.

The Canadian Institutes of Health Research is providing

funds to support ADNI clinical sites in Canada. Private

sector contributions are facilitated by the Foundation for

the National Institutes of Health (www.fnih.org). The gran-

tee organization is the Northern California Institute for

Research and Education, and the study is coordinated by

the Alzheimer’s Therapeutic Research Institute at the

University of Southern California. ADNI data are dissemi-

nated by the Laboratory for Neuro Imaging at the

University of Southern California.

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain online.

References
Aizenstein HJ, Nebes RD, Saxton JA, Price JC, Mathis CA, Tsopelas

ND, et al. Frequent amyloid deposition without significant cognitive

impairment among the elderly. Arch Neurol 2008; 65: 1509–17.

12 | BRAIN 2019: 0; 1–14 E. M. Arenaza-Urquijo et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article-abstract/doi/10.1093/brain/aw

z037/5372751 by C
alifornia D

igital Library user on 14 M
arch 2019

www.fnih.org
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz037#supplementary-data


Allman JM, Hakeem A, Erwin JM, Nimchinsky E, Hof P. The anterior

cingulate cortex. Ann N Y Acad Sci 2001; 935: 107–17.

Arenaza-Urquijo EM, Landeau B, La Joie R, Mevel K, Mézenge F,
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