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ORIGINAL RESEARCH
ADULT BRAIN

The Brain Metabolic Signature in Superagers Using In Vivo
1H-MRS: A Pilot Study

L.L. de Godoy, A. Studart-Neto, M. Wylezinska-Arridge, M.H. Tsunemi, N.C. Moraes, M.S. Yassuda,
A.M. Coutinho, C.A. Buchpiguel, R. Nitrini, S. Bisdas, and C. da Costa Leite

ABSTRACT

BACKGROUND AND PURPOSE: Youthful memory performance in older adults may reflect an underlying resilience to the conven-
tional pathways of aging. Subjects having this unusual characteristic have been recently termed “superagers.” This study aimed to
explore the significance of imaging biomarkers acquired by 1H-MRS to characterize superagers and to differentiate them from their
normal-aging peers.

MATERIALS AND METHODS: Fifty-five patients older than 80 years of age were screened using a detailed neuropsychological pro-
tocol, and 25 participants, comprising 12 superagers and 13 age-matched controls, were statistically analyzed. We used state-of-the-
art 3T 1H-MR spectroscopy to quantify 18 neurochemicals in the posterior cingulate cortex of our subjects. All 1H-MR spectroscopy
data were analyzed using LCModel. Results were further processed using 2 approaches to investigate the technique accuracy: 1)
comparison of the average concentration of metabolites estimated with Cramer-Rao lower bounds,20%; and 2) calculation and
comparison of the weighted means of metabolites’ concentrations.

RESULTS: The main finding observed was a higher total N-acetyl aspartate concentration in superagers than in age-matched con-
trols using both approaches (P ¼ .02 and P ¼ .03 for the weighted means), reflecting a positive association of total N-acetyl aspar-
tate with higher cognitive performance.

CONCLUSIONS: 1H-MR spectroscopy emerges as a promising technique to unravel neurochemical mechanisms related to cognitive
aging in vivo and providing a brain metabolic signature in superagers. This may contribute to monitoring future interventional
therapies to avoid or postpone the pathologic processes of aging.

ABBREVIATIONS: CRLB ¼ Cramer-Rao lower bounds; Glu ¼ glutamate; GCP ¼ glycerophosphocholine; NAAG ¼ N-acetyl aspartylglutamate; PCho ¼ phos-
phocholine; PCr ¼ phosphocreatine

Multifactorial neurobiologic mechanisms appear to underlie
the complex phenomenon of superior cognitive perform-

ance in older adults.1 Subjects exhibiting this outstanding pheno-
type are newly described as “superagers”2 and have been studied
by imaging, through structural3 and functional MR imaging.4 To
date, it is known that superagers show selective cortical preserva-
tion involving regions of the default mode and salience networks,
which also exhibit strong functional connectivity.5 There is a

paucity of data, in particular generated by 1H-MRS, related to the
metabolic profile of the brains of superagers.6

Previous studies have reported the correlation between 1H-MR
spectroscopy parameters of metabolite concentration with meas-
ures of intelligence,7-9 affect,10 creativity,11 and personality12 in
cohorts of healthy human individuals, mostly younger adults. Such
findings suggest that neurometabolites may be involved in healthy
brain aging trajectories, such as those observed among superagers.
Therefore, 1H-MR spectroscopy, which noninvasively probes sev-
eral brain metabolites, can be used to provide information onReceived November 3, 2020; accepted after revision May 28, 2021.

From the Departments of Radiology andOncology (L.L.d.G., C.d.C.L.) and Neurology
(A.S.-N., N.C.M., M.S.Y., R.N.), and Division and Laboratory of Nuclear Medicine (A.M.C.,
C.A.B.), Department of Radiology andOncology, Hospital das Clinicas da Faculdade
Medicina da Universidade de Sao Paulo, Sao Paulo, Brazil; The National Hospital of
Neurology and Neurosurgery (L.L.d.G., M.W.-A., S.B.), University College London,
London, UK; and Department of Biostatistics, Institute of Biosciences (M.H.T.),
Universidade Estadual Paulista, Botucatu, Sao Paulo, Brazil.

L.L. de Goday and A. Studart-Neto share co-first authorship.

S. Bidas and C. da Costa Leite share co-senior authorship.

This work was funded by Fundação Amaro a Pesquisa do Estado de São Paulo
(2.025.068).

Please address correspondence to Laiz Laura de Godoy, MD, The National Hospital
of Neurology and Neurosurgery, University College London, London, United
Kingdom, Queen Square, Holborn, London WC1N 3G, UK; e-mail:
laizlgodoy@gmail.com; @sbisdas

Indicates open access to non-subscribers at www.ajnr.org

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A7262

1790 de Godoy Oct 2021 www.ajnr.org

https://orcid.org/0000-0001-5956-5741
https://orcid.org/0000-0003-2260-5986
https://orcid.org/0000-0002-2361-1029
https://orcid.org/0000-0002-9585-4230
https://orcid.org/0000-0002-8439-6828
https://orcid.org/0000-0002-9182-2450
https://orcid.org/0000-0002-5555-4583
https://orcid.org/0000-0003-0956-2790
https://orcid.org/0000-0002-5721-1525
https://orcid.org/0000-0001-9930-5549
https://orcid.org/0000-0002-1168-0780
mailto:laizlgodoy@gmail.com
mailto:@sbisdas
http://dx.doi.org/10.3174/ajnr.A7262


biochemical pathways associated with the cognitive status of the
aging brain.13

Physiologic aging changes involve specific cellular mecha-
nisms, such as bioenergetics, oxidative stress, inflammation, cell
membrane turnover, and endogenous neuroprotection revealed
by neurochemicals in 1H-MR spectroscopy.14 Overall, the aging
brain shows a reduced concentration of NAA and glutamate
(Glu) and an increased concentration of choline (Cho) and myo-
inositol (mIns).6 Few studies showed a positive correlation
between the NAA concentration and better memory performance
in healthy older adults.6 Nevertheless, there are no studies to
determine whether these age-related metabolite changes correlate
with neuropsychological performance in superagers using age-
matched controls for comparison.

1H-MR spectroscopy under standardized conditions is neces-
sary to obtain an accurate representation of the metabolic profile
in vivo. First, the VOI must be placed in the least inhomogeneous
area of gray or white matter. A high field strength (at least 3T) is
needed to achieve better spectral resolution and a higher signal-
to-noise ratio for metabolites present in tissue at a much lower
concentration than in water or those affected by J-coupling.15

Metabolite concentrations as relative ratios of creatine (Cr)
should be avoided in older adults16 because creatine seems to
vary in the aging brain.17 Finally, optimal shimming methods
and implementation of post hoc correction based on tissue and
CSF segmentation within the VOI are mandatory.18

In the present study, we sought to investigate any relationship
between brain metabolite concentrations obtained by 1H-MR
spectroscopy with the late-life cognitive performance in a selected
population of superagers and age-matched controls. We hypothe-
sized that there is a different neurochemical signature between
these 2 subject groups. Our results may be useful to address the
resilience process of aging that underlies the superager’s profile.

MATERIALS AND METHODS
Selection of Participants
Initially, 55 participants (Online Supplemental Data) were screened
from different centers in the city of Sao Paulo, Brazil, including the
outpatient clinic of the Geriatrics Department of Hospital das
Clinicas da Faculdade de Medicina da Universidade de Sao Paulo;
the Open University Program for Senior Citizens at the School of
Arts, Sciences and Humanities Universidade de Sao Paulo; and the
Development Center for the Promotion of Healthy Aging. We also
screened community elderly volunteers through social media and
newspaper campaigns. Informed consent was obtained from
each participant, and the research project was approved by the
Ethics Committee of the University of Sao Paulo (No.
62047616.0.0000.0068). The study was designed and conducted
according to the Declaration of Helsinki.

The inclusion criteria for the participants were the following: 1)
80 years of age or older; 2) education $4 years; 3) Mini-Mental
State Examination findings normal for their education status;19,20

4) Functional Activity Questionnaire score # 4;21 5) Clinical
Dementia Rating score equal to zero; and 6) the 15-question ver-
sion of the Geriatric Depression Scale result of#5.

The exclusion criteria included the following: 1) diagnosis of
dementia or mild cognitive impairment according to the criteria of

the National Institute on Aging and Alzheimer’s Association;22,23

2) diagnosis of a major psychiatric disorder by the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition; 3) a history
of alcohol or psychoactive drug abuse; 4) current or previous diag-
nosis of diseases of the CNS (ie, stroke or seizure); 5) the presence
of structural lesions in the CNS at image examination that could
distort the brain parenchyma (ie, tumor or brain malformation);
and 6) visual and/or auditory limitations that impair the perform-
ance of cognitive tests.

Neurocognitive Screening
The first assessment consisted of a semi-structured interview with
the collection of sociodemographic data; cognitive assessment
using the Mini-Mental State Examination, the Montreal Cognitive
Assessment, and the Brief Cognitive Screening Battery;24 screening
for depressive symptoms and anxiety using the Geriatric
Depression Scale-15 and the Geriatric Anxiety Inventory, respec-
tively; and a functional assessment with the Functional Activity
Questionnaire score and the Clinical Dementia Rating.

Subsequently, the subjects who met the inclusion criteria under-
went neuropsychological tests. The tests included Digit Span
Forward and Backward, Trail-Making Tests A and B, category (ani-
mals) and letter verbal fluency tests, Rey-Osterrieth Complex
Figure (copy and delayed recall), Logical Memory of the Wechsler
Memory Scale, Rey Auditory Verbal Learning Test, the 60-item ver-
sion of the Boston Naming Test, and the estimated intelligence quo-
tient, which was measured with the Wechsler Adult Intelligence
Scale, Third Edition. Those who performed equal or less than �1.5
SDs from average normative values adjusted by age and education
for any cognitive test aforementioned were excluded.

Healthy Older Adults Grouping
Participants were separated into 2 groups: namely superagers and
age-matched controls. Superagers were defined as the participants
who presented a delayed recall score (30minutes) of the Rey
Auditory Verbal Learning Test, a measure of episodic memory,
equal to or greater than average normative values for individuals
50–60 years of age ($9 words), according to the criteria established
by the Northwestern SuperAging Research Program.25 In addition,
to fulfill this superager definition, they had to perform within or
above 1 SD of the average range for their age and demographics
for cognitive function in the nonmemory domains tests, including
the Digit Span Forward and Backward, the Boston Naming Test-
60, Trail-Making Tests A and B, the Rey-Osterrieth Complex
Figure, and category (animals) and letter verbal fluency, according
to the published normative values.26,27 The age-matched controls
performed within 1 SD of the average range for their age and dem-
ographics in memory and nonmemory domains, which means
that they were average older adults according to their cognitive
status.

MR Imaging
All MR imaging studies were performed on a 3T Signa PET/
MR scanner (GE Healthcare) using a multichannel receiver
(8HRBRAIN) radiofrequency coil. First, 3D volumetric T1-
weighted images were acquired (TR¼7.7ms; TE ¼ 3.1ms; TI ¼
600ms; in-plane resolution ¼ 0.5 � 0.5mm;2 section thickness ¼
AJNR Am J Neuroradiol 42:1790–97 Oct 2021 www.ajnr.org 1791



1mm, isotropic) and were used for 1H-MR spectroscopy voxel
placement and to enable subsequent voxel segmentation to address
the partial volume averaging. 1H-MR spectroscopy data were
acquired with a single-voxel point-resolved spectroscopy sequence,
with a bandwidth of 5000Hz. The standardized VOI measuring 20
� 20 � 20 mm3 was always positioned on the posterior cingulate
cortex as shown in Fig 1. 1H-MR spectroscopy preacquisition
adjustments included high-order shimming (automatic and man-
ual) within the selected region and optimization of water suppres-
sion. Water-suppressed spectra were then acquired with
TE¼ 35ms; TR¼ 1500ms; 4096 complex points; and 128 transients.
A reference spectrumwithout water suppression was also obtained.

Data Analysis
All spectroscopic data were analyzed using LCModel (Version
6.3-1; http://www.lcmodel.com/).28 Model spectra of 18 metabo-
lites were included in the basis data set together with model spec-
tra for macromolecules and lipids.29 Metabolite levels were
estimated using internal water as a reference. A typical value for
tissue water content in the gray matter of 43,300mM was
applied.30 The parameter was adjusted using T2 � 80 ms for
the major tissue water component, as previously reported.31

Metabolite levels were then corrected for partial volume of CSF
in the 1H-MR spectroscopy VOI using the following correction
factor (CSFcor), CSFcor ¼ 1.0/(1.0-CSF fraction). The CSF frac-
tion was calculated according to standard practice.32 Briefly, the
steps were the following: 1) registration of the 1H-MR spectros-
copy VOI to 3D T1-weighted images; 2) segmentation of the 3D
T1-weighted volume using the SPM 8 software (http://www.fil.
ion.ucl.ac.uk/spm/software/spm12);33 and 3) use of segmentation
results to determine the brain tissue and CSF fractions in the 1H-
MR spectroscopy VOI.

Quality control of 1H-MR spectroscopy spectra was per-
formed before the inclusion of LCModel results for further analy-
sis. We used the following criteria: signal-to-noise ratio. 12
(SNR obtained from LCModel analysis and defined as the maxi-
mum in a spectrum minus baseline over the Analysis Window to
twice the root-mean-square of Residuals), and linewidths at full
width at half maximum of 10Hz (full width at half maximum
obtained from LCModel analysis). The cutoff values for SNR and
full width at half maximum were established experimentally as
conservative thresholds to provide adequate quantitative assess-
ment and consistent data quality across the 2 groups.34

Statistical Analysis
For metabolite concentrations, only
those estimated values with relative
Cramer-Rao lower bounds (CRLB)
,20% were retained in the statistical
analysis. We also used an alternative
approach based on the “weighted mean
method.”14

Descriptive statistics including
mean, SD, standard error, median, and
quartiles were generated for all study
variables and groups. Distribution nor-
mality of the variables was assessed
using the Shapiro-Wilks test. The means

and medians among groups were compared using the 2-sided t test
for independent samples and/or the Mann-Whitney U test accord-
ing to the normality assessment at P , .05. The comparison of
means between groups was also performed using the weighted t test
(weighted linear model) at P , .05.

For the weighted mean approach, the weights (Wi) for
each metabolite estimate were calculated as the following
equation:

wi ¼ 1

½Cið Ri
100Þ�2

;

where Ci is the estimated concentration of a metabolite, and Ri,
the corresponding CRLB (%) measure. When the reliability is
very low, CRLB%. 80% in the LCModel, the weight was defined
as zero.

Then the weighted mean (wM) and weighted SD (wSD) were
defined as

wM ¼

XN
i¼1

wici

XN
i¼1

wi

;

and

wSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN
i¼1

wiðCi � wMÞ2

XN
i¼1

wi

;

vuuuuuuut

where i is the measurement index and N is the number of
measurements.

Qualitative Examination
In addition, a qualitative examination was performed on the
basis of visual comparison of the spectral patterns shown by
averaging spectra for each group (Fig 2). The difference spec-
trum was also calculated to highlight any differences among
groups. The averaged spectra were calculated following
normalization and spectral registration/alignment of individ-
ual within-group spectra using the FID-A tool (Matlab;
MathWorks).35

FIG 1. Voxel placement for 1H-MR spectroscopy on the posterior cingulate cortex. CSF (yellow)
and gray and white matter (red).
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RESULTS
Demographics and Neuropsychological Performance of
Participants
Fourteen superagers and 15 age-matched controls were assessed
through 1H-MR spectroscopy, but 2 superagers and 2 age-matched

controls were excluded due to a low SNR. Twelve superagers and
13 age-matched controls were included in the statistical analyses
(Online Supplemental Data). On the basis of the selection criteria,
superagers and age-matched controls did not differ in terms of
age, education, or sex distribution (Online Supplemental Data).
Superagers had statistically significantly better performance com-
pared with age-matched controls in the Montreal Cognitive
Assessment and some episodic memory tests (delayed recall of the
Brief Cognitive Screening Battery, delayed recall of the Rey
Auditory Verbal Learning Test, and delayed recall of the Logical
Memory II). See the Online Supplemental Data for demographic
and neuropsychological testing information.

1H-MR spectroscopy
The location and size of the standardized voxel used for 1H-MR
spectroscopy are shown in Fig 1. Averaged spectra illustrate the
spectral quality consistently obtained in the posterior cingulate
cortex (Fig 2). On average, the SNR in the superagers spectra
was 22.7 (SD, 3.8) and 19.8 (SD, 4.2) in controls. In the superag-
ers, cortex linewidths full width at half maximum were 5.22
(SD, 0.64) Hz compared with 5.09 (SD, 0.77) Hz in the age-
matched controls. Of 18 metabolites, 9 had CRLB% , 20% (a
frequently used inclusion criterion indicating acceptable fitting
reliability; Online Supplemental Data). Four of them were sums
of metabolites, including creatine1phosphocreatine (Cr1PCr);
glycerophosphocholine1phosphocholine (GCP1PCho); gluta-
mate1glutamine (Glu1Gln) and N- acetyl aspartate1N-
acetylaspartyl glutamate (NAA1NAAG).

The results from the LCModel analysis were further processed
using 2 approaches as aforementioned. First, only the concentra-
tions of metabolites estimated with CRLB% , 20% were consid-
ered for statistical analysis and comparisons; in the second,
weighted means of the metabolite concentrations with CRLB%,

20% were calculated and used to compare the 2 groups. The
motivation for the second approach was to reflect the variable ac-
curacy of fitted concentrations, providing rigor to the former
findings. Superagers presented with statistically significantly
higher NAA1NAAG concentrations than age-matched controls
in both methods (P ¼ .02 and P ¼ .03 for the weighted means).
However, the ratio NAA1NAAG/Cr1PCr did not reach statisti-
cal significance (P¼ .06) (Fig 3 and Online Supplemental Data).

mIns tended to be more increased in superagers than in
average-age controls when considering metabolite concentra-
tion (P ¼ .06), but it was not statistically significant when ana-
lyzing the weighted mean (P ¼ .09). The remaining metabolites
quantified reliably, including glycerophosphocholine1phos-
phocholine (GCP1PCho), Glu, and total creatine (PCr 1 Cr),
did not demonstrate statistically significant differences between
groups for both methods of measurement analysis (Fig 3 and
Online Supplemental Data).

Tissue Composition
Superagers and age-matched controls did not differ significantly
in the means of CSF and gray matter components in the VOIs;
however, the groups showed statistically significant differences in
the white matter content of the VOI composition, greater in
superagers (P¼ .04) (Online Supplemental Data).

FIG 3. Boxplots showing metabolite concentration differences
between superagers and age-matched controls. NAA1NAAG was
statistically significantly more elevated in the posterior cingulate cor-
tex of superagers than in age-matched controls (P ¼ .02), and mIns
tended to be higher in superagers (P¼ .06). Cr1PCr, Glu, GCP1PCho,
and NAA1NAAG/Cr1PCr were not statistically significantly differ-
ent across groups. The asterisk means do not consider the unit milli-
molar (mM) for the ratio NAA1NAAG/Cr1PCr.

FIG 2. Averaged spectra for superagers (red), age-matched controls
(blue), and the difference between groups (green). The most promi-
nent difference is for NAA1NAAG (2.02 ppm), and there is a small
difference for total Cr (3.03 ppm) and mIns (�3.56 ppm) metabolites.

AJNR Am J Neuroradiol 42:1790–97 Oct 2021 www.ajnr.org 1793



DISCUSSION
Our study highlighted and compared the metabolic differences in
the posterior cingulate cortex of superagers and age-matched
controls to find associations between superior memory perform-
ance and neurometabolites detected by 1H-MR spectroscopy. We
evaluated cognitive-related differences independent of age show-
ing higher levels of total NAA (NAA1NAAG) in superagers
using 2 different methods of analysis, suggesting a positive associ-
ation of total NAA with higher cognitive function.

Although some studies have investigated cognitive-related
metabolic changes in the normal aging brain,6,36-41 to our knowl-
edge, this is the first examination of metabolite concentrations in
superagers. Our cohorts were made up of subjects older than 80
years of age because the concept of superior cognition as an index
of resilience and resistance becomes more critical with age,42 and
subjects between 60 and 80 years of age may be biased to obtain
meaningful assertions about “youthful” memory perform-
ance.43,44 Furthermore, the reported literature of this age category
is still limited.

We focused on the posterior cingulate cortex because it is one
of the primary brain regions to display volume loss and reduced
functional integrity during healthy aging and in neurodegenera-
tive disorders.45,46 Compared with the hippocampal formation,
the 1H-MR spectroscopy in the posterior cingulate cortex shows
better homogenization of the magnetic field and fewer artifacts,
providing more reliable and reproducible results.47 The observed
differences in neurochemical concentrations in this region
appeared to be not noticeably susceptible to differences in the
VOI composition between the 2 groups. Even though there was a
statistically significant difference in the white matter fraction
(superagers¼ 0.15; age-matched controls¼ 0.12), the results of
the VOI analysis of the posterior cingulate cortex were predomi-
nantly driven by the gray matter fraction (superagers¼ 0.65;
age-matched controls¼ 0.64) (Online Supplemental Data).
Moreover, the effect of the CSF content on metabolite concentra-
tion was considered during quantification, and no substantial dif-
ferences were detected in the total tissue fraction content.

Total NAA is the sum of NAA and NAAG. The separation
between NAA and NAAG using the 3T 1H-MR spectroscopy
point-resolved spectroscopy sequence is inherently inaccurate;
however, the sum of these metabolites can be estimated with good
accuracy. NAA is a marker of neuronal and axonal function38 and
may be implicated in mitochondrial activity, representing a poten-
tial source of neuronal metabolic efficiency.48 NAA can also be
involved in myelin synthesis and maintenance.49

Previous findings in young adults have demonstrated that
NAA levels are strongly associated with measures of intelli-
gence,7-9 creativity,11 and, more recently, emotional constructs
such as agency and flexibility.50 Superagers, by definition, have
superior episodic memory performance, which is an important
component of intelligence, according to more recent theoretic
models.51 Therefore, our results support the relevance of the
NAA levels in surrogate biomarkers of cognitive performance.
Further studies are still necessary to investigate whether superag-
ers may score higher on measures of creativity, emotion, and per-
sonality and whether such characteristics can be associated with
the neurometabolic markers.

There is an agreement void in the literature regarding NAA
levels in the normal-aging brain; however, studies using state-of-
the-art single-voxel 1H-MR spectroscopy showed an overall
reduction in NAA,52-56 notably in the frontal lobes and hippo-
campus.6 Whole-brain 1H-MR spectroscopy studies also found
decreased NAA concentrations with aging.57,58 In line with the
literature, our age-matched controls presented with an expected
reduction in the NAA concentration, further explaining some
divergences among the previous aging studies in which the cogni-
tion status was not taken into account.

Even though different cognitive tasks and different VOIs were
applied reporting cognitive-related metabolic changes in normal
aging, our results in superagers are broadly in agreement with
previous studies,36-41 which have shown a consistent positive
association between NAA levels and cognitive performance. The
previous studies have demonstrated higher NAA concentrations
associated with improved performance on executive function
tasks, digit-span tasks, composite processing speeds, memory
tasks, and psychomotor processing speeds, supporting our find-
ings in superagers.

Because gray matter loss is a component of aging,59 the reduc-
tion in NAAmay be due to neuronal death or shrinkage.60 The age-
related reduction in synaptic density can also explain the decline in
NAA concentration and underlie cognitive changes in older
adults.61 It is also known that levels of NAA are reduced in neurode-
generative diseases62,63 such as Alzheimer disease, and its reduction
has been associated with increased amyloid-b markers in normal
aging64 and in subjects with mild cognitive impairment.65 Thus, 1H-
MR spectroscopy can be a noninvasive tool in vivo to diagnose,
prognose, and monitor neurodegenerative disorders.

NAAG, a product of NAA, is a neurotransmitter that might
be part of a compensatory neuroprotective mechanism through
its actions on the presynaptic group II metabotropic glutamate
receptors.66,67 Harris et al,14 in 2014, showed significantly higher
NAAG in both the hippocampus and cortex of older animals,
suggesting a protective response to the constitutively elevated glu-
cose in aged brains. Moreover, NAAG has been shown to protect
neurons in vitro from cell death after exposure to high glu-
cose,68,69 a metabolite that seems to play a key role in dementia
pathology.70

In a previous study reporting cognitive-related metabolic
changes in healthy older adults, Kochunov et al,39 in 2010, showed
a positive relationship between higher Cr and Cho and better mem-
ory performance. Another study demonstrated a negative associa-
tion between higher Cho/Cr and Cho/mIns concentrations and a
composite score of global cognition.41 Our investigation did not
find any differences in total Cho (GCP1PCho) in superagers com-
pared with age-matched controls. Cho concentration seems to be
elevated with age independent of cognitive status, notably in the
posterior cingulate cortex and centrum semiovale,17,53,71 reflecting,
most likely, increased cell membrane turnover and breakdown.14,56

Our results suggest a lack of association between cognitive
performance and the concentration of total Cr demonstrated in
normal aging.36 In addition, when considering total Cr as a
denominator for the relative NAA1NAAG concentration
(NAA1NAAG/Cr1PCr), we could not detect statistically signifi-
cant differences between superagers and age-matched controls,
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supporting previous findings that Cr changes are inconsistently
associated with age.6 On the basis of this inconsistent concentra-
tion pattern, Cr must be avoided to determine metabolite ratios
in elderly samples and can be misleading when considered as a
biomarker in this population.16,36

Our analysis suggested a trend toward increased mIns in super-
agers compared with the age-matched controls. mIns has been
described as a marker of glial proliferation.72,73 Nevertheless, this is
questionable because brain tissue histopathology studies have not
shown a statistically significant relationship between astrogliosis
and mIns.74 Ultimately, mIns has been proposed to function as an
osmolyte in the brain and is potentially implicated in brain cell
signaling.75,76

Glu is a neurotransmitter involved in cognition, learning, and
memory.56,77 Previous studies in dementia showed decreased Glu
levels in mild cognitive impairment and notably in Alzheimer
disease compared with healthy older adults.78,79 Other studies
have shown Glu reduction with age.53,80 Among healthy older
adults, when controlling for age, the literature lacks Glu examina-
tion for cognitive performance, and our study did not find differ-
ences in Glu concentration between the 2 groups. Nonetheless,
more studies are still necessary to characterize the Glu role in
cognition among the healthy elderly population.

The main strengths of our study were the use of a detailed and
validated neuropsychological protocol to stratify older adults
(older than 80 years of age) into superagers and age-matched
controls and the implementation of standardized 1H-MR spec-
troscopy acquisition.17 Second, the VOI standardization and
placement in the posterior cingulate cortex contribute to the gen-
eration of robust results that allow them to be easily validated in
another setting. Finally, the implemented postprocessing meth-
ods, including measures of spectra quality and tissue/CSF seg-
mentation to address the partial volume averaging in the 1H-MR
spectroscopy measurements, enhanced the quality and reproduci-
bility of our results.81

Nevertheless, this study also presents some weaknesses. The
published data concerning the prevalence of superagers in the
global population are still insufficient82 and did not allow us to
undertake a power sample analysis before study conduction. In pre-
vious studies using the same inclusion criteria, the sample size of
superagers varied from 122 to 56.83 The examined metabolite con-
centrations were limited to those sampled in the posterior cingulate
cortex; however, metabolite concentrations differ among distinct
portions of the brain and between gray and white matter,84 possibly
having an unpredictable impact on normal aging and the superag-
ers’ metabolic signatures. Also, no inferences regarding the impact
of aging on several metabolite levels could be drawn. Future studies
with whole-brain 1H-MR spectroscopy and control groups with
younger volunteers would be useful to understand better metabolic
profile changes during aging in different brain regions.

CONCLUSIONS
The present single-voxel 1H-MR spectroscopy study provides in
vivo evidence that superior memory performance in late life is
positively associated with total NAA in the posterior cingulate
cortex. These findings indicate that higher total NAA can con-
tribute to the resilience process of the conventional pathways of

aging present in superagers. Expanding on the current results,
future evidence accumulation will probably qualify 1H-MR spec-
troscopy as a diagnostic means for the quantification of neuro-
chemical biomarkers in the aging population and as a prognostic
tool including monitoring interventional therapies to preserve or
enhance cognition in later life.
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