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Abstract
Aging is characterized by substantial average decline in memory performance. Yet contradictory explanations have been
given for how the brains of high-performing older adults work: either by engagement of compensatory processes such as
recruitment of additional networks or by maintaining young adults’ patterns of activity. Distinguishing these components
requires large experimental samples and longitudinal follow-up. Here, we investigate which features are key to high
memory in aging, directly testing these hypotheses by studying a large sample of adult participants (n > 300) with fMRI
during an episodic memory experiment where item-context relationships were implicitly encoded. The analyses revealed
that low levels of activity in frontal networks—known to be involved in memory encoding—were associated with low
memory performance in the older adults only. Importantly, older participants with low memory performance and low
frontal activity exhibited a strong longitudinal memory decline in an independent verbal episodic memory task spanning
8 years back (n = 52). These participants were also characterized by lower hippocampal volumes and steeper rates of cortical
atrophy. Altogether, maintenance of frontal brain function during encoding seems to be a primary characteristic of
preservation of memory function in aging, likely reﬂecting intact ability to integrate information.
Key words: aging, brain maintenance, encoding, episodic memory, fMRI

Introduction
Why do some individuals exhibit signiﬁcant episodic memory
decline with aging while others show preserved function
(Wilson et al. 2002)? Experimental studies have shown substantial plasticity of the aging brain—that is, the brain’s capacity for
reactive change altering the individual’s range of functioning
(Pascual-Leone et al. 2005; Lövdén et al. 2010; Walhovd et al.
2016). In line with this, several studies have reported that

compensatory mechanisms support successful episodic memory in aging, either by over-activation of existing networks or
by recruitment of alternative circuits (Cabeza et al. 2002). In
contrast, it has also been proposed that the primary determinant of successful memory aging is the relative lack of brain
pathology and changes in brain function, the so-called “brain
maintenance” view (Nyberg et al. 2012). A major challenge is
that to test these opposing views, functional brain imaging of
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participants at different ages needs to be combined with longitudinal data on memory change, preferably over many years.
In the present study, we tested whether functional compensation or brain maintenance best characterized successful episodic memory function in aging in a large sample of 290
healthy adults from 19 to 81 years. Brain activity was assessed
using functional magnetic resonance imaging (fMRI) during
implicit encoding of item-source associations and linked to
information about longitudinal memory function spanning
back up to 8 years, hippocampal atrophy, cortical integrity and
amyloid-beta (Aβ) positron emission tomography (PET) data.
Subsequent memory paradigms that segregate activity for
trials associated with later successful memory versus forgetting permit the identiﬁcation of activity associated with
successful encoding processes. Research using this paradigm
has commonly reported links between successful memory
encoding and increased activity in widespread regions, including left-lateralized frontoparietal cortical networks and the
hippocampus, and reduced activity (negative memory effects)
in default-mode network (DMN) regions (Kim 2011; Sneve
et al. 2015). Despite heterogeneity in the forms of memory
tested, diminished posteromedial deactivation, decreased
frontoparietal activity and recruitment of additional prefrontal
regions—often contralateral to the dominant frontal activity
patterns in young adults—emerge as recurrent features of
memory encoding in older adults (Miller et al. 2008; Duverne
et al. 2009; de Chastelaine et al. 2011; Düzel et al. 2011; Park
et al. 2013; Maillet and Rajah 2014).
Increased brain activity in aging is often regarded as compensatory, especially if it correlates with better memory performance (Grady 2012). When age-speciﬁc patterns of activity are
unrelated to performance or display negative associations, it is
less clear whether this reﬂects compensatory activity, neural
inefﬁciency, or dedifferentiation (Grady 2012; Nyberg et al. 2012;
Rugg 2016). Paradoxically, higher prefrontal activity in older
adults has been found to be both positively (Dennis et al. 2007;
de Chastelaine et al. 2016) and negatively (Duverne et al. 2009;
de Chastelaine et al. 2011) related to memory performance. In
contrast, brain maintenance is more clearly endorsed when
older participants with more pronounced decrements of brain
function (applicable also to structural and neurochemical integrity) also exhibit worse memory performance (Nyberg et al.
2010). Regions associated with subsequent memory success in
younger adults—that is, left inferior frontal gyrus and posteromedial regions—often show brain maintenance patterns of
activity as the association between regional activity and memory function emerges only in higher ages (Miller et al. 2008;
Duverne et al. 2009; Mattson et al. 2014; de Chastelaine et al.
2016).
In the present study, participants were tested for sourceitem associations in an unexpected memory test, approximately 90 min after incidental encoding in the MR scanner. The
task was designed to test activity related to associative memory
success, as the ability to form new associations is a crucial element in episodic memory and such memories are known to be
particularly vulnerable to the effects of age (Old and NavehBenjamin 2008). We categorized each participant according to
age and memory performance and estimated the activity associated with subsequent associative memory success. Evidence
for brain maintenance will be considered if high-performing
older participants exhibit similar levels of activity as younger
adults—in regions consistently associated with later memory
success—while decrements of activity are uniquely associated
with poorer memory performance in higher ages. This pattern

permits the identiﬁcation of speciﬁc patterns supporting higher
memory with higher ages. Higher activity in older adults—or in
a subgroup of older adults—compared with younger participants will be interpreted as evidence for compensatory patterns. The role of this possible compensatory pattern will be
determined by the speciﬁc association of these patterns with
memory performance (successful, unsuccessful, attempted)
(Cabeza and Dennis 2006). We hypothesized that “youth-like”
patterns of brain activity, both in the frontal cortex and in the
deactivated posteromedial regions, would be associated with
high memory function in aging but not in younger adults,
reﬂected in an age × performance interaction. Although crosssectional studies are often employed to test brain maintenance
(Düzel et al. 2011; Fandakova et al. 2015) and compensation
(Davis et al. 2008) theories, they cannot easily separate the
effects of aging from differences at baseline (Nyberg et al. 2010).
Thus, we examined whether poor memory performance in the
fMRI task was associated with steeper decline in memory function in an independent memory task tested 3 times over 8 years
back in time. A positive relationship between longitudinal
preservation of memory function, brain activity and task performance would strongly support the notion that older adults’
in-scan performance reﬂects changes in memory function over
time; that is, memory maintenance or decline. Finally, memory
decline in higher ages is often associated with presence of
neuropathological markers such as amyloid deposition as well
as steeper structural decline. Here, we studied whether task
performance was additionally explained by cortical and subcortical decline in the preceding years and/or accompanied by
amyloid deposition by means of longitudinal MRI data and
amyloid-PET scans. These analyses are not directly related to
testing the maintenance versus compensation models.

Materials and Methods
Participants
A total of 290 participants (females = 196, age = 45.3 [17.3], age
range = 19–81) were included in the main sample. Additionally,
we draw a reference subsample that consisted of 55 young participants (females = 37, age = 28.4 [5.6], age range = 19–39) to
deﬁne the core regions of the associative encoding network.
The samples were independent as a participant was included
either in the main or in the reference sample. The participants
were recruited from ongoing projects coordinated by the Centre
for Lifespan Changes in Brain and Cognition (LCBC), University
of Oslo. All participants completed the experimental design
and were screened through health and neuropsychological
interviews. Participants were screened for neurologic or psychiatric disorders, chronic illness, premature birth, learning disabilities, handedness, or current use of medicines known to
affect nervous system functioning. Participants were also
excluded based on neuropsychological evaluation criteria: score
<26 on the Mini Mental State Examination (MMSE; Folstein
et al. 1975), score of ≥16 in the Beck Depression Inventory (BDI;
Beck 1987), score <85 on the Wechsler Abbreviated Scale of
Intelligence (Wechsler 1999), and a T-score of ≤30 on the
California Verbal Learning Test II—Alternative Version (CVLT II;
Delis et al. 2000) immediate delay and long delay. All participants gave written informed consent and the study was
approved by the Regional Ethical Committee of South Norway.
See SI methods for detailed information on exclusion criteria
and project details. See Table S1 for main demographic and
neuropsychological stats across the age × performance groups.
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Participants were categorized according to the age group
(young, middle-aged or old) with breakpoints at age 40 and 60,
and according to the behavioral performance. Memory performance in the task was regressed against chronological age—as
a continuous variable—and the residuals were used to classify
participants in the high or the low-performing groups. That is,
participants were categorized as having high or low memory
according to their age, corresponding to residualized memory
performance above or below 0. We modeled a linear relationship
between age and memory performance as the Bayesian information criterion (BIC) did not yield much support for nonlinear
relationships between age and memory performance (up to the
ﬁfth polynomial). The number of participants included in each
low and high-performing subgroup was 62:62, 42:50, and 39:35
for the young, middle-aged, and older groups, respectively.
Longitudinal and Aβ information was available only for a
subsample of the older participants (n = 51 and n = 52, respectively; Table 1) that were initially recruited from the “Cognition
and Plasticity Through the Life-span” project coordinated by
the Centre for LCBC, University of Oslo. The Aβ and the longitudinal subsamples did not differ from the pool of older adults in
any sociodemographic or neuropsychological variables (P > 0.3
for all tests; Table 1).

Experimental Design
The experiment consisted of an incidental encoding task and a
surprise memory test after ≈90 min, both inside the scanner.
The stimulus material consisted of black and white line drawings of items. The encoding and the retrieval tasks consisted of
2 and 4 runs, respectively, that included 50 trials each and
three 11 s baseline periods. In the encoding runs, a trial started
asking into the participant’s headphones, either “Can you eat
it?” or “Can you lift it?” (Fig. 1a). After 1 s, a picture of an item
appeared on the screen together with a “Yes/No” response indicator. After 2 s a ﬁxation cross appeared, and remained
throughout the intertrial interval, that lasted between 1 and 7 s
(exponential distribution; duration = 2.98 [2.49] s).
Test trials started asking the participants (Question 1):
“Have you seen this item before?” (Fig. 1d). Then, a picture of
an item appeared, and participants had to press Yes (old) or No
(new). In each run, the old/new item odds ratio was 1:1. Each
object stayed on the screen for 2 s; if the participant responded
that the item was new or did not respond, the trial ended. Else,
a new question followed (Question 2): “Can you remember
what you were supposed to do with the item?”. A No response
ended the trial, whereas a Yes response, was followed by a
2-alternative forced choice question (Question 3): “Were you
supposed to eat it or lift it?”. The main experimental design is
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thoroughly described elsewhere (SI Methods; Sneve et al. 2015;
Vidal-Piñeiro et al. 2017).

Behavioral Analysis
For behavioral analysis, test trial responses to old items were
classiﬁed as follows: 1) source memory (Yes response to
Question 1 and 2 and correct response to Question 3); 2) item
memory (correct Yes response to Question 1 and either a No
response to Question 2, or incorrect response to Question 3); or
3) miss (incorrect No response to Question 1). We also computed additional behavioral measures: recognition hits (correct
Yes response to Question 1, regardless response to Question 2
and 3) and incorrect source judgments (incorrect eat/lift
response to Question 3). New items were classiﬁed either as
4) correct rejections or 5) false alarms. Memory performance in
the task was assessed with a corrected source memory performance index (correct answers to Question 3—incorrect answers
to Question 3). This correction tentatively accounts for processes
such as false memories, threshold criteria in Question 2 or guessing behavior that affects the raw estimates of source memory
performance. fMRI conditions were modeled based on the subsequent trial responses (see MRI Preprocessing). All nonvertex
wise statistical analyses were performed in R-environment
(https://www.r-project.org/; v.3.2.5). Statistical signiﬁcance was
considered at P < 0.05 (2-sided) and error bars represent standard error of means (SEM). When speciﬁed, false-positive rate
correction for multiple comparisons was performed with
Bonferroni adjustment (P-adj.), in which the threshold was corrected for the mean correlation between dependent variables
(Sankoh et al. 1997; Krogsrud et al. 2018).

MRI Acquisition
Imaging data were collected using a 24-channel Siemens head
coil on a 3 T MRI (Siemens Skyra Scanner, Siemens Medical
Solutions, Germany) at Rikshospitalet, Oslo University Hospital.
The functional imaging parameters were equivalent across all
fMRI runs: 43 transversally oriented slices (no gap) were measured using a BOLD-sensitive T2*-weighted EPI sequence (TR =
2390 ms, TE = 30 ms, ﬂip angle = 90°; voxel size = 3 × 3 × 3 mm3;
FOV = 224 × 224 mm2; interleaved acquisition; generalized autocalibrating partially parallel acquisitions acceleration factor =
2). Each encoding run produced 134 volumes. At the start of
each fMRI run, 3 dummy volumes were collected to avoid T1 saturation effects in the analyzed data. Anatomical T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE) images
consisting of 176 sagittally oriented slices were obtained using a
turbo ﬁeld echo pulse sequence (TR = 2300 ms, TE = 2.98 ms, ﬂip

Table 1 Old subsamples. Selected demographic and neuropsychological variables from the old subsamples used in the longitudinal and the
Aβ analysis. One sample t-tests for quantitative and chi-square tests for binomial variables were performed to test sample differences against
the main pool of older participants. Overall, 43 participants were included in both the longitudinal and the Aβ sample

Performance
Sex
Age
Source memory
WASI vocabulary
WASI matrices
CVLT learning
CVLT 30’ recall

Old sample (n = 72)

Longitudinal sample (n = 52)

t/χ (P)

Aβ sample (n = 51)

t/χ (P)

35:39
33:41
67.8 (5.3)
0.3 (0.2)
66.3 (6.9)
25.2 (4.8)
51.6 (9.5)
11.3 (2.8)

23:29
25:27
68.5 (5.4)
0.3 (0.2)
66.2 (7.0)
25.1 (5.2)
52.3 (9.1)
11.4 (2.7)

0.0 (0.9)
0.0 (0.8)
0.9 (0.4)
−0.5 (0.6)
−0.1 (0.9)
−0.2 (0.9)
0.5 (0.6)
0.3 (0.8)

23:28
23:28
68.3 (5.6)
0.3 (0.2)
66.3 (7.5)
25.1 (5.4)
53.2 (9.8)
11.5 (2.9)

0.0 (1.0)
0.0 (1.0)
0.6 (0.5)
−0.7 (0.5)
0.0 (1.0)
−0.2 (0.9)
1.2 (0.3)
0.5 (0.6)
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Figure 1. Experimental paradigm. (a) Schematic outline of an encoding trial. (b) Schematic outline of a retrieval trial. Test Questions 1 and 2 required a Yes/No
response, whereas Question 3 consisted of a 2-alternative forced choice task. The trial ended if the participant responded No to either 1 of the 2 ﬁrst questions.
Adapted from Sneve et al. (2015). (c) Relationship between age and memory performance in the experimental task (n = 290). (d) Parameter estimates of subsequent
memory effects (source vs. item memory contrast) in the young reference sample (FDR corrected; P < 0.005). Black circles indicate nearby ROI locations. SF = left/right
superior frontal; IOF = left/right lateral orbitofrontal; PCC = left/right precuneus; PCC = left/right posterior cingulate; POp = left pars opercularis; SMa = left supramarginal; IP = left inferior parietal; PHC = left parahippocampal; rsC = left retrosplenial cortex; RMF = right rostral middle frontal; LOC = right lateral occipital; Fus = right
fusiform.

angle = 8°, voxel size = 1 × 1 × 1 mm3, FOV = 256 × 256 mm2).
Additionally, a standard double-echo gradient-echo ﬁeld map
sequence was acquired for distortion of the echo planar images.
Visual stimuli were presented in the scanner environment with an
NNL 32-inch LCD monitor while participants responded using the
ResponseGrip device (both NordicNeuroLab, Norway). Auditory stimuli were presented to the participants’ headphones through the
scanner intercom.

MRI Preprocessing
Cortical reconstruction and volumetric segmentation of the T1weighted scans were performed with the FreeSurfer v.5.3 pipeline (http://surfer.nmr.mgh.harvard.edu/fswiki; Dale et al. 1999;
Fischl et al. 1999; Fischl and Dale 2000). Brieﬂy, the automatized
processing pipeline includes removal of nonbrain tissue,
Talairach transformation, intensity correction, tissue and volumetric segmentation, cortical surface reconstruction, and cortical parcellation. All volumes were visually inspected and minor
manual edits were performed when necessary. Hippocampal
volumes at native space were further extracted to study the

association between hippocampal activity and memory performance (SI Methods: fMRI Analysis).
Functional imaging data from the memory task was preprocessed using the Freesurfer Functional Analysis Stream
(FSFAST; https://surfer.nmr.mgh.harvard.edu/fswiki/FsFast) and
components from the FSL toolbox (http://fsl.fmrib.ox.ac.uk/fsl/).
For each run, fMRI images were corrected for distortions caused
by B0 inhomogeneities in EPI scans, motion corrected respect
the mid-volume, slice timing corrected to the middle of a
volume’s TR and, intensity normalized. fMRI images were further registered to each participant’s anatomical volume,
slightly smoothed (at 5 mm full width at half maximum
[FWHM]) at volume space and, denoised through an independent component analysis (ICA)-based approach (FIX v1.062;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIX) (Griffanti et al. 2014;
Salimi-Khorshidi et al. 2014). fMRI data were decomposed into
independent components that were automatically classiﬁed as
“good” or “bad,” so that bad component-associated signal could
be removed from the data. To optimize the approach, we supplied FIX with a classiﬁer weight-ﬁle trained with the study
data. A classiﬁer was trained based on manually labeled
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components from 32 datasets, which were randomly chosen
from the young and old pool of participants. On average, FIX
removed 55.3% (9.2) of the BOLD signal variance. An age × performance ANCOVA (sex was introduced as a covariate of nointerest) revealed that FIX removed a greater proportion of the
BOLD signal in older ages (F[1,283] = 25.1, P < 0.001). No differences were found neither with performance nor with the age ×
performance interaction terms (P > 0.5). See Table S2 for additional information on the variance removed by FIX in each age ×
performance group.
A ﬁrst-level general linear model (GLM) consisting of the
conditions of interest with onsets and durations corresponding
to the experimental trial period was set up for each encoding
run and was convolved with a double-gamma canonical hemodynamic response function (HRF). GLMs were estimated both in
the cortical surfaces and in the subcortical structures of interest. Each event was assigned to a condition based on the participant’s response to a given item during the test sessions. The
conditions of interest were source and item memory conditions
as deﬁned in the behavioral analysis. Two additional regressors
were included to soak up BOLD variance associated with miss
memory trials and with trials in which the participant did not
emit a response. Data were high-pass ﬁltered at 0.01 Hz, and
temporal autocorrelations were prewhitened. For each individual, parameter estimates from the source versus item contrast
were computed for further statistical analysis. Cortical maps of
parameter estimates were resampled to a common space using
a surface-based intersubject registration and smoothed at
8 mm FWHM.
The associative contrast of interest was the source vs. item
memory as it better isolates the processes of interest and controls for unattended items that would likely be classiﬁed as
miss memory trials. Equivalent contrasts are commonly—
albeit not unanimously—used in the literature (Miller et al.
2008; de Chastelaine et al. 2011, 2015, 2016; Kim and
Giovanello 2011; Leshikar and Duarte 2014). The main disadvantage of the source versus item contrast is that possible differences in activity might be associated with item memory
effects. This effect is limited in the current study, as source
versus item memory and source versus miss memory spatial
maps exhibited almost identical spatial correlations (r = 0.92;
Fig. S1) and shared all the positive and negative subsequent
memory cluster effects.

fMRI Analysis
ROI Analysis
ROIs were independently deﬁned using the “reference” subsample (n = 55). A total of 16 surface ROIs were generated on
cortical coordinates with “maxima” and “minima” subsequent
memory effects (source versus item memory contrast).
Brieﬂy, cortical ROIs were expanded by 12 iterations encompassing up to 721 vertices (mean area = 364 mm2). Each iteration included the neighboring vertices while respecting the
reference subsample activation maps. The set of ROIs can be
downloaded as supplementary material. See Table S3 for
additional information on ROIs. The ROIs were distributed
across the cortical surfaces, bilaterally, representing core
regions of the encoding network (SI Methods, Fig. 1d). In each
ROI, we ran an ANOVA on mean subsequent memory activity,
with age, performance and, age × performance interaction as
factors (sex was also included as a covariate of no-interest).
Post hoc Tukey (HSD) tests served to test differences across
pairs of means. For the frontal ROIs, the analyses were
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repeated in a subsample of participants with “absolute” low
memory scores (SI Methods and Results; Fig. S2). For the frontal and posteromedial ROIs, the analyses were repeated based
on different operationalizations of memory performance (SI
Methods and Results) and with the additional introduction of
covariates of no-interest.

Vertexwise Analysis
To explore whether age, performance, and age × performance
effects on activity were present outside the core regions of the
encoding network, we carried a GLM vertexwise analysis—with
sex also included as a covariate of no interest. Individual contrasts of parameter estimates, that is, source versus item memory maps, resampled in a common cortical “fsaverage” space,
were fed to a GLM analysis. Statistical signiﬁcance was tested
at each cortical vertex and the resulting maps were corrected
for multiple comparisons using a cluster-based approach; vertices were thresholded at P < 0.01 and the remaining clusters
were tested through permutation inference across 10.000 iterations using PALM scripts (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
PALM; Winkler et al. 2014). Cluster signiﬁcance was considered
at a family-wise error (FWE)-corrected level of P < 0.05. Mean
estimates for each subject were extracted from the surviving
clusters and post hoc Tukey (HSD) tests were applied to examine differences across pairs of means.

Activity Gradient Analysis
We carried an activity gradient analysis with Matlab® (v.R2016a)
in-house scripts to explore the spatial association between age,
performance, and age × performance effects and activity. This
descriptive analysis allows the detection of age and performance
effects patterns along the memory effects continuum. Based on
the reference sample we sorted and binned (n = 50) all the cortical
vertices, bihemispherically, as a function of the estimated mean
signal change in the source versus item memory contrast. As a
result, cortical vertices were classiﬁed along an activity gradient
such as vertices with negative memory effects were grouped in
the lower part of the gradient while vertices with the highest
memory effects were clustered in the high-end of the distribution. We then computed, for each bin of the gradient, the proportion of vertices in which activity signiﬁcantly related to age,
performance, and age × performance. The distribution of effects
along the continuum may additionally inform about the presence
of compensatory and maintenance effects. In presence of compensatory patterns of activity, we would expect effects of age or
age × performance outside the end sections of the activity gradient. Age × performance effects in the end sections exclusively—
and subsequent post hoc tests pointing-out reduced activity in
low-performing older adults- would be considered as evidence
for brain maintenance patterns.

Hippocampal Analyses
For each participant, the hippocampal volume was deﬁned
through the semi-automatized FreeSurfer preprocessing pipeline (SI Methods: MRI Preprocessing). Mean hippocampal activity contrast estimates were extracted per participant and
hemisphere and fed to a higher-order GLM analysis.
Subsequent memory effects in the hippocampus were tested
with a 3 × 2 × 2 mixed-effects ANOVA with age, performance,
and hemisphere as factors (Fig. S3).
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Longitudinal Memory Decline
Preceding longitudinal decline in an off-scan memory test was
computed in a subsample of older participants with available
longitudinal observations. These participants had 3 completed
measurements, obtained in 3.9 (0.6) years intervals (n = 52;
Table 1, SI Methods), that included neuropsychological testing
and MRI scanning. The third observation corresponded in time
with the current experimental task. By regressing each participants’ California Verbal Learning Test II (CVLT II; Delis et al.
2000) long delay free recall scores against time, we estimated
an intercept and a linear slope that represented memory at
baseline and decline, respectively (Josefsson et al. 2012). The
relationship between memory decline and memory performance in the fMRI task was tested with an ANCOVA that also
included memory at baseline as a covariate.

Table 2 Experimental statistics. Age effects on experimental variables were tested with GLMs that included sex as a covariate. All
means represent proportions or seconds. n = 290

Source hits (corrected)
Recognition hits
Correct rejections
Misses
False alarms
Source hits
Incorrect source judgments
Item memory
Reaction time (encoding)
Reaction time (Q1 retrieval)a

All mean (SD)

Age t (P)

0.43 (0.18)
0.75 (0.11)
0.91 (0.07)
0.22 (0.11)
0.06 (0.05)
0.52 (0.14)
0.09 (0.07)
0.19 (0.08)
1.02 (0.14)
1.03 (0.11)

−9.3 (<0.001)
−3.3 (0.001)
−5.1 (<0.001)
2.2 (0.03)*
4.0 (<0.001)
−6.6 (<0.001)
9.7 (<0.001)
3.0 (<0.001)
7.9 (<0.001)
12.0 (<0.001)

a

Only correct responses to old items are considered.

Beta-Amyloid and Structural Integrity Analysis
Aβ status for the subsample of older participants was derived
using [18F]-Flutemetamol-PET (Table 1). Large cortical aggregate
were computed and introduced in a Gaussian mixture model
approach that assigned to each participant a probability of
belonging to the high and low Aβ distribution (SI Methods; Fig. S4;
Mormino et al. 2014; Hedden et al. 2016). Chi-squared tests were
used to test the relationship between Aβ status and memory performance group in the subsample of older participants.
The imaging data used in the longitudinal structural integrity analysis were collected using a 12-channel head coil on a
1.5 T Siemens Avanto scanner (Siemens Medical Solutions,
Germany) at Rikshospitalet, Oslo University Hospital and consisted on 2 repeated 160-slice sagittal T1-weighted MPRAGE per
participant per time point. The anatomical images were preprocessed with the longitudinal FreeSurfer stream (SI Methods:
MRI Preprocessing), brought to fsaverage average space, and
smoothed at 15 mm FWHM. By regressing each participants’
cortical volumes against time, we obtained a linear slope representing decline in cortical volume with time (Josefsson et al.
2012), which was used as the measure of interest. To explore
whether decline in cortical integrity was associated with memory
function in older adults, we carried a GLM vertexwise analysis
that included performance level and vertexwise cortical volume
at baseline as predictors of longitudinal decline in cortical volume. Statistical signiﬁcance was tested at each cortical vertex
and the resulting maps were corrected for multiple comparisons
using a cluster-based approach; where vertices were initially
thresholded at P < 0.01 and cluster-signiﬁcance tested at P < 0.05
through permutation inference (Winkler et al. 2014). In addition,
we speciﬁcally explored the effect of hippocampal and entorhinal
atrophy on memory performance in older adults. Decline in hippocampal and entorhinal volume was estimated for each participant with linear ﬁttings (Josefsson et al. 2012). Both analyses
consisted on 2 × 2 performance × hemisphere mixed-models
that included intracranial volume (ICV) and volume at baseline
as covariates of no interest. See SI Methods for additional analysis and details on the structural integrity analyses.

Results
The fMRI task (Fig. 1a,b) allowed us to isolate encoding activity
associated with later associative memory success, deﬁned as
source memory activity versus activity associated with item
memory only. Sex was included as a covariate of no interest in
all the analysis.

*Denotes uncorrected signiﬁcance while bold statistics denotes signiﬁcance
after adjustment for multiple comparisons (P < 0.01). See Behavioral Analysis
for the deﬁnition of the variables.

Behavioral Classiﬁcation
Mean memory performance—assessed with a corrected source
memory index—was 0.43 (standard deviation [SD] = 0.18). A
GLM revealed a strong negative relationship between memory
performance and chronological age (t[287] = −9.4, P < 0.001;
Fig. 1c, see additional behavioral stats derived from the fMRI
task in Table 2) but not with sex (t[287] = −1.0; P = 0.3). Memory
performance in the task was regressed against age (as a continuous variable) and the residuals were used to classify participants in the high or the low performance groups. See Table S2
for behavioral measures derived from the fMRI task across the
age × performance groups; note that all age × performance
groups exhibited above-chance memory performance.

Brain Activity
ROI Analysis
We identiﬁed 16 ROIs that represented core regions of the
memory network using an independent reference sample of
young participants (Fig. 1d; n = 55, SI Methods and Results). For
each ROI, we ran an ANOVA to test the effects of age, performance, and age × performance interaction on subsequent
memory activity. See Table S4 for complete ROI analysis statistics. Two frontal ROIs, in the left superior frontal (F[2,283] = 4.9,
P = 0.008) and the left lateral orbitofrontal (F[2,283] = 5.1, P =
0.007) cortices exhibited Bonferroni corrected (P-adj. = 0.008)
age × performance interactions (Fig. 2). In addition, the right
superior frontal (F[2,283] = 3.7, P = 0.03) and the left pars opercularis (F[2,283] = 3.0, P = 0.05) ROIs showed signiﬁcant age ×
performance unadjusted by multiple-comparisons (P < 0.05;
Fig. 2). Post hoc tests (Tukey HSD) revealed differences speciﬁcally in the older participants, as low-performing participants
showed signiﬁcantly lower frontal encoding-activity for trials
later successfully recalled with source memory. To rule out the
possibility that low activity in the low-performing elderly was a
result of their poorer memory accuracy per se, a group of participants were selected based on absolute low memory performance, that is, age not covaried out, and thus exhibiting
comparable levels of performance (SI Methods and Results,
Fig. S2). Age differences in frontal activity remained evident,
supporting the view that lower frontal encoding activity is
characteristic of low-performing older participants only and do
not reﬂect low levels of performance per se.
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Figure 2. ROI analysis. Selected barplots from the ROI analysis. Each barplot represents mean subsequent memory effects in each age × performance subgroup
(n = 290). The upper row displays frontal ROIs that exhibited unadjusted (P < 0.05) age × performance interaction. The left superior frontal and the left orbitofrontal
ROIs remained signiﬁcant when the threshold was adjusted by multiple-comparisons (P-adj. = 0.008). The lower row displays posteromedial ROIs that showed age
effects. An outlier data point is not represented in the left lateral orbitofrontal plot (old high-performing group).

The absence of age × performance interactions in the posteromedial cortex was somewhat surprising (Miller et al. 2008;
Duverne et al. 2009; Mattson et al. 2014). Nonetheless strong main
effects of age were found in these ROIs—left and right posterior
cingulate (F[1,283] = 7.0, P = 001; F[1,283] = 13.4, P < 0.001) and precuneus (F[1,283] = 7.1, P < 0.001; F[1,283] = 6.9, P = 0.001; P-adj. =
0.008; Fig. 2). Older adults showed less negative memory effects
so that posteromedial activity was not a predictor of subsequent
memory success in this group. Age effects in the posteromedial
ROIs remained signiﬁcant when corrected by source memory performance across the entire sample (F ≥ 6.9 and P ≤ 0.001 in any
test; SI Methods and Results). Thus, differences in brain activity
with age in the posteromedial cortex were not attributable to agerelated decrements in performance. Neither age nor performance
was clearly associated with the remaining ROIs.
The age effects in the posteromedial ROIs and the age × performance effects in the frontal ROIs remained signiﬁcant in a
series of control analyses that included exclusion of participants with corrected source memory ≤0 (n = 4), use of residualized memory performance without categorization, use of the
uncorrected source memory index as the performance measure
of interest, and the inclusion of matrix-reasoning scores as a
covariate of no interest (as matrix scores showed age × performance effects (see Table S2)). See SI Methods and Results for
the additional analyses. ROI activity was unrelated to underlying cortical thickness (SI Results).
The results ﬁt well with the concept that brain preservation
is the major characteristic behind good memory function in
aging. The frontal speciﬁcity is congruent with the prominent
role of the frontal cortex in associative memory (Murray and
Ranganath 2007; Wong et al. 2013) and the vulnerability of both
frontal structure and function to the effects of age (Nyberg
et al. 2010; Fjell et al. 2014). Prominent effects of age, but no
interaction with memory performance were observed in the
posteromedial regions (see also de Chastelaine et al. 2015).
Thus, it is not possible to elucidate whether the functional
mechanisms behind posteromedial deactivation are central to

later memory success or reﬂect more unspeciﬁc age-related
changes, for example, reduced brain ﬂexibility.
Hippocampal Analyses
Both the left and the right hippocampus exhibited subsequent
memory effects, as tested with one-sample t-tests (t[289] = 6.7,
P < 0.001; t[289] = 2.8, P = 0.006). Main effects of hemisphere
(F[1,284] = 13.0, P < 0.001; left > right), but not of age, performance or age × performance interaction on hippocampal activity were found in a 3 × 2 × 2 mixed-effects ANOVA (P > 0.05;
Fig. S3). In absence of age × performance effects, the remaining
analyses were exclusively focused on the cortical mantle.
Vertexwise Analysis
The same GLM model used in the ROI analysis was implemented vertexwise, with corrections for multiple comparisons to
assess effects of age or age × performance outside the ROI
regions (i.e., recruitment of additional areas). The results replicated the ROI analysis. Age × performance interactions were
found bilaterally, in the superior frontal cortex. Post hoc tests
(Tukey HSD) conﬁrmed that group differences were caused by
lower activity in the low-performing older adults. The posteromedial cortex exhibited signiﬁcant effects of age due to diminished deactivation in the older group (Fig. 3, Table S5). No
effects outside the core regions identiﬁed in the young reference sample (Fig. 1d) were observed. No main effects of performance survived the statistical threshold.
Activity Gradient Analysis
To further test for possible evidence of compensatory activity
outside core encoding regions—that could not we captured in
the ROI analysis—we ran an activity gradient analysis that
allowed us to test age and age × performance effects along a
continuum. In the activity continuum, the lower and upper
ends represented regions with low and high subsequent memory effects and the middle regions vertices whose activity was
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not clearly associated with later memory in young adults. In
presence of compensatory patterns of activity, we would expect
effects of age or age × performance outside the end sections of
the activity gradient. The analysis conﬁrmed that effects of age
and age × performance on subsequent memory activity were
found exclusively in the core regions identiﬁed in the young
reference sample (Fig. 4). As expected, age × performance
effects were driven by reduced activity in the low-performing
older adults as shown by post hoc tests (SI Results, Fig. S5). No
evidence of age or age × performance effects was found in
regions that were unrelated to memory success in the young.
Thus, both, the vertexwise and the activity gradient analyses
supported the notion that preserved frontal activity with aging,
rather than compensatory activity, is a functional marker of
memory maintenance.

Longitudinal Memory Decline
The concept of brain maintenance implies that changes in
cognitive function evolve over time and that cross-sectional

analyses sometimes yield inaccurate conclusions (Nyberg
et al. 2010). An association between preceding memory decline
and memory performance in the task in older adults would
support the notion that the cross-sectional memory scores
represent—at least, partially aging processes. For a subsample
of the older participants (n = 52), longitudinal scores in a verbal recall memory task (Delis et al. 2000) for 3 time-points
extending back on average 7.8 years were available (SI
Methods and Table 1). Older participants in the lowperforming group, characterized by lower frontal encoding
activity, exhibited memory decline in this test of long delay
free recall of words (t[1,28] = −3.2, P = 0.004). In contrast, the
high-performers, who had similar frontal activity to the young
and middle-aged groups, showed longitudinal preservation of
memory function (t[1,22] = −0.4; P = 0.7). A direct comparison
between both groups—that included memory at baseline as a
covariate—revealed that the low-performing older participants
exhibited a signiﬁcantly steeper decline in memory function
over time (F[1,49] = 4.4; P = 0.04; Fig. 5). The results support the
assumption that intersubject variability in older participants’

Figure 3. Vertexwise analysis. Cortical parameter estimates of subsequent memory activity associated with (a) age and (b) age × performance interaction (n = 290).
Vertex signiﬁcance is displayed in FWE-corrected clusters (cluster-forming P < 0.01; cluster-based P < 0.05). See Table S5 for cluster stats. All plots display mean cluster activity arranged by age and performance groups.

Figure 4. Activity gradient analysis. The colored lines represent the proportion of vertices that exhibited (a) age × performance interaction, (b) age, and (c) performance
effects, along the activity gradient; that is, the subsequent memory effects exhibited by the young reference sample. The blue and red shadows represents percentages of the activity gradient with negative and positive subsequent memory effects (P < 0.05). The dashed line represent the point with null mean signal change.
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rate of entorhinal volume decline in the preceding years was
signiﬁcantly associated with memory performance in older
adults (main effect of performance, F[1,48] = 8.4, P = 0.006). Yet,
entorhinal volume was unrelated to performance at the experimental task time point (F[1,70] = 12, P = 0.3) (Fig. S6).

Discussion

Figure 5. Longitudinal memory function. CVLT 30 min free recall in older parti-

The results indicate that brain maintenance of frontal function
during encoding is a primary characteristic of memory preservation in aging. Only low-performing older participants, characterized by steeper longitudinal memory decline, as well as
more cortical atrophy, over years preceding the scanning session, exhibited low frontal cortex activity. The ﬁndings are discussed further below.

cipants with high and low memory performance in the experimental fMRI task.
(a) Mean (SEM) memory recall at each time-point for high and low-performing
older participants groups. (b) Dots represent the estimated memory decline for
each participant as obtained by ﬁtting time since the ﬁrst observation in a linear model with each participants’ 3 time-points (n = 52). Bar plots represent
mean (SEM) estimated memory decline for high and low-performing older participants groups.

performance is—at least, partially—driven by memory function
decline over time.

Structural Integrity and Amyloid Status
We considered the possibility that reduced performance in older adults could also be associated with brain structure decline
and with Alzheimer’s disease (AD) risk as determined by Aβ
status. Based on [18F]-Flutemetamol-PET images, a subsample
of older participants was classiﬁed as having either high or low
levels of cortical Aβ (n = 51; SI Methods: Fig. S4). The SUVR cutoff corresponded to a value of 1.62, in line with studies using
18
F-ﬂutemetamol and gray matter cerebellum as reference
(Thurfjell et al. 2014). Overall, 10 older participants (19.6%;
mean SUVR = 2.0 [0.40]) were categorized in the high Aβ group
(6 high and 4 low-performing older participants). Aβ status was
similar for high and low-performing older adults (χ2(1, N = 51) =
0.5, P = 0.5). No difference of Aβ status among high and lowperforming groups was observed when the cut-off values were
modiﬁed (SI Results).
The rate of hippocampal volume decline was not associated
with memory performance in older adults (n = 52, 3 timepoints, similar to the longitudinal neuropsychological measurements) when tested with a 2 × 2 performance × hemisphere
model that ICV and hippocampal volume at baseline as covariates of no interest (main effect of performance, F[1,48] = 0.4, P =
0.5). Yet, compared with high performers, low-performing older
participants exhibited smaller hippocampi (F[1,71] = 4.2, P =
0.04; SI Methods; Fig. S6). In parallel, low-performing older
adults showed greater cortical atrophy (i.e., cortical volume
loss) in left lateral parietal (P < 0.01) and—with a less stringent
signiﬁcance threshold (P < 0.05)—in the left inferior frontal cortex following a vertexwise analysis with rate of cortical atrophy
as the predicted variable and performance and vertexwise cortical volume at baseline as regressors (SI Methods; Fig. S6). The
results were comparable when cortical thinning was tested
instead of volume. Performance level in older adults was unrelated to cortical volume and thickness when considered at the
experimental task time point. As suggested by a reviewer, we
restricted the cortical analysis in an entorhinal cortex ROI. The
results were comparable to the cortical atrophy patterns. The

Frontal Maintenance
By combining large-scale fMRI data spanning the entire adulthood with longitudinal behavioral assessment, the current
study provides evidence that memory maintenance in aging
relies on preservation of frontal cortex function. This conclusion is supported by 3 interconnected ﬁndings. First, an age ×
performance interaction where speciﬁcally older adults, but
neither young nor middle-aged participants, exhibited a relationship between memory and brain function. This ﬁnding suggests that the difference between high and low memory
performers is evident only in older age, when—as predicted by
the brain maintenance model—the task demands likely exceed
to a greater extent the participants’ cognitive resources.
Second, older low performers also showed a steeper decline of
memory function over years preceding the fMRI, suggesting
that their performance relates to actual changes occurring with
aging. Third, the low-performing older adults showed lower
frontal function even when compared with younger and
middle-aged participants with the same performance level,
demonstrating that lower frontal function is not a result of the
lower performance levels of these older adults per se.
The critical role of the frontal lobe during associative encoding in aging is in congruence with prior neuropsychological and
neuroimaging ﬁndings. Compared with so-called item memory,
associative memory declines with age (Spencer and Raz 1995).
Putative mechanisms are a decline in cognitive control, efﬁciency of self-initiated processes, or lack of attentional
resources (Luo and Craik 2008), which rely strongly on prefrontal cortex function (Murray and Ranganath 2007; Wong et al.
2013). A less elaborate, semantic processing of the encoding
material represents an additional, complementary mechanism
that might explain age-related deﬁcits in memory and frontal
activity during encoding (Craik 1977). Longitudinal neuroimaging evidence also points to maintenance of frontally based
functions as a signiﬁcant contributor to memory preservation
with aging as older participants with signiﬁcant memory
decline exhibited the largest changes in brain encoding function over time (Nyberg et al. 2010; Pudas et al. 2018). When
speciﬁcally considering associative memory success activity,
age-related decrements in the left frontal hemisphere (Dennis
et al. 2008; Kim and Giovanello 2011) have been associated with
poorer performance in older adults (de Chastelaine et al. 2016).
Activity in the prefrontal cortex likely reﬂects engagement
of diverse control processes that contribute to the associative
encoding (Badre and Wagner 2007). It has been proposed that
with aging, the functional capacity of the frontal cortex might
be exceeded so it acts as a mediator of encoding efﬁcacy (de
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Chastelaine et al. 2016). Such an account ﬁts with the view that
frontal cortical structure appears particularly vulnerable to the
effects of age (Fjell et al. 2014). Diminished frontal activity in
older adults might reﬂect limited brain ﬂexibility when performing tasks—such as associative memory encoding—that
require a rapid and coordinated interplay amongst segregated
brain regions, for example, hippocampal–neocortical interaction (Preston and Eichenbaum 2013). The frontal regions outlined in the present study are characterized by a high degree of
ﬂexibility likely serving as hubs that integrate information from
more specialized regions (Yeo et al. 2015).

Age-Related Changes in the Posteromedial Regions
As consistently reported, older adults exhibited reduced deactivations (i.e., less negative subsequent memory effects) in the
posteromedial cortex (Miller et al. 2008; de Chastelaine et al.
2011, 2015; Park et al. 2013). It is often suggested that these
ﬁndings reﬂect an increased difﬁculty to reallocate cognitive
resources during encoding, echoing the lack of deactivation in
most externally oriented tasks (Samu et al. 2017). The lack of
association between deactivation and performance in older
adults was somewhat surprising (Miller et al. 2008; de
Chastelaine et al. 2011; Mattson et al. 2014). Yet, our result is in
accordance with 2 recent well-powered studies that did not
ﬁnd a memory–brain function relationship in these regions
(Park et al. 2013; de Chastelaine et al. 2015). The exact role of
posteromedial deactivations during memory encoding is uncertain as older participants with preserved memory function
seem to successfully remember associations without signiﬁcant posteromedial recruitment (Rugg 2016). Lower deactivation might represent a general neural mechanism (Samu et al.
2017), reﬂecting inefﬁcient reconﬁguration of brain dynamics
during cognitive demands but nonetheless unspeciﬁc to the
task. It remains unclear, though, whether negative memory
effects and the much-known task-related deactivations reﬂect
similar or independent underlying processes (de Chastelaine
and Rugg 2014; de Chastelaine et al. 2015).

Lack of Compensatory Effects
Compensatory patterns of activity are often viewed as an
attempt to minimize cognitive decline associated with the
gradual loss of brain integrity that accompanies age. We did
not ﬁnd evidence for compensatory patterns of activity associated with successful memory in aging in contrast to several
studies arguing that neural compensation is an essential
feature of preserved memory and cognition with higher age. A
distinct feature of subsequent memory paradigms is the withinsubject contrast that presumably matches the memory condition in terms of task demands. In this light, it is relevant to
highlight a distinction between different aspects of compensatory patterns of activity that might be reﬂected in the concepts
of ﬂexibility and plasticity (Lövdén et al. 2010). Subsequent
memory paradigms might be better suited to test the later concept. In any case, our results cannot exclude the presence of different compensatory patterns of activity on an individual level
nor the engagement of those in presence of speciﬁc burden and
pathology such as structural decline or amyloidosis (Daselaar
et al. 2013; Oh and Jagust 2013). Also, the ﬁnding of right frontal
over-recruitment with higher age regardless of its association
with memory performance (Miller et al. 2008; Duverne et al.
2009; de Chastelaine et al. 2016) does not easily reconcile with
the present ﬁndings. Elusive variations in the experimental

designs and differences in the methodological pipeline (such as
the procedure followed to deﬁne contralateral activity in most
studies) may constitute causes for the inconsistent ﬁndings.
The inclusion of more older participants (age > 80) might be an
additional factor, as mechanisms of preservation might differ at
“older-old” ages. Thus the lack of compensatory processes in the
present study are restricted to the present sample and the presently used associative episodic memory task, and thus does not
necessarily support generalization to other samples and cognitive tasks. While caution is needed, this and other studies
(Nyberg et al. 2010, 2012; Düzel et al. 2011) also suggest that compensatory patterns of activity not necessarily represent a dominant characteristic of memory maintenance into higher ages.
Patterns of brain activity remained stable until the older
ages, with middle-aged participants recruiting encoding networks to a similar extent as younger participants. The scarce
evidence in the literature report mixed results. Both similar
patterns of activity, compared with young adults, and patterns
in-between those presented by younger and older participants
are reported in middle-aged participants (Park et al. 2013; de
Chastelaine et al. 2015; Ankudowich et al. 2016). The age effects
on brain activity in the present study mimics the longitudinal
ﬁndings on memory function that shows preserved cognition
until the 60s (Rönnlund et al. 2005). In contrast, subsequent
memory effects in the hippocampus were age-invariant.
Hippocampal recruitment appears as a key aspect of associative encoding success along the entire adulthood, likely reﬂecting the capacity to bind different pieces of information into a
unique episode. This ﬁnding is in agreement with much of the
previous literature on subsequent memory effects (Duverne
et al. 2009; Park et al. 2013; de Chastelaine et al. 2016; cf. Salami
et al. 2012). Note that activity in subsequent memory paradigms is usually associated with a regions’ capacity of shaping
later memory outcome—and thus with those encoding processes that are associated with memory formation—more than
with absolute recruitment and thus needs to be interpreted
accordingly (see, Rugg 2016; Wang and Cabeza 2016, for detailed
discussions). Further, task-effects might be better suited to
explore other prominent notions of cognitive neuroscience of
aging that cannot be properly assessed in the current study
such as dedifferentiation.
As longitudinal fMRI data were not available, we cannot rule
out the possibility that the relationship between performance
and activity in older ages reﬂects aspects other than aging processes, such as individual differences emerging early in life
(Nyberg et al. 2010; Rugg 2016). The study has inherent limitations of cross-sectional designs (Raz and Lindenberger 2011).
Yet, we address some limitations of cross-sectional studies by
including longitudinal neuropsychological data spanning years
back. This tackles a fundamental limitation of cross-sectional
studies, such as the incapacity to determine that older participants with the lowest memory are those whose memory has
been more affected by age. Also, the observation of age effects
on encoding activity for participants with similar levels of performance suggests that the brain activity is not likely a direct
effect of performance, which allows separation of aging and
performance effects. In the present study, the cognitive and
physiological measures were derived from a unique fMRI task
and contrast which were optimized to study associative memories. Further, the study was focused on encoding as it represents the ﬁrst critical step in the formation of an episodic
memory. It is yet unknown to which extent the present ﬁndings generalize to other subsequent episodic memory paradigms and activity contrasts (i.e., testing recollection, item
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memory, and recognition). Large lifespan datasets that include
memory tasks inside the scanner will facilitate cross-studies
comparisons (Van Essen and Glasser 2016).
It is unlikely that the present results in the frontal cortex
are explained by pathological changes related to preclinical AD
as Aβ status did not differ between the low and highperforming groups. Due to the small number of Aβ+ participants, one should refrain from extracting further conclusions
regarding its impact on brain function (Mormino et al. 2012; Oh
and Jagust 2013; Marks et al. 2017) and cognitive change
(Vemuri et al. 2015; Harrington et al. 2017; Clark et al. 2018).
Besides maintenance of brain function, memory function in
aging is supported by structural brain integrity. The structural
results complement the main ﬁndings and suggest that cognition in higher age is sustained by maintenance of both brain
structure and function. The structural results suggest that older
adults’ cognitive function is related to both the degree of structural brain maintenance (i.e., less cortical atrophy) (Nyberg
et al. 2012) and to pre-existing individual differences (i.e., smaller hippocampi) that may ﬁt with brain reserve predictions
(Katzman et al. 1989). This pattern is evident in the medial temporal lobe where entorhinal rate of atrophy was related to
memory performance while smaller hippocampi at the experimental time-point, regardless the rate of atrophy, was associated with poorer cognition. The relationship between integrity
of both structures and memory preservation in aging is unsurprising (Rodrigue and Raz 2004; Ward et al. 2015; Hedden et al.
2016; Gorbach et al. 2017), as both structures have prominent
roles in memory processes (Scoville and Milner 1957; Squire
and Zola-Morgan 1991) and are highly vulnerable to the effects
of age (suffering accelerated rates of atrophy/thinning with
higher age) (Fjell et al. 2009, 2013, 2014). Yet, the distinct relationship of both structures with memory performance was
unexpected. One possibility is that hippocampus atrophy
impacts memory once a certain threshold is reached (Pudas
et al. 2018). Other feasible models involve cascade-like relationships between both structures (Ward et al. 2015) or complex
interactions between co-occurring neurodegenerative events
(Fjell et al. 2013). The limitations of the present sample precluded a full multivariate analysis, which represents a promising method to reveal these mechanisms. Further large,
multimodal, longitudinal designs are needed to elucidate how
functional, structural, and neurochemical integrity relate to
each other and determine memory preservation into higher
ages (Hedden et al. 2016).

Conclusions
We conclude that brain maintenance of frontal function during
encoding is a primary characteristic of higher memory in aging.
Reduced activity during successful encoding likely reﬂects
functional deﬁcits during the integration of information. In
addition to preserved function, high-performing older adults
were also characterized by reduced rates of cortical atrophy
and higher hippocampi volume.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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