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Abstract

Superagers are older adults who maintain youthful memory despite advanced age. Previous studies showed that superagers
exhibit greater structural and intrinsic functional brain integrity, which contribute to their youthful memory. However, no
studies, to date, have examined brain activity as superagers learn and remember novel information. Here, we analyzed
functional magnetic resonance imaging data collected from 41 young and 40 older adults while they performed a paired
associate visual recognition memory task. Superaging was defined as youthful performance on the long delay free recall of
the California Verbal Learning Test. We assessed the fidelity of neural representations as participants encoded and later
retrieved a series of word stimuli paired with a face or a scene image. Superagers, like young adults, exhibited more distinct
neural representations in the fusiform gyrus and parahippocampal gyrus while viewing visual stimuli belonging to
different categories (greater neural differentiation) and more similar category representations between encoding and
retrieval (greater neural reinstatement), compared with typical older adults. Greater neural differentiation and
reinstatement were associated with superior memory performance in all older adults. Given that the fidelity of cortical
sensory processing depends on neural plasticity and is trainable, these mechanisms may be potential biomarkers for future
interventions to promote successful aging.
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Introduction

As people age, their episodic memory typically declines (Grady
and Craik 2000; Park et al. 2002; Koen and Yonelinas 2014), yet
there is substantial individual variation. We and others have
recently been investigating “superagers”, who are older indi-
viduals whose episodic recall rivals that of middle-aged adults
(Harrison et al. 2012; Rogalski et al. 2013; Gefen et al. 2014, 2015)
and even young adults (Sun et al. 2016; Harrison et al. 2018;
Zhang et al. 2019; Dang, Harrington, et al. 2019). Age-related
declines in memory are typically associated with reduction in
the structural and functional integrity within the default mode
and salience networks (Andrews-Hanna et al. 2007; McGinnis
et al. 2011; Bakkour et al. 2013; Fjell et al. 2014; Ward et al.
2015; Touroutoglou et al. 2018), which are hypothesized to sub-
serve diverse psychological phenomena (Barrett 2017; Kleckner
et al. 2017), including aspects of memory encoding, storage, and
retrieval (Dickerson and Eichenbaum 2010; Kim 2010, 2011; Rugg
and Vilberg 2013; Sestieri et al. 2014). Superaging, by contrast,
is associated with structure (e.g., cortical thickness; Harrison
et al. 2012; Rogalski et al. 2013; Sun et al. 2016) and function
(e.g., intrinsic functional connectivity; Zhang et al. 2019) within
these networks, which do not statistically differ from the brains
of young adults. However, no studies, to date, have measured
brain activity during encoding of new information and its subse-
quent retrieval to examine the individual differences in episodic
memory related to superaging.

Inefficient encoding is one major factor contributing to age-
related memory deficits (Craik and Rose 2012; Friedman and
Johnson 2014). On average, older adults are less likely to encode
new information with relevant contextual details when com-
pared with young adults, resulting in less distinctive mental
representations of similar episodes (Craik and Jacoby 1979; Craik
and Simon 1980). Successful memory encoding draws upon the
formation and binding of distinct representations of multimodal
sensory experiences (Gottlieb et al. 2012; Pidgeon and Morcom
2016; Cooper and Ritchey 2020) as well as the organization
of these representations based on their conceptual similarity
(Kumaran et al. 2016; Rolls 2016). This is, in part, subserved
by cortical regions that process certain categories of informa-
tion. For example, encoding visual stimuli from different cat-
egories, such as faces and scenes, is typically associated with
an increase in selective activation in the fusiform face area and
parahippocampal place area of ventral visual cortex, respec-
tively (Epstein et al. 1999; Kanwisher and Yovel 2006). On average,
older adults tend to show less-selective activation in these areas
when compared with young adults, a phenomenon known as
age-related “neural dedifferentiation” (Baltes and Lindenberger
1997; Park et al. 2004; Voss et al. 2008; Park et al. 2010; Carp et al.
2011, Park et al. 2012; Koen and Rugg 2019).

Neural dedifferentiation is thought to be one mechanism
that contributes to age-related memory decline (Li et al. 2000,
2001; Trelle et al. 2019). Memory performance depends, at least
in part, on the extent to which differentiated neural activation
patterns are present during encoding and are reinstated during
subsequent retrieval (Kuhl et al. 2011; Staresina et al. 2012;
Ritchey et al. 2013; Gordon et al. 2014; Yaffe et al. 2014;
Wing et al. 2015). In both young and older adults, neural
differentiation in the parahippocampal place area during
memory encoding predicts subsequent recognition memory
for scenes (Koen et al. 2019; Srokova et al. 2020). In the
ventral visual areas that are typically sensitive to category-
related information, older adults also tend to show weaker
neural reinstatement during retrieval when compared with

young adults (McDonough et al. 2014; St-Laurent et al. 2014;
Bowman et al. 2019; Trelle et al. 2020; but see Wang et al.
2016); weaker neural reinstatement, in turn, predicts older
adults’ poorer memory performance (Hill et al. 2020; Trelle
et al. 2020). Some studies have reported that the degree of
category-related neural reinstatement during retrieval mediates
the relationship between brain activity during encoding and
subsequent memory performance (Gordon et al. 2014; Trelle
et al. 2020), suggesting that encoding- and retrieval-related
activity related to the representation of distinct stimulus
categories make partially distinct contributions to subsequent
memory. Taken together, these findings suggest that age-related
changes in neural differentiation during encoding and in neural
reinstatement during retrieval may contribute to age-related
memory differences. Accordingly, we developed the following
overarching hypothesis: Individuals with youthful memory per-
formance may show a youthful pattern of neural differentiation
of perceptual signals during experiences, followed by youthful
reinstatement of those signals during subsequent memory
retrieval.

In the present study, we report functional magnetic reso-
nance imaging (fMRI) data while young and older adult par-
ticipants, including a sample of superagers (Sun et al. 2016;
Zhang et al. 2019), performed a paired associate recognition
memory task (Andreano et al. 2017) in which they encoded
and later retrieved face-word or scene-word pairs. Following
previous investigations of neural dedifferentiation (e.g., Park
et al. 2004, 2012), we defined our regions of interest (ROIs) in the
fusiform gyrus and parahippocampal gyrus using an unbiased
method to select cortical vertices that were equally and maxi-
mally sensitive to both stimulus categories (Gagnon et al. 2019;
Chamberlain et al. 2021). Indices of neural differentiation and
reinstatement were derived using representational similarity
(RS) analysis and were compared across young adults, super-
agers, and typical older adults. Based on the available evidence
on age-related neural dedifferentiation, we hypothesized that
1) superagers would show more youthful neural differentiation
during encoding of visual stimuli relative to typical older adults
and that the degree of neural differentiation in superagers would
be comparable to that in young adults; 2) within the entire group
of older adults, greater neural differentiation during encoding
would predict superior memory task performance; 3) greater
neural differentiation during encoding would predict greater
category-related neural reinstatement during retrieval; and that
4) the relationship between neural differentiation during encod-
ing and subsequent memory performance would be mediated by
category-related neural reinstatement during retrieval.

Materials and Methods
Participants

In this work, we analyzed task-related fMRI data from the same
sample of young adults, superagers, and typical older adults
from which we have previously published evidence for youthful
brain structure and intrinsic functional connectivity (Sun et al.
2016; Zhang et al. 2019). Specifically, 91 participants (43 females,
48 males) were initially recruited from the Greater Boston area,
consisting of 47 young adults (ages: 18-35; 23 females, 24 males)
and 44 older adults (ages: 60-80; 20 females, 24 males), to be
part of a longitudinal study that is part of our Massachusetts
General Hospital Brain Resilience in Aging: Integrated Neu-
roscience Studies (BRAINS) program. All participants were
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Table 1 Demographic information and neuropsychological data
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Measure YA SA TOA Group differences

n 41 17 23 SAversus YA  TOA versus YA SA versus TOA
Sex (% female) 51.2 70.6 34.8 SA > YA*** TOA < YA***

Age (years) 24.5 (3.6) 67.8 (6.0) 66.2 (5.1)

Education (years) 16.0 (2.2) 17.2 (2.2) 16.2 (2.0)

CVLT Long Delay Free Recall (16) 13.2(2.2) 15.0 (0.9) 11.0(2.2) SA > YA** TOA < YA** SA > TOA***
TMT B (s) 51.2 (17.0) 59.0 (12.8 66.3 (30.3) TOA < YA*

Item recognition memory (d’) 2.2 (0.9) 2.2(0.7) 1.7 (0.7) TOA < YA* SA > TOA*
Associative recognition memory (d’) 1.3(0.7) 1.1 (0.8) 0.7 (0.6) TOA < YA** SA > TOAt

Note: The maximum score for CVLT Long Delay Free Recall is 16; s, seconds; d’, recognition memory discriminability index computed as z(Hits) — z(FAs). Table includes
some data on this sample reported in Sun et al. (2016) as well as additional data on memory task performance during fMRI scanning.

*P < 0.05.
**p < 0.01.
#AKP 2 0.001.
tp<o0.08.

right-handed native English speakers with normal or corrected-
to-normal vision and with no history of substance neuro-
logical or psychiatric disorder. Additionally, all participants
scored within 1.5 standard deviations (SDs) of published
normative values on all neuropsychological screening tests.
The experimental protocols involving human subjects were
approved by the Mass General Brigham Healthcare System
Institutional Review Board. All experiments were undertaken
with the understanding and written consent of each participant.
Ten participants were excluded due to incomplete study
procedure, resulting in a final sample of 41 young adults (mean
age =24.5+3.6 years; 21 females, 20 males) and 40 older adults
(mean age =66.9+5.5 years; 23 females, 17 males), as reported
previously (Sun et al. 2016; Zhang et al. 2019). One older adult
participant was excluded from the analyses of recognition
memory due to being an outlier; another older adult participant
was excluded from the analyses of neural reinstatement due
to incomplete fMRI data acquired during retrieval. We defined
superagers as those older participants who performed at or
above the mean for young adults (ages: 18-32) on the long delay
free recall measure of the California Verbal Learning Test (CVLT;
Delis et al. 1987) (males: 13; females: 14) and no lower than 1 SD
below the mean for their age group on the Trail Making Test Part
B (TMT; Tombaugh 2004). Demographic information, memory
task data, fMRI data derivatives, and analysis code are available
at https://osf.io/yq97g/ (last accessed: June 1,2021). Raw data are
also available upon request. Demographic characteristics and
neuropsychological data of our subject sample are summarized
in Table 1.

Experimental Design

All participants arrived at the laboratory to first complete a com-
prehensive neuropsychological battery, including the CVLT and
the TMT. Within 2 weeks, participants returned for a scanning
session in which they performed a paired associate memory
task previously described (Andreano et al. 2017; Zhang et al.
2019). The experimental stimuli consisted of 120 face-word pairs
and 120 scene-word pairs, which were carefully chosen to be
affectively neutral. Face stimuli were selected from the Cen-
ter for Vital Longevity Face Database (Minear and Park 2004)
and depicted male and female faces representing multiple age
groups. Scene stimuli were obtained from the International
Affective Picture System (Lang et al. 2008), which depicted a
variety of outdoor scenes consisting of urban and natural envi-
ronments in different weather conditions. These and similar

stimuli have been widely used in previous studies of age-related
neural dedifferentiation (Goh et al. 2010; Koen et al. 2019; Trelle
et al. 2019, 2020; Hill et al. 2020; Srokova et al. 2020). Word stimuli
were selected from the Medical Research Council Psycholinguis-
tic Database (Coltheart 1981). All words were adjectives selected
for high frequency and high concreteness. During the encoding
phase, participants viewed a total of 80 image-word pairs (40
from each image category) equally distributed across four runs;
each pair was presented on the screen for 6 s. To ensure depth of
encoding, for each image-word pair, participants were asked to
subjectively judge whether the word semantically matched the
associated image. The image-word pairs included, for instance,
an image of an older female face paired with a word “RESPON-
SIBLE,” a younger male face paired with “AVERAGE,” a cityscape
paired with “INDUSTRIAL,” and an image of woods paired with
“FRIENDLY,” among others. The task did not progress to the next
trial until the judgment was made via a button press. Following
a retention interval of approximately 10 min, participants were
presented with all 80 image-word pairs that had been learned
during encoding; additional 40 pairs consisting of new words
and images; and 40 rearranged pairs consisting of words and
images seen previously, but not previously associated with each
other. During this retrieval phase, participants were asked to
indicate via a button press whether they had previously seen
each image-word pair during the encoding phase, or whether it
was a completely new or rearranged pair (yes/no).

Behavioral Data Analysis

Participants’ responses during the retrieval phase of the mem-
ory task were coded as Hits (old image-word pairs correctly
identified as old), Misses (old pairs incorrectly identified as
new), Correct Rejections (CRs; new pairs correctly classified as
new), or False Alarms (FA; new pairs incorrectly identified as
old). Recognition accuracy was computed for each participant
in terms of d’, a measure that controls for individual response
bias: d'=z(Hits) — z(FA). d’ was calculated separately to distin-
guish between the discriminability of previously encoded pairs
versus novel pairs and that of previously encoded pairs versus
rearranged pairs (Andreano et al. 2017), which were consid-
ered indices of item versus associative recognition memory,
respectively (Zhang et al. 2019).

MRI Data Acquisition

Imaging data were acquired on a 3T Magnetom Tim Trio
scanner (Siemens Medical Systems, Iselin, NJ). Structural
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Figure 1. Schematic diagram of the analytical pipeline. (A) Surface reconstruction was performed using FreeSurfer v5.3 (http://surfernmr.mgh harvard.edu/; last
accessed on June 1, 2021) on each participant’s T1-weighted MPRAGE structural image to derive the parcellation of bilateral fusiform and parahippocampal gyri in
their native cortical surface space (highlighted in yellow). (B) For each participant, a standard univariate analysis of brain activity during encoding was performed
in a GLM framework using FreeSurfer’s FS-FAST v6.0. This yielded two whole-brain contrast estimate maps identifying mean activation differences between faces
versus fixation and scenes versus fixation, which were used for the creation of participant-specific ROIs. (C) For each participant, the top 5000 vertices showing
maximal contrast estimates for the faces versus fixation and scenes versus fixation contrasts were identified within the anatomical boundaries of the fusiform and
parahippocampal gyri, generating a participant-specific functional ROI masks (for details, see Materials and Methods). (D) For each participant, a single-trial GLM was
performed to derive whole-brain contrast estimates unique to each trial. (E) Using the functional ROI masks, trial-specific activation estimates were derived for all
trials. (F) Finally, these trial-specific activation estimates were used to compute within-category and between-category RS. Within-category RS was defined as the mean
of Pearson’s r values calculated for all unique pairs of face-face or scene-scene trials. Between-category RS was defined as the mean of Pearson’s r values calculated
for all unique pairs of face-scene trials. Neural differentiation was computed for each participant by subtracting the mean of between-category RS from the mean
of within-category RS, where larger values indicate greater neural differentiation. This measure represents how distinct regional brain activation patterns are when

viewing items that are from the same category relative to when viewing items that are from different categories.

images were acquired using a T1-weighted magnetization
prepared rapid acquisition gradient echo (MPRAGE) sequence:
TR/TE/FA=2530 ms/3.48 ms/7°, slice thickness=1 mm, field
of view=256 x 256 mm?, 176 sagittal slices, and 0% slice
gap. fMRI data were acquired using a T2*-weighted gradient-
echo sequence: TR/TE/flip angle=3000 ms/30 ms/90°, voxel
resolution=3.4 x 3.4 x 2 mm?, 56 slices, and phase encoding
direction = anterior—posterior.

Structural MRI Data Preprocessing and Analysis

MRI data preprocessing and analytical steps involved in the
present study are summarized in Figure 1. Each participant’s
MPRAGE data underwent intensity normalization, skull strip-
ping, and an automated segmentation of cerebral white
matter to locate the gray/white boundary via the Freesurfer
image analysis suite (v5.3), which is documented and freely
available for download online (http:/surfernmr.mgh harva
rd.edu/; last accessed on June 1, 2021). Defects in the surface
topology were corrected (Fischl et al. 2001), and the gray/white
boundary was deformed outward using an algorithm designed
to obtain an explicit representation of the pial surface. Each
participant’s cortical surface reconstruction was parcellated
into the standard Desikan-Killiany atlas (Desikan et al.
2006), allowing delineation of the fusiform gyrus and the
parahippocampal gyrus in the participants’ native surface
space.

fMRI Data Preprocessing and Analysis

Functional data were preprocessed via FreeSurfer’s functional
analysis stream (FS-FAST, v6.0) involving template volume cre-
ation, brain masking, intensity normalization, functional-to-
anatomical coregistration, motion correction, surface resam-
pling, and surface-constrained smoothing using a 2D Gaussian
kernel with full-width-half-maximum of 5 mm.

Univariate GLM Analysis

Preprocessed functional data were then used as input for
participant-level vertex-wise analysis of blood oxygen level-
dependent (BOLD) activation in a general linear model (GLM)
framework. Specifically, task-evoked hemodynamic responses
associated with the two experimental conditions (i.e., faces
and scenes) were modeled by convolution with a canonical
hemodynamic response function. The GLM included one
regressor per condition as the events of interest; the estimated
motion parameters for each run as well as a quadratic trend
were also modeled as the events of no interest. This model
yielded for each hemisphere and participant two contrast
images identifying differential BOLD activation associated with
the events of interest relative to the baseline (i.e., faces vs.
fixation, scenes vs. fixation). To estimate the trial-specific
BOLD activation, we constructed a GLM in which hemodynamic
responses associated with each trial were modeled as a separate
regressor (Rissman et al. 2004). This model yielded for each
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hemisphere and participant a contrast image identifying
differential BOLD activation associated with each trial relative
to baseline (e.g., face; vs. fixation, face; vs. fixation) for a total
of 80 encoding and 160 retrieval trials.

Functional ROI Construction

Next, we constructed participant-specific functional ROIs based
on their fusiform and parahippocampal gyrus parcellations
reconstructed via FreeSurfer as well as the estimated univariate
GLM contrast maps, following the procedures described in
previous studies of neural differentiation (Gagnon et al. 2019;
Lalwani et al. 2019; Chamberlain et al. 2021). Specifically,
we first sorted (in descending order) the vertices within
each participant’s fusiform/parahippocampal mask based on
the magnitude of BOLD activation separately for the two
experimental contrasts (faces vs. fixation, scenes vs. fixation).
We then defined the functional ROIs by alternating between the
two sorted lists of vertices, adding the most active vertex that
has not already been included for one contrast, then adding the
most active vertex that has not been included for the other
contrast. This vertex identification procedure was repeated
until the target ROI size was reached. Following a recent study
(Chamberlain et al. 2021), we used a size of 5000 vertices in all
analyses. This unbiased approach to defining the functional
ROIs allowed inclusion of vertices that are guaranteed to be
sensitive to both faces and scenes in each and every participant,
without making any a priori assumption about the loci of
group differences in activation, if any, within the anatomical
boundaries of the fusiform gyrus and the parahippocampal
gyrus (see Supplementary Fig. S1 for the extent of spatial overlap
in the functional ROIs per group).

RS Analysis

Using the functional ROIs and a series of trial-specific contrast
images, we calculated RS to define neural differentiation dur-
ing encoding and category-related neural reinstatement during
retrieval. Similar methods have been used by previous investi-
gations of neural differentiation and/or reinstatement (Gagnon
et al. 2019; Koen et al. 2019; Trelle et al. 2019, 2020; Hill et al. 2020;
Srokova et al. 2020; Chamberlain et al. 2021). Specifically, for each
participant and for each trial, we extracted vertex-wise contrast
estimates from within their functional ROI masks, resulting in
a vector of 5000 vertices per trial. For the analysis of neural
differentiation, we computed Pearson’s r values for all unique
pairs of trials during encoding, which were subsequently z-
transformed. We defined neural differentiation as the difference
between the mean of all within-category RS (i.e., face-face and
scene-scene) and the mean of all between-category RS (i.e., face-
scene). For the analysis of category-related neural reinstate-
ment, we computed Pearson’s r values for all unique pairs of
encoding and retrieval trials belonging to the same category (i.e.,
faceencoding — faceretrieval, SCE€NE€encoding — SCeNeretrieval) Which
were z-transformed and averaged across all trial pairs.

Brain-Behavior Regression Analysis

We conducted brain-behavior regression analyses to assess the
degree to which neural differentiation or reinstatement (predic-
tor variables) predicts recognition memory performance (out-
come variables) in the entire group of older adults. In addi-
tion, we also conducted regression analyses to examine the
role of neural differentiation and reinstatement as predictors
for verbal recall memory as measured by the CVLT. All brain-
behavior regression analyses were conducted using IBM SPSS
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Statistics (version 26.0; IBM Corp., 2017). Results were considered
statistically significant at P <0.05.

Mediation Analysis of the Relationship between Neural Differentiation
and Memory Performance

To assess the contribution of neural differentiation and rein-
statement to recognition memory performance, we performed
a mediation analysis using PROCESS macro version 3.5 for
SPSS (Hayes 2017; Touroutoglou et al. 2018). Specifically,
we modeled neural differentiation during encoding as the
predictor variable (X), item or associative recognition memory
performance as the outcome variable (Y), and category-related
neural reinstatement during retrieval as the mediator variable
(M). In Step 1 of our mediation analysis, associative recognition
memory performance was regressed on neural differentiation
during encoding to examine the total effect of neural dif-
ferentiation on memory (path c). In Step 2, category-related
neural reinstatement during retrieval was regressed on neural
differentiation during encoding (path a). In Step 3, associative
recognition memory performance was regressed on category-
related neural reinstatement during retrieval, while controlling
for the effect of neural differentiation during encoding (path b).
In Step 4, we calculated the indirect effect ab as an index of the
degree to which category-related neural reinstatement during
retrieval mediated the effect of neural differentiation during
encoding on associative memory performance. We repeated
the same analysis to examine whether category-related neural
reinstatement during retrieval mediated the effect of neural
differentiation during encoding on item memory performance.
For each model, a bias-corrected bootstrap 95% confidence
interval (CI) was generated for the indirect effect based on
5000 bootstrap samples. An empirical 95% CI not including zero
indicated a significant indirect effect.

Results

Generalization of Superior Verbal Memory Performance
to Visual Recognition Memory

We first examined the generalizability of youthful memory
in superagers using the challenging visual-verbal paired
associate recognition memory task administered during fMRI
scanning. We previously reported performance on this task
in Zhang et al. (2019), where we examined the relationship
between this measure and intrinsic functional connectivity.
Here, we report these behavioral data with additional details,
given that we analyzed in this study the task-related fMRI
data acquired while participants performed this memory
encoding and retrieval paradigm. A one-way analysis of variance
(ANOVA) with Group (young adults, superagers, and typical
older adults) as a factor conducted separately for each memory
type revealed that these groups differed on both item (F(2,
77)=3.26, P <0.044, »?=0.078) and associative (F(2, 77)=4.41,
P <0.015, n2=0.103) recognition memory performance. Follow-
up t-tests showed that, as expected, superagers performed
better on item recognition (t(37)=2.42, P<0.011, one-tailed,
Cohen’s d=0.80, 95% CI=[0.49, 1.08]) and marginally better
on associative recognition (t(37)=1.44, P <0.080, one-tailed,
Cohen’s d=0.48, 95% CI=[0.08, 0.72]) than typical older adults.
Remarkably, superagers did not differ from young adults on
this challenging memory test, whether measured by associative
recognition memory (t(56)=1.04, P <0.30) or item recognition
memory (t(56)=—0.10, P < 0.92). By contrast, typical older adults
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performed worse than young adults on both item recognition
(t(61)=2.29, P <0.025, Cohen’s d=0.61, 95% CI=[0.35, 0.89]) and
associative recognition (t(61)=3.15, P <0.003, Cohen’s d=0.85,
95% CI=[0.63, 1.09]) (for descriptive statistics, see Table 1).

Superagers Exhibit Youthful Neural Differentiation
during Encoding of Distinct Categories
of Visual Information

Next, we examined the degree of neural differentiation dur-
ing encoding of face-word and scene-word pairs. To this end,
we calculated RS within the participant-specific functional ROI
masks for all unique pairs of trials during encoding. We defined
neural differentiation as the difference between the mean of all
within-category RS (i.e., face-face and scene-scene) and that of
all between-category RS (i.e., face-scene), where larger values
indicate greater selectivity in neural activation when encoding
items from the same category versus items from different cat-
egories. A two-way mixed ANOVA with Group (young adults,
superagers, and typical older adults) and Condition type (within-
and between-category) as factors revealed a significant Group
x Condition-type interaction: F(2, 78) =3.63, P < 0.031, nf, =0.085.
Follow-up t-tests showed that, as predicted, superagers exhib-
ited greater neural differentiation when compared with typical
older adults (t(38) =2.22, P < 0.033). Superagers and young adults
showed a similar pattern of neural differentiation (t(56) = —0.094,
P <0.93). By contrast, typical older adults had reduced neural
differentiation when compared with young adults (t(62)=2.56,
P <0.013) (Fig. 2A). Interestingly, these effects were driven largely
by group differences in within- but not between-category RS
(Fig. 2B,C), suggesting that they reflect the variability in the
fidelity of neural representations within each of the two stim-
ulus categories. As a complementary analysis, we performed a
two-way ANOVA using the entire fusiform and parahippocampal
gyrus masks for each participant rather than restricting the
analysis space to their subregions that we identified functionally
as being maximally responsive to face and scene stimuli. This
analysis similarly revealed a significant Group x Condition-type
interaction: F(2, 78) =4.39, P < 0.016, np? =0.101.

To ensure that the observed effects were not driven by the
group differences in the overall responsiveness of the ventral
visual cortex, we additionally performed a two-way analysis
of covariance (ANCOVA) controlling for the mean univariate
activation calculated either within the entire anatomical (i.e.,
fusiform and parahippocampal gyrus) masks or specifically
within the functional ROIs where univariate activation was
maximal for each participant. Regardless of how the univariate
activation was defined, the ANCOVA still yielded a significant
Group x Condition-type interaction (anatomical ROIs: F(2,
77)=4.03, P <0.022, r]p2=0.095; functional ROIs: F(2, 77)=4.49,
P <0.014, np?=0.104), suggesting that the results of our RS
analysis were not driven by the differences in the responsivity
of the ventral visual cortex across groups. In addition, we
also performed comparisons of neural differentiation between
subgroups of young adults based on relatively higher versus
lower performance on the CVLT. This analysis did not reveal
significant group differences, suggesting that the observed
differences between superagers and typical older adults do not
merely reflect differences in cognitive function irrespective of
aging (see Supplementary Text S1).

The initial ANOVA also yielded a significant main effect of
Condition type (F(1, 78)=208.71, P <0.001, n,*=0.73), revealing,
as expected, greater RS for within-category trial pairs than for

between-category pairs on average. On average, RS for face-face
trial pairs was greater than that for scene-scene trial pairs (see
Supplementary Text S2). A main effect of Group was identified
as a trend (F(1, 78)=2.40, P < 0.097, 1,2 = 0.058) because it did not
reach a conventional level of statistical significance of « <0.05.

Youthful Patterns of Neural Differentiation during
Encoding Supports Better Memory in Older Adults

To assess the behavioral significance of neural differentiation
during encoding, we performed a linear regression analysis
within the entire group of older adults. The predictor variable
in our regression models was the degree of neural differenti-
ation during encoding of image-word pairs, whereas the out-
come variable was memory performance calculated as recog-
nition discriminability, d’, separately for item and associative
recognition memory. This analysis showed that, as predicted,
greater (more youthful) neural differentiation predicted better
recognition memory performance in older adults (item: r=0.50,
P <0.001; associative: r=0.58, P <0.001) (Fig. 3). In addition, we
analyzed neural differentiation based on RS during retrieval and
its relation to recognition memory performance. These analyses
yielded results similar to those observed during encoding (see
Supplementary Text S3 and Supplementary Fig. S2).

Within-Category Neural Reinstatement during
Retrieval Mediates the Relationship between
Neural Differentiation during Encoding

and Memory Performance

We defined “within-category neural reinstatement” during
retrieval following similar procedures to derive neural dif-
ferentiation during encoding. Specifically, we calculated RS
within the participant-specific functional ROI masks between
all unique pairs of encoding and retrieval trials belonging to
the same category (i.e., fac€encoding — faCeretrieval, SC€NE€encoding
— SCeNE€retrieval), Which were averaged across all trial pairs.
Larger values indicated a greater degree of similarity in the
neural activation between the encoding and retrieval phases
when viewing items of the same category. A one-way ANOVA
revealed a significant effect of Group on neural reinstatement:
F(2, 77)=3.96, P <0.023, »?=0.093. Follow-up t-tests revealed
a pattern of group differences similar to that observed
with the analysis of neural differentiation during encoding.
Specifically, superagers exhibited greater category-related
neural reinstatement when compared with typical older adults
(t(37) =2.84, P < 0.007) but not when compared with young adults
(t(56) =0.70, P < 0.49). Young adults also showed greater category-
related neural reinstatement when compared with typical older
adults (t(61)=2.37, P <0.021). We then performed simple linear
regression analysis within the entire group of older adults
to examine the relationship between neural differentiation
during encoding and category-related neural reinstatement
during retrieval. This analysis showed that greater neural
differentiation during encoding predicted greater category-
related neural reinstatement during retrieval in older adults
(r=0.79, P <0.001) (Fig. 4A). In the entire group of older adults,
both neural differentiation and reinstatement were positively
associated with CVLT performance (see Supplementary Fig. S3).

Finally, we assessed the contribution of these neural indices
to behavior by modeling both in a simple mediation analysis to
predict the memory performance in the entire group of older
adults. We modeled neural differentiation during encoding as
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Figure 2. Superagers exhibit more youthful neural differentiation during encoding of distinct categories of visual information. (A) During the encoding of face-word
pairs and scene-word pairs, superagers exhibited neural differentiation similar to that of young adults, while typical older adults showed reduced neural differentiation
(*TOA is different from YA and SA at P <0.05). Neural differentiation is a measure that represents how distinct regional brain activation patterns are when viewing
items that are from the same category relative to when viewing items that are from different categories (see Fig. 1 for more details on this measure). (B) The effect
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average RS matrices illustrate the effects quantified in (A) and (B). YA, young adults; SA, superagers; TOA, typical older adults. Error bars denote one standard error of

the mean.

the predictor variable, recognition memory performance as the
outcome variable, and category-related neural reinstatement
during retrieval as the mediator variable. As predicted, this
analysis revealed a significant indirect effect of neural differ-
entiation during encoding on associative recognition memory
through category-related neural reinstatement during retrieval
(indirect effect [ab]=2.02, 95% CI [0.53, 3.85]; Fig.4C); older
adults who initially showed greater neural differentiation during
encoding also showed greater category-related reinstatement
at retrieval, which, in turn, led them to remember more
individual image-word pairs when tested. We identified

similarly significant results when we modeled item recognition
memory as the outcome variable (ab=1.99, 95% CI [0.54, 3.69]).

Discussion

The results reported here extend our previous findings (Sun
et al. 2016; Zhang et al. 2019) by demonstrating that superagers,
similar to young adults, exhibited more distinct patterns of
activation in the ventral visual areas while viewing visual
stimuli belonging to different categories (i.e., greater neural dif-
ferentiation during encoding) than typical older adults. Within
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Figure 3. Youthful neural differentiation supports better memory in older adults. (A) Older adults with greater neural differentiation during encoding of distinct
categories of visual information show better associative memory for that information after a delay. That is, older adults whose brains function more like those of
young adults to differentiate all face-word pairs from all scene-word pairs when learning the information remember more individual image-word pairs when later
tested on that information. Memory performance is expressed as d’ (recognition discriminability; see Materials and Methods). (B) The neural differentiation effect
shown in (A) is illustrated using RS matrices from two individuals labeled in (A): a 70-year-old superager (indicated by a red circle/arrow in (A); top matrix here) whose
RS for within-category trial pairs was 0.49, whose RS for between-category trial pairs was —0.10, neural differentiation was thus 0.59, and whose d’ was 1.58; and a
64-year-old typical older adult (indicated by a blue circle/arrow in (A); bottom matrix here) whose RS for within-category trial pairs was 0.10, whose RS for between-
category trial pairs was 0.05, neural differentiation was thus 0.05, and whose d’ was 0.26. These matrices show, at the individual level, the effect shown at the group
level in Figure 2C: When superagers learn information, their regional brain activity shows greater RS within distinct categories of information than when typical older

adults learn information, and they remember that information better later.

the entire group of older adults, youthful neural differentiation
in these brain regions supported better subsequent memory.
That is, older adults whose brains enabled more distinct
representation of the different categories of visual information
subsequently remembered more of that information after a
delay. Additionally, older adults who showed more category-
selective neural activation patterns during encoding also
showed more similar activation patterns while subsequently
retrieving information from memory compared with when
it was first learned (i.e, greater category-related neural
reinstatement during retrieval). Older adults’ ability to reinstate
the initial category-related neural representations at retrieval,
in turn, led them to accurately remember more image-word
pairs.

Superagers are typically defined as older individuals with
superior free recall of verbal material using a 15- or 16-word list
(Harrison et al. 2012, 2018; Rogalski et al. 2013; Gefen et al. 2015;
Sun et al. 2016; Zhang et al. 2019; Dang, Harrington, et al. 2019;
Dang, Yassi, et al. 2019). Here, we employed a much more chal-
lenging 80-pair visual paired associate recognition memory task
and found that superagers’ memory performance was not only
better than that of typical older adults but—remarkably—not

different from that of young adults. Our results demonstrate one
potential neural mechanism associated with this superior mem-
ory performance: When older adults with superior memory saw
distinct categories of visual images arbitrarily paired with words,
the category-selectivity of ventral visual cortical activation was
stronger than that of typical older adults and similar to that of
young adults. Older adults with stronger category-selectivity in
ventral visual activation during encoding of image-word pairs
subsequently remembered them better. When participants saw
image-word pairs later and were asked if they remembered the
specific pairing of items, those with better memory exhibited
category-selective activation patterns which were more similar
to when they had initially learned these items. That is, older
adults who are categorized as superagers using a test dependent
on a completely different sensory modality (i.e., auditory) show
greater fidelity of visual cortical processing during the learning
and retrieval of image-word pairs, compared with typical
older adults.

Our results revealed that greater neural differentiation dur-
ing encoding in superagers when compared with typical older
adults was driven by decreased similarity in the activation pat-
terns for within-category (vs. between-category) trial pairs in
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typical older adults. That is, superagers exhibited more simi-
lar activation patterns across different exemplars of the same
category when compared with typical older adults. This result
is overall consistent with the evidence based on multivariate
analyses showing that age differences in neural differentiation
were driven by differences in within-category similarity (Carp
et al. 2011; Chamberlain et al. 2021). Several factors could con-
tribute to the age-related reduction in the fidelity of activa-
tion patterns within these regions. Aging is typically associ-
ated with a reduction in dopaminergic neurons and receptor
density in the brain (Backman et al. 2006, 2010; Lindenberger
2014). Deficient dopamine function, in turn, has been associ-
ated with decreased signal-to-noise ratio in neuronal activity,
possibly contributing to inefficient stimulus detection (Li et al.
2001; Lovdén et al. 2007; Li and Rieckmann 2014; Abdulrahman
et al. 2017). Alternatively, the reduced activation fidelity in the
visual cortex might reflect age-dependent deficits in the atten-
tional modulation of neural representations. The prefrontal cor-
tex—as part of the larger frontoparietal network—is thought
to subserve attentional modulation of stimulus feature repre-
sentations in the visual cortical areas by selectively enhanc-
ing goal-relevant (e.g., category-specific) and inhibiting goal-
irrelevant information (Jehee et al. 2011; Baldauf and Desimone
2014; Lee et al. 2018; Zheng et al. 2018). Aging is commonly
associated with functional alterations in the prefrontal cortex
(Cabeza and Dennis 2013), which may lead to less-successful
modulation of sensory representations. In this context, nore-
pinephrine may be another relevant biomarker. Mediated by the
locus coeruleus, norepinephrine facilitates selective represen-
tation of salient stimuli while suppressing that of nonsalient
ones (Mather et al. 2016; Mather and Harley 2016). Reduced nora-
drenergic system activity is linked to impairment in selective
attention in older adults (Lee et al. 2018; Dahl et al. 2020). Follow-
ing prior work, future studies on superaging could incorporate
magnetic resonance spectroscopy data (Cassady et al. 2019;
Gagnon et al. 2019; Lalwani et al. 2019; Chamberlain et al. 2021)
and analyses of task-related functional connectivity (Burianova
et al. 2013) to test these hypotheses.

Additionally, our findings support the idea that superagers
are able, during retrieval, to reactivate the neural representa-
tions of stimulus categories initially formed during encoding
to a greater degree than typical older adults. Successful mem-
ory retrieval involves the reimplementation of representations
initially active during encoding, as indexed by the extent of
cortical reinstatement observed at retrieval (Rugg et al. 2015; Xue
2018). The memory of visual information is dependent on the
neural reinstatement of perceptual signals in the ventral visual
cortex (Kuhl et al. 2011; Gordon et al. 2014). On average, older
adults tend to show category-related neural reinstatement in
the ventral visual areas to a lesser degree than young adults
(McDonough et al. 2014; St-Laurent et al. 2014; Bowman et al.
2019; Trelle et al. 2020; but see Wang et al. 2016). One pos-
sibility is that superagers fall at the upper end of the distri-
bution of all older adults, capturing those who are capable of
reinstating category-related brain activation at retrieval with
greater fidelity; this may, in turn, facilitate their youthful mem-
ory abilities. Furthermore, we also found that superior verbal
free recall as measured by the CVLT was positively associated
with greater fidelity of visual cortical activation during encoding
and retrieval when examined continuously beyond the categor-
ical distinction of superagers versus typical older adults. This
finding suggests that, regardless of whether the relationship is
analyzed categorically or continuously, activation fidelity in the

ventral visual cortex is a robust predictor of superior memory
recall in older adults.

Finally, our mediation analysis demonstrated that neural dif-
ferentiation during encoding and category-related neural rein-
statement during retrieval make distinct contributions to the
recognition memory performance in older adults. This is con-
sistent with prior work showing similarly additive effects of
encoding- and retrieval-related brain activity on subsequent
memory in the young (Gordon et al. 2014) and older (Trelle et al.
2020) adults. Studies reporting age-related differences in neural
differentiation have only recently begun investigating whether
neural differentiation at encoding and category-related rein-
statement at retrieval predict memory performance. Our find-
ings are consistent with a recent study showing that greater neu-
ral differentiation during encoding predicts greater category-
related reinstatement during retrieval across age groups (Hill
et al. 2020). We extend these findings by identifying a relation-
ship between neural differentiation and reinstatement along
with their synergistic contributions predicting associative recog-
nition memory performance in older adults. These results sup-
port the hypothesis that both the formation of distinct neural
representations during initial encoding and the intact acces-
sibility of such representations during retrieval are critical for
memory performance (Trelle et al. 2019).

No study is without limitations. First, with a sample size of
17 superagers, our study was limited in its power to detect small
effect sizes. Indeed, some of the observed effects, particularly
the behavioral differences between superagers and typical older
adults (e.g., associative recognition), were rather modest and
would not reach conventional levels of statistical significance
if a two-tailed test was used, making it important for future
studies to replicate these effects in a larger sample of partici-
pants. Second, the present study focused on the fusiform gyrus
and the parahippocampal gyrus as a priori ROIs in order to
increase the robustness of results. It therefore remains unknown
whether superagers might differ from typical older adults in the
engagement of other regions that play a role in episodic memory.
This seems plausible given that superagers’ youthful functional
connectivity in the default mode and salience networks is asso-
ciated with superior memory task performance (Zhang et al.
2019). The frontoparietal network may also be relevant, given
its role in the attentional modulation of sensory representa-
tions via noradrenergic modulation (Mather and Harley 2016;
Lee et al. 2018). Third, our older adult sample as a whole was
relatively young, with the mean age of 66.9 years old correspond-
ing to the typical retirement age. Future studies should therefore
investigate samples consisting of even older participants (e.g.,
80+). Furthermore, in the current study, participants were aware
that their memory for image-word pairs would be subsequently
tested. Future studies might examine the degree to which sim-
ilar results are obtained when participants incidentally encode
such stimuli. Finally, to ensure the robustness of the observed
effects, future studies should also employ experimental stimuli
depicting a variety of content beyond faces and scenes drawn
from common databases.

Conclusion

In sum, the findings reported here advance our understand-
ing of the neural substrates of superaging by pointing to the
role of neural differentiation and reinstatement in the ventral
visual cortex as one of the potential mechanisms subserving
the superagers’ superior memory performance. These findings
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have implications not only for our understanding of the possible
mechanisms of successful cognitive aging but also for possible
interventions to promote brain health. Given that the fidelity
of cortical sensory processing is dependent on neural plasticity
and is possible to improve with training (Seger and Miller 2010;
van der Linden et al. 2013; Lindenberger and Lévdén 2019),
neural differentiation may be one potential biomarker to be
targeted by future interventions to promote superaging.

Supplementary Material

Supplementary material can be found at Cerebral Cortex online.
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