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Abstract

Normal aging is typically associated with declines in navigation and spatial memory abilities.
However, increased interindividual variability in performance across various navigation/spatial mem-
ory tasks is also evident with advancing age. In this review paper, we shed the spotlight on those older
individuals who exhibit exceptional, sometimes even youth-like navigational/spatial memory abilities.
Importantly, we (1) showcase observations from existing studies that demonstrate superior naviga-
tion/spatial memory performance in late adulthood, (2) explore possible cognitive correlates and neu-
rophysiological mechanisms underlying these preserved spatial abilities, and (3) discuss the potential
link between the superior navigators in late adulthood and SuperAgers (older adults with superior
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episodic memory). In the closing section, given the lack of studies that directly focus on this subpopu-
lation, we highlight several important directions that future studies could look into to better understand
the cognitive characteristics of older superior navigators and the factors enabling such successful cog-
nitive aging.

Keywords: Spatial navigation; Cognitive aging; Hippocampus; Episodic memory; Superaging

Aging has a significant impact on a range of cognitive abilities, including spatial learn-
ing and navigation. While old age is typically associated with declining spatial mem-
ory/navigational abilities and altered neural mechanisms supporting navigation behavior,
some individuals retain their ability to form highly accurate spatial memories and to navigate
successfully their surroundings, comparable to their younger counterparts, even in advanced
age (Fig. 1). Understanding how such maintenance of spatial abilities is achieved is of par-
ticular interest because it provides a unique window into understanding how the aging brain
copes with neurodegenerative changes and adapts accordingly to maintain optimal functions.

In the following sections, we first review behavioral evidence that demonstrates superior
performances in some older individuals across different navigational and spatial memory
tasks. Since there is yet no study, to the best of our knowledge, that has explicitly investigated
good navigators in old age and the cognitive/physiological characteristics contributing to their
exceptional performance, we focus here on human behavioral studies where interindividual
variability is observed (i.e., older individuals whose task performance was comparable to
those of the healthy young controls). Furthermore, we discuss potential cognitive corre-
lates, including both navigation-specific and domain-independent cognitive abilities, that
could contribute to superior spatial memory and navigational performance in some older
adults.

Second, we highlight the neurophysiological factors that could support successful main-
tenance of superior navigation abilities and spatial memory in advanced age. Given what is
known about the neural mechanisms underlying spatial navigation and how aging impacts the
relevant systems, we speculate what contributing factors/mechanisms would lead to success-
ful cognitive aging in the context of navigation abilities.

Third, we briefly explore possible connections between SuperAgers and superior naviga-
tors in old age. SuperAgers are defined as people in advanced age (above 80) whose episodic
memory performance is comparable to that of cohorts 2-3 decades younger (Harrison,
Weintraub, Mesulam, & Rogalski, 2012; Rogalski et al., 2013). Aside from youthful episodic
memory capacity, SuperAgers perform within one standard deviation of the average range for
their age in measures of other cognitive abilities, such as executive functioning and semantic
retrieval. Episodic memory is one of the hallmarks of hippocampal functions, and the par-
allels between this process and spatial navigation/memory have been discussed in several
review papers (Buzsdki & Moser, 2013, Burgess, Maguire, & O’Keefe, 2002; Rueckemann,
Sosa, Giocomo, & Buffalo, 2021; Sugar & Moser, 2019). It is thus important to examine
navigational and spatial memory abilities in SuperAgers as well as episodic memory in older
superior navigators. Understanding the link between the two cohorts will lend us critical
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Fig. 1. Individual variability in the development of spatial memory and navigational abilities across the lifespan.
(a) Schematic illustration of hypothetical developmental trajectories through early, middle, and late adulthood.
While pathological and normal aging are associated with a decrease in spatial cognition, successful or superior
aging is marked by much slower or even a lack of degradation in performance. Such interindividual differences
in the rate of change in spatial cognition might lead to greater performance variability in late adulthood. (b)
Scatterplot depicting the length of search paths used by participants to locate a hidden target in a virtual Morris
water maze (VMWM) task, with shorter distance indicating better performance. Beyond a general increase in travel
distance across age groups, performance variability is visibly much greater in the older age groups (70-90) than
in the younger age groups (20-50). Adapted from Moffat and Resnick (2002). However, it should be noted that
increased individual differences in performance could also be due to task difficulty in that the performance of the
younger cohorts may have reached ceiling level, thereby reducing variability. (c) Individual change trajectories
between baseline and follow-up visits with 2 years apart for search path length in a vVMWM task. Greater, more
positive values indicate worse performance. Heterogeneity in the rate of change can be observed. Adapted from
Daugherty and Raz (2017).



4 R. Zhou, T. Belge, T. Wolbers/ Topics in Cognitive Science 0 (2022)

insight into successful aging as well as a deeper knowledge of the computations underlying
the navigation/memory circuits.

In the final section, we provide an outlook on important directions for future research. We
believe that understanding how the brain adaptively copes with aging could help promote
successful aging in a broader population.

1. Which cognitive abilities contribute to superior navigation/spatial memory
performance in old age?

1.1. Preserved spatial abilities leading to successful navigation/spatial memory
performance in late adulthood

The ability to find and remember one’s way in complex environments is multifaceted and
includes multiple, parallel spatial processes. At the very basic form, path integration (PI)
is a critical skill to keep us oriented even when minimal environmental cues are available
(Fig. 2a). PI refers to the capacity to continuously track changes in one’s position and ori-
entation by integrating body-based self-motion cues (vestibular and proprioceptive) as well
as visual optic flow information. In addition, one can also acquire navigation-relevant infor-
mation from external environmental features. Landmarks, distinct permanent objects in our
surroundings (e.g., a city hall), are one type of important navigational cues because they are
useful for determining one’s heading and position during navigation (Knierim & Hamilton,
2011). Moreover, associations between actions and local landmarks can facilitate route learn-
ing, the acquisition of the sequence of turning directions at decision points.

Spatial knowledge can be organized either in an egocentric or in an allocentric reference
frame (Fig. 2b). On the one hand, locations of interest can be specified relative to oneself
(e.g., left panel in Fig. 2b); when one moves, the spatial vector between oneself and the target
also changes. On the other hand, locations can also be specified relative to external cues
irrespective of the location and orientation of the navigator (e.g., right panel in Fig. 2b). Such
allocentric, relational knowledge among different points of interest constitutes a cognitive
map representation of our surroundings, which guides flexible, goal-directed behaviors across
time and space.

With all these building blocks of spatial navigation in mind, we review evidence of superior
performance in subsets of older adults across the various spatial abilities. By looking into what
aspects of and how the spatial processes could be preserved in advanced age, we will establish
a novel perspective on understanding mechanisms of successful cognitive aging.

1.1.1. Path integration

A fundamental type of navigation strategy, PI, is essential for updating one’s internal loca-
tion representation in relation to the starting point of one’s journey. More importantly, PI
supports a cognitive-map representation because the process allows us to associate environ-
mental cues with internal position estimates (Wang, 2016). While PI performance generally
declines with age (Adamo, Bricefio, Sindone, Alexander, & Moffat, 2012; Harris & Wolbers,
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(b) Egocentric Allocentric

Fig. 2. Schematic illustrations of a common path integration task and the different reference frames in spatial
coding. (a) A path integration task that one frequently encounters in daily life. The navigator moves from a start
location (e.g., home marked as the house) to the destination. The position of the navigator along the trajectory
can be estimated from proprioceptive, vestibular, and visual optical flow information generated from self-motion.
Thus, a homing vector (depicted as the red arrow in the middle and right panels) pointing toward the start from
the navigator’s current location can be computed and continuously updated, ensuring that the navigator can keep
track of where they are relative to the start location. (b) The left panel illustrates an example of the egocentric
reference frame where target locations are encoded relative to the observer; the right panel illustrates the allocentric
reference frame where locations of interest are encoded relative to some external reference point, for example, the
Eiffel tower.

2012; Stangl et al., 2018), behavioral evidence points to preserved performance in some older
individuals and under some task conditions.

One classic paradigm to study PI is the triangle completion task, during which participants
are asked to indicate the starting point after traversing through the first two legs of a trian-
gular pathway. Older adults show impaired performance when movement information during
the outbound paths is restricted to single sensory sources (vestibular only [Allen, Kirasic,
Rashotte, & Haun, 2004] or visual optical flow only [Adamo et al., 2012]). However, they
are able to improve localization accuracy when multiple sources of idiothetic information
are available (e.g., walking [Adamo et al., 2012; Allen et al., 2004]). Furthermore, older
participants who were more precise in self-motion perception (the ability to estimate one’s
moving speed and direction) also demonstrated better PI performance in a real-waking
PI task (Stangl, Kanitscheider, Riemer, Fiete, & Wolbers, 2020). Together, these findings
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suggest that maintaining a precise self-motion estimation might be critical for superior PI
performance in old age.

Modeling work has characterized multiple error sources contributing to inaccurate location
estimates during PI (Stangl et al., 2020). These sources include noise in self-motion inputs,
information decay in the path integrator itself (suboptimal integration of self-motion estimates
over time), and reporting noise in the conversion of the location estimates into behavioral
readouts. In particular, imperfect self-motion estimation appears to be one major error source
and is further magnified in aging (Stangl et al., 2020). Importantly, self-motion perception
itself is complex and multimodal in that multimodal sensory signals are integrated to form a
unified self-motion estimate (Campbell & Giocomo, 2018).

With regard to age-related changes, older adults might be more affected by noisy sen-
sory inputs in that aging diminishes the reliability of the visual and vestibular information
generated by self-motion. To counteract such loss in “unisensory” perception, heightened
multisensory integration is observed in older adults both in self-motion perception and other
perceptual domains (Freiherr, Lundstrom, Habel, & Reetz, 2013; Lich & Bremmer, 2014;
Ramkhalawansingh, Keshavarz, Haycock, Shahab, & Campos, 2017). Thus, superior PI with
self-motion cues in some older adults might be a result of either more accurate perception of
“unisensory” inputs or enhanced multisensory integration in response to age-related declines
in early perceptual systems. Future research should examine if and how older superior per-
formers benefit from these two stages of self-motion perception. For instance, older superior
performers could be tested in PI tasks with restricted (e.g., wheelchair transportation or visual
optical flow only) as well as “full” sensory information (walking) available. If older superior
performers benefit from preserved “unisensory” perception of self-motion, their PI perfor-
mance would be comparable across the different transportation conditions, regardless of the
level of availability in idiothetic information during outbound paths.

Because self-motion cues are prone to error accumulation, self-location estimates become
noisier and less accurate as the length of an outbound path increases. Proximal visual land-
marks can be used to reduce such errors. Specifically, location estimates based on visual land-
marks can be integrated with those based on self-motion cues to obtain a better estimate. Opti-
mal cue integration is, therefore, beneficial in reducing uncertainty/noise of location estimates
based on single cues and improving localization accuracy. Older adults have been shown to
improve their localization performance in a real-walking homing task when both self-motion
and visual-landmark cues are available, in comparison to conditions when only one type of
cues is present (Bates & Wolbers, 2014; Fig. 3a). Moreover, some individuals even achieved
high-level performance comparable to the group mean of younger participants (Fig. 3b). Cor-
respondingly, older participants demonstrated a significant reduction in response variance in
the double-cue condition compared to the single-cue conditions, suggesting the benefit of cue
integration (although their cue-integration was suboptimal at the group level).

One possibility of the better performance in some older participants in the double-cue con-
dition could be due to statistically optimal cue integration (although this was not shown in
Bates & Wolbers, 2014). Future studies should, therefore, examine if optimal cue integra-
tion contributes to exceptional PI in older adults when both self-motion and landmark cues
are available. Such knowledge might also be informative in helping normal agers improve
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Fig. 3. Performance in a triangle completion task under various cue conditions in young and older participants.
(a) Homing accuracy under self-motion cues alone (SM), visual landmarks alone (LM), and with both types of
cues available (multiple-cues). Homing accuracy was quantified as the distance between response location and the
correct location of a previously visited target. A group-level difference can be observed across all cue conditions.
(b) Scatterplot showing mean homing accuracy (target replacement error, RMSE) and performance variability
(indexed by the mean standard deviation on the y-axis) in older participants. Colored dashed lines mark the group
mean RMSE estimated from the young participants in different cue conditions in panel A. A subgroup of older
individuals benefit significantly from the presence of visual landmarks during path integration: in the landmark
and double-cue conditions, respectively, more older participants showed reductions in both performance accuracy
and variability (mean RMSE and mean standard deviations are positively correlated). Moreover, a relatively higher
proportion of older adults reached the performance level closer to the group mean of younger participants under
these two conditions as more individual data points from the older age group are clustered around the green [~8§]
and red lines [~5], in comparison to the self-motion condition. Adapted from Bates and Wolbers (2014).

their performance (e.g., to train older adults to identify and use more reliable navigational
cues).

The observation that some older individuals benefit significantly from integrating infor-
mation from multiple sensory channels corroborates similar findings in nonspatial tasks. For
instance, older participants showed greater performance gain in a discrimination task when
stimuli were presented in both visual and auditory modalities as compared to when stim-
uli were presented in the single modality (Laurienti, Burdette, Maldjian, & Wallace, 2006).
In addition, such performance gain was significantly more evident in the aged group than
in young participants. Hence, although PI with body-based self-motion cues declines with
advancing age even for some older superior performers, being able to encode locations rel-
ative to external landmarks or more optimal cue integration could help to offset such age-
related deficits.

1.1.2. Landmark and route knowledge

The two fundamental elements of landmark knowledge include landmark identities (what)
and their spatial locations (where, or context information). It has been proposed that what
and where information is processed through related but distinct neural circuits within the
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medial temporal lobe (MTL) (Eichenbaum et al., 2007; Burwell, 2000; but also see Con-
nor & Khnierim, 2017). While landmark identity might be encoded in the perirhinal and
lateral entorhinal cortices (LECs, Burke et al., 2014), the spatial context pertaining to the
information where the landmark is experienced might be encoded primarily in the parahip-
pocampal and medial entorhinal cortices (MECs, Reagh & Yassa, 2014). However, some stud-
ies have also reported that the segregation of the two pathways is not absolute (Van Strien,
Cappaert, & Witter, 2009). For example, human anterolateral entorhinal cortex (EC) volume
(alERC, analogous to rodent LEC) has been associated with object-in-place memory in older
adults (Yeung et al., 2019).

Dissociations between identity memory and location/contextual memory for landmarks
have been reported in older adults. Reagh et al. (2016) examined recognition memory of
objects and 2D spatial-locations in young (18-27 years) and older (60-83 years) partici-
pants. The older age group was further divided into aged impaired (AI) and aged unimpaired
(AU) subgroups based on their episodic memory performance (note that the Al group still
scored within their age-based norm). The AU group showed comparable performance to their
younger counterparts in recognition of 2D locations, regardless of the degree of similarity
between the test and study locations, but they had more difficulty in the object recognition
task. In contrast, this advantage for spatial location/context discrimination was not observed
in the Al group.

Interestingly, LEC has been shown to be even more vulnerable in advanced age and during
the course of Alzheimer’s disease (AD) pathology (Reagh & Yassa, 2017; Khan et al., 2013),
in comparison to MEC. In addition, alERC volume has been linked to cognitive decline in
aging prior to clinical diagnosis (Olsen et al., 2017). Since episodic memory is composed of
“What,” “Where,” and “When” knowledge, one could speculate that superior episodic mem-
ory observed in the AU group might be partially attributed to better location/spatial memory
(and possibly, preserved integrity in MEC), despite an age-related deficiency in object mem-
ory (and the underlying changes in LEC). However, given that the aforementioned study only
tested knowledge of 2D locations on a screen, future studies are needed to examine whether
older participants with better episodic memory also have superior location memory for land-
marks in a 3D environment. In addition, a direct relation between superior landmark-location
memory and superior navigation performance needs to be established.

Route knowledge can be constructed as a sequence of turns associated with land-
marks/scenes at corresponding decision points (e.g., a left turn at the intersection of the
pharmacy store). The acquisition and recall of such knowledge is a common navigation
task in everyday life, thus essential for maintaining autonomy and independence. In general,
healthy older adults show a reduced ability to learn and recall routes (Head & Isom, 2010),
to retrace a route from end to start (Wiener, Kmecova, & de Condappa, 2012), and to identify
correct travel directions when approaching a learned intersection from a novel perspective
(Wiener, de Condappa, Harris, & Wolbers, 2013). However, some older adults showed supe-
rior performance in various route-knowledge tasks. For instance, some older participants
demonstrated exceptional landmark-action associative memory (i.e., knowledge of travel
directions associated with the landmarks at intersections) as well as landmark sequence mem-
ory after learning routes in a desktop VE (Hilton, Johnson, Slattery, Miellet, & Wiener, 2021).
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Moreover, eye-tracking data suggest that older good route-learners, similar to their younger
counterparts, employed more exploratory gaze behavior when approaching an intersection; in
contrast to a more spatially focused gaze behavior when traveling between the straight seg-
ments in between intersections (Hilton, Miellet, Slattery, & Wiener, 2020). These findings
suggest that employing appropriate learning strategies (e.g., being attentive to task-relevant
information in one’s surroundings) might be one way older superior navigators resort to miti-
gate the negative consequence of aging. It is, thus, worthwhile to look into the learning strate-
gies used by older superior navigators. Such knowledge would be informative in designing
intervention programs where older adults with normal and pathological age-related declines
could be instructed and trained to employ efficient navigation strategies.

1.1.3. Allocentric spatial learning and cognitive mapping

Egocentric spatial learning and representations are generally spared in older adults,
whereas age-related deficits have been reported in allocentric spatial processing (Colombo
et al., 2017; Van der Ham, Claessen, Evers, & van der Kuil, 2020). Yet, empirical studies
do point toward evidence of well-preserved allocentric spatial memory in some older adults
(Merhav & Wolbers, 2019; Zhong et al., 2017). The Morris water maze (MWM) is a classic
paradigm to assess allocentric spatial learning and retrieval, where a hidden target location
needs to be learned in relation to environmental cues.

Declining performance in the MWM is generally associated with advancing age (Driscoll
et al., 2003; Moffat & Resnick, 2002). Using a desktop virtual MWM task, Zhong et al.
(2017) looked specifically at the search patterns of good-performing and poor-performing
older adults (based on a median split of performance scores from the older age group, Fig. 4a).
Older good performers showed performance similar to their younger counterparts across mul-
tiple measures, including search accuracy (Fig. 4b) and escape latency (Fig. 4c). In addition,
regardless of their MWM performance, participants were comparably able to move around
in the virtual environment (Fig. 4d), suggesting that superior performance in the good per-
formers could not simply be attributed to better visuo-motor abilities. These results indicate
that successful maintenance of allocentric spatial coding might be one of the key features that
distinguishes older superior performers from their peers with normal age-related declines.

In addition to being encoded in different reference frames, spatial information can also be
acquired from different types of learning experience. We can learn a city layout through an
active exploration, where a variety of perceptual experiences are integrated to form a coherent
representation of our surroundings (e.g., visual landmarks combined with PI). Alternatively,
we can also acquire spatial information by studying a 2D map of the city. Successful naviga-
tion often relies on the flexible coordination of different learning modalities.

Age-related deficits have been commonly observed in switching between different forms
of spatial learning and representations (Rodgers, Sindone, & Moffat, 2012; Harris, Wiener,
& Wolbers, 2012), but older superior navigators might be able to defeat such an age-related
decline. For example, Yamamoto and Degirolamo (2012) assessed knowledge about allo-
centric spatial relations among landmarks. Both young and older adults learned the spatial
layout of multiple landmarks either via virtual exploration from a ground-level perspective
in VE (upper panel in Fig. 5a) or from a map of the same VE (lower panel in Fig. 5a).
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Fig. 4. Virtual MWM performance of young, good-performing, and poor-performing older adults in Zhong et al.
(2017). (a) Overall age-related group difference in search errors when locating a hidden target in the virtual MWM.
Within the older age group, participants were further split into good performers and poor performers based on the
group median indicated by the dashed line. (b) Search errors across trials of the three groups. Both young and
good-performing older adults improved their search accuracy with learning, and performance was comparable
between the two groups. However, poor-performing older adults did not display such learning-induced improve-
ment. (c) Search latency, the time taken to reach the hidden platform, across trials in the three groups. Similar
to the observations from search accuracy, young and good-performing older participants became more efficient
in locating the target through learning. Conversely, such learning-related changes were not observed in the poor-
performing older participants. (d) Search errors of the three groups across control trials where the target was
visible. Group differences diminished, indicating that the three groups of participants, regardless of their age and
allocentric place learning performance, were equivalent in their visuomotor ability. Adapted from Zhong et al.
(2017).

Although both age groups performed equally well in the map-learning condition, better per-
formance was observed in the younger group as well as in some older individuals under the
ground-level navigation condition (Fig. 5b). The observation that the ground-level navigation
learning condition not only distinguished the memory performance between the age groups
but also between the good and poor navigators within the older age group is particularly infor-
mative. These good performers might benefit from superior cognitive mapping during which
view-dependent egocentric knowledge was transferred to form view-independent allocentric
knowledge.
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Fig. 5. Virtual environments learned by participants in Yamamoto and DeGirolamo (2012) and memory perfor-
mance on the spatial layout of the VEs in young and older participants. (a) Participants learned the locations of
landmarks in desktop VEs, either from a ground-level perspective in the navigation condition (upper panel) or from
an aerial perspective in the map condition (only a subset of landmarks were visible at a time; lower panel). (b) Dur-
ing the memory test, participants were asked to replace the landmarks on a 2D board. The distortion index reflects
the fit between participants’ reconstructed layout and the correct landmark layout, with smaller values indicating
more accurate memory. Although an age-related group difference was observed in the navigation condition, five
older participants were even more accurate in reconstructing the landmark layout than the group average of young
participants. In contrast, no group difference was observed when the VE was learned from the map. Adapted from
Yamamoto and DeGirolamo (2012).

The advantage of cognitive mapping ability in subsets of older adults also provides
an important clue to understanding why age-related deficits are pronounced in some
route-learning tasks where more egocentric-to-allocentric transformation is involved. For
instance, the retracing and redirection tasks mentioned above rely on the successful recog-
nition of routes/scenes from a novel perspective, independent of the egocentric learning expe-
rience. Older adults, in general, have more difficulty in these tasks compared to the route
repetition task in which no perspective change is required.

The behavioral studies summarized above indicate that some older individuals exhibit
exceptional, in some cases even youth-like performance in PI, acquisition of landmark and
route knowledge, allocentric spatial learning, and cognitive mapping, which would serve as
the foundation for achieving more complex wayfinding tasks.

1.2. Preserved domain-independent cognitive abilities contributing to superior
navigation/spatial memory in late adulthood

Like any complex cognitive task, spatial learning and navigation involve both domain-
specific (e.g., coding of distance and direction information) as well as other perceptual and
cognitive abilities (e.g., executive processes) generally involved in most cognitive tasks.
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Superior navigation performance could hence be a result of excellence in one or multiple
processes/domains. Given what is known about the cognitive processes involved in spatial
learning/memory and navigation, in this section, we explore possible domain-independent
cognitive correlates that may contribute to preserved, sometimes even youth-like, navigation
performance in advanced age.

Mental imagery, the ability to reconstruct and manipulate perceptual experiences into
imagery, is a key component of human cognition. Imagining the past and future has been
linked to spatial memory and navigation in that imagery is hypothesized to have overlapping
neural underpinnings with spatial memory and navigation (Bicanski & Burgess, 2018; Chersi,
Donnarumma, & Pezzulo, 2013). Using our mental spatial representation for planning navi-
gation involves imagining past and future navigation experience. Mental imagery skills, such
as mental rotation, have been shown to correlate with navigation performance (Palermo, Iaria,
& Guariglia, 2008), and imagery processes are selectively affected by aging (Dror & Koss-
lyn, 1994). In the case of older superior navigators, preserved imagery skills might facilitate
successful navigation. Results from one cognitive training study support this speculation in
that older participants who were instructed to use an imagery strategy during route learning
outperformed the control group without instruction, especially in those spatial memory tasks
that demanded active manipulation of learned spatial information (Carbone, Meneghetti, &
Borella, 2021).

Executive functions (EFs) and attention represent another nonspatial, domain-independent
cognitive mechanism necessary for goal-directed navigation. EFs encompass a wide range
of abilities, including inhibition, interference control (selective attention and cognitive inhi-
bition), working memory (WM), and cognitive flexibility (Diamond, 2013). With respect to
goal-directed navigation, EFs and attention are critically involved when we (1) need to main-
tain a navigational goal in mind while planning and evaluating different route options, (2)
selectively attend to various environmental stimuli that are most relevant to a current nav-
igational goal, and (3) switch between navigation strategies in response to changes in task
demands and/or the environment (Zhong & Moffat, 2018).

Similar to spatial memory and navigational abilities, these core EFs also decline during
normal aging in that older adults are relatively poor at inhibiting distractions and task switch-
ing (Diamond, 2013). Interestingly, it has been shown that test scores on EFs predicted virtual
MWM performance of older participants (mean age of 68 years; Moffat, Kennedy, Rodrigue,
& Raz, 2007), suggesting a beneficial role of superior EFs in maintaining superior navigation
performance in old age. Possibly, older superior navigators with preserved EFs might benefit
from enhanced selective attention to task-relevant cues and efficiently adjusting to changing
task demands/goals during navigation.

WM, the ability to maintain and manipulate information in mind, is needed in various spa-
tial tasks, including PI (Shrager, Kirwan, & Squire, 2008) and route learning (Lester, Moffat,
Wiener, Barnes, & Wolbers, 2017, Blacker, Weisberg, Newcombe, & Courtney, 2017). This
ability is also particularly relevant in transferring egocentric spatial knowledge into an allo-
centric map representation (e.g., manipulating and integrating different views into a coherent
representation). WM is predictive of pointing task performance of older participants after
route learning (Richmond, Sargent, Flores, & Zacks, 2018). In particular, spatial WM, the
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ability to maintain location and spatial-relational information, is correlated with route inte-
gration performance (Blacker et al., 2017).

Taken together, the studies reviewed here point to an important role of preserved general
cognitive abilities in support of exceptional navigation/spatial memory performance in old
age. Future studies are needed to fully characterize the cognitive profiles of older superior
navigators as well as to examine the relative contributions of various domain-independent
cognitive variables to youth-like navigational/spatial memory abilities in late adulthood.

2. Potential neural mechanisms underlying superior navigation/spatial memory
performance in late adulthood

The neural circuitry underlying spatial navigation and memory is complex, encompassing
a network of key structures in MTL (e.g., the hippocampus and the neighboring parahip-
pocampal cortex, EC), various cortical (e.g., retrosplenial and parietal cortex, prefrontal cor-
tex [PFC]), and subcortical structures (e.g., thalamus and striatum). Part of this network is
responsible for navigation-specific spatial processing, such as place coding via place cells in
the hippocampus, directional coding via head-direction cells in the thalamus and retrosple-
nial cortex (RSC), self-motion and position coding via grid cells in the entorhinal and parietal
cortex in support of PI, and scene processing in the parahippocampal area (for reviews on the
neural underpinnings for navigation and spatial memory, see, e.g., Chersi & Burgess, 2015;
Ekstrom, Huffman, & Starrett, 2017).

In the context of aging, MTL structures, such as the EC and hippocampus, are most vul-
nerable to pathological and normal aging (Lester et al., 2017). However, in the case of older
superior navigators, existing evidence from the cognitive aging literature has led to our spec-
ulation that the aging navigational network might engage various protective mechanisms to
cope with such deleterious consequences (Nyberg, Lévdén, Riklund, Lindenberger, & Bick-
man, 2012, Cabeza et al., 2018). For example, older superior navigators might not experience
age-related degradation in key structures of the spatial network (e.g., the MTL), in contrast
to the declines seen in normal aging. Such a possibility would speak to the presence of brain
resilience in advanced age. Alternatively, the navigational network might reorganize to pro-
mote cognitive enhancement, both in the form of enhanced activity in the key regions and
widespread activation in areas beyond these key regions. Therefore, understanding how these
protective mechanisms are coordinated in the navigational circuits would provide a unique
insight into successful cognitive aging.

Indeed, several longitudinal studies have reported interindividual variability in the devel-
opment of age-related neurochemical, structural, and functional changes in the brain (Nyberg
et al., 2012). For example, some older adults have larger hippocampal volumes (Lupien et al.,
2007) compared to younger adults and show less annual hippocampal volume change (Fjell
et al., 2009), which is in contrast to volume shrinkage often seen in normal aging. Similar
patterns have been reported in other cortical and subcortical structures (Nyberg et al., 2010;
Raz et al., 2005). In one longitudinal fMRI study, which followed participants (55-79 years)
over a span of 20 years with two fMRI measurements spaced 6 years (Persson, Kalpouzos,



14 R. Zhou, T. Belge, T. Wolbers/ Topics in Cognitive Science 0 (2022)

Nilsson, Ryberg, & Nyberg, 2011), BOLD signals in the left hippocampus were maintained
for those individuals with stable episodic memory performance while showing a decrease in
those with declining memory performance.

With respect to the neurotransmitter systems, dopamine loss has been commonly linked
to age-related declines in multiple cognitive domains. However, individual differences in
dopamine binding persist in old age. For example, Rieckmann et al. (2011) found that some
older adults, in contrast to the group-level reduction, showed preserved relationships of D1
binding in sensorimotor and frontal regions, and these individuals also demonstrated “youth-
like” performance in an interference resolution task. Although these findings are not explicitly
related to navigational/spatial memory abilities, they support the notion that similar interindi-
vidual variabilities in neurochemical/structural/functional integrity of the aging navigational
network could be present.

2.1. Preserved spatial coding in the aging brain

Successful retention of superior navigational abilities in some older individuals could be
a result of successful preservation of the integrity of the navigational system, related to the
notion of brain maintenance (Nyberg et al., 2012). For instance, hippocampal perfusion was
negatively correlated with reaction time on the spatial memory task in older adults, suggesting
the importance of physiological integrity in the aging hippocampus for maintaining superior
spatial memory (Heo et al., 2010).

Furthermore, functional integrity within the navigational network also likely contributes to
the preservation of spatial learning and memory in late adulthood. Diersch, Valdes-Herrera,
Tempelmann, and Wolbers (2021) investigated learning-related dynamics within the key
regions of the aging navigational network. Specifically, young and older participants learned
the spatial layout of a virtual town and performed pointing tasks while undergoing fMRI scan-
ning. Although an overall age difference was observed in both behavioral performance and
functional activations, the top and good learners in the older age group, similar to the young
participants, exhibited learning-related activity reduction in several brain regions, including
the anterior hippocampus. In addition, increased activity was observed in the RSC, which
corresponded to the progression of the behavioral learning curves. Moreover, older superior
learners also demonstrated stronger inhibitory self-connections in the anterior hippocampus
compared to older poor learners, mirroring the connectivity patterns observed in the young
participants. As aging has been associated with aberrant intrinsic excitability in the hippocam-
pus (Thomé, Gray, Erickson, Lipa, & Barnes, 2016), the results from Diersch et al. (2021)
hint at the contribution of preserved excitatory-inhibitory balance in the aging MTL to the
maintenance of successful spatial learning and cognitive mapping.

In addition to the hippocampus, EC is another crucial area responsible for spatial coding
in that the grid cell system encodes positional information (Hafting, Fyhn, Molden, Moser, &
Moser, 2005; Doeller, Barry, & Burgess, 2010; Stangl et al., 2018). The EC is affected by age-
related pathology such as tau deposition even earlier than the hippocampus (Braak & Braak,
1991; Stranahan & Mattson, 2010). Combining a behavioral PI task with functional MRI,
Stangl et al. (2018) showed that older adults had compromised grid-cell-like representations
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Fig. 6. Superior path integration performance in older participants linked to “youth-like” grid-cell-like repre-
sentation. (a) Within older participants, path integration error was negatively correlated with the magnitude of
grid-cell-like signals measured in fMRI. Importantly, individuals with “youth-like” grid-cell-like representations
(in the range of 0-0.2) also exhibited superior performance compared to their peers. (b) The subgroup of older
participants who were top-performers in path integration with body-based self-motion cues had preserved grid-
cell-like representation in EC, the magnitude of its six-fold symmetry on par with the group average of their
younger counterparts. Dashed line indicates the mean grid-cell-like representation magnitude of healthy young
controls. Adapted from Stangl et al. (2018).

in the EC, which was linked to poorer PI performance compared to the young participants.
Interestingly, within older participants, PI performance was significantly correlated with the
magnitude of grid-cell-like representations (Fig. 6a). Moreover, the top-performers in the
older age group also showed well-preserved grid-cell-like representations in the EC (Fig. 6b).
Together, these results indicate that preserved grid cell functions in the EC are critical for
superior PI performance in late adulthood.

Superior navigation performance in late adulthood might also be achieved through compen-
satory mechanisms that are adaptive to the evolving brain changes, pointing to an age-related
reorganization of the functional brain networks. Specifically, increased engagement of extra-
hippocampal regions in solving spatial tasks has been observed in the aging brain, including
the caudate, PFC, parietal cortex, and RSC (Moffat, Elkins, & Resnick, 2006; Moffat et al.,
2007). For instance, older good performers in a virtual MWM task had greater activations in
prefrontal regions compared to older poor performers (Reynolds, Zhong, Clendinen, Moffat,
& Magnusson, 2019). Moreover, increased connectivity between the parahippocampal place
area (PPA) and the occipital cortex and decreased connectivity between the lower-level visual
area and the hippocampus have been observed in older adults in comparison to young partic-
ipants. In response to the functional decline of the hippocampus through aging, such changes
in connectivity suggest a putative compensatory role of the PPA in navigation-relevant visual-
scene processing (Ramanoél et al., 2019).

Beyond the MTL, PFC, in particular, the medial PFC is critically involved in navigation-
relevant computations (Spiers, 2008; Ito, 2018) and shares extensive reciprocal connections
with other key regions of the navigational network, such as the hippocampus, EC, and
striatum (Euston, Gruber, & McNaughton, 2012). For instance, cells in the medial PFC
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seem to represent goal locations (Hok, Save, Lenck-Santini, & Poucet, 2005; Negrén-Oyarzo
et al., 2018), and a human patient with damage to the ventromedial PFC showed difficulty in
wayfinding but was able to successfully navigate if the goal location was repeatedly reminded
(Ciaramelli, 2008). Thus, the PFC might be essential in keeping the goal destination in WM
and assisting route planning/action monitoring to reach the goal.

With regard to aging, the PFC shows a loss of NMDA receptors and increased inhibition
of pyramidal cells due to GABAergic changes (Carpenter, Kelly, Bizon, & Frazier, 2016;
McQuail et al., 2016). Furthermore, age-related decrease in the PFC gray matter volume has
been observed in nonhuman primates (Alexander et al., 2008) and humans (Storsve et al.,
2014). Therefore, successful navigation and spatial memory performance in late adulthood
might be related to the preserved function of the PFC as well as its interactions with the
hippocampus in response to age-related alterations. Indeed, larger gray and white matter vol-
umes in the PFC were associated with better virtual MWM performance in older participants
(Moffat et al., 2007), hinting at the contribution of the structural integrity in the PFC to supe-
rior navigation/spatial learning in some older individuals.

Theta rhythm, a ~4—-12 Hz oscillation observed in the local field potential, is another
behaviorally and cognitively relevant physiological signature linked to learning and memory,
including episodic memory and spatial navigation (see Buzsdki & Moser, 2013, and Her-
weg, Solomon, & Kahana, 2020 for a discussion of the functional role of the theta rhythm in
complex cognitive processes). In the context of human navigation and spatial memory, theta
oscillations have been reported in the MTL, including the hippocampus and parahippocampal
gyrus (Ekstrom et al., 2005), as well as in cortical networks, such as the PFC and parietal cor-
tex (Kaplan et al., 2014). Theta oscillations across the MTL are responsive to spatial views
during goal-directed navigation or spatial updating (Ekstrom et al., 2005; Watrous, Fried,
& Ekstrom, 2011). Right hippocampal/parahippocampal theta activity is found to be modu-
lated by the spatial configuration of an environment in a virtual MWM task (Pu, Cornwell,
Cheyne, & Johnson, 2017). Moreover, an increase in theta power in the hippocampus and
parahippocampal gyrus precedes the retrieval of spatial information after learning a spatial
layout (Herweg et al., 2020).

In the context of aging, reduced theta and alpha oscillations in the left frontal cortex are
correlated with poorer cognitive mapping performance in older participants (Lithfous et al.,
2015). In contrast, older high performers who exhibited superior accuracy in a virtual-maze
navigation task had greater theta activity in the parahippocampal gyrus than younger controls
(Lithfous, Dufour, Bouix, Pebayle, & Després, 2018). This finding, together with heightened
functional connectivity between the PPA and visual areas, suggests a potential compensatory
role of the parahippocampal area in response to the aging hippocampus, in that the naviga-
tional network might rely more on extra-hippocampal resources.

The evidence reviewed above converges on the idea that the aging brain engages vari-
ous protective mechanisms in a dynamic way to achieve superior performance in late adult-
hood. In the case of superior navigators, both maintenance of the navigational network
(e.g., preserved structural/functional integrity in the hippocampus and EC) and functional
reorganization of the network (e.g., the compensatory roles of the parahippocampal gyrus,
including PPA, and the prefrontal area in relation to hippocampal declines) have been shown
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to contribute to superior spatial navigation/memory performance in some older individuals.
Thus, examining how these protective mechanisms jointly support the performance of older
superior navigators would be particularly informative for understanding cognitive aging in
general.

2.2. Preserved offline ripple activities contributing to successful consolidation of allocentric
spatial memory

The above discussions highlight the potential significance of both maintenance and com-
pensatory mechanisms during “online” encoding of spatial information. Another possible
contributing factor toward superior navigation in old age might be highly preserved mem-
ory consolidation. In rodents, temporally coordinated cortical-hippocampal reactivation is
observed during sharp-wave ripples (SWRs), short bouts (40-120 ms) of high-frequency
(140-250 Hz) oscillations, in postlearning sleep and rest periods. Such reactivation pat-
terns correlate with the cell firing patterns activated along a trajectory during spatial learning
(i.e., memory replay; for review, see Olafsdéttir, Bush, & Barry, 2018; Buzsaki, 2015). More-
over, disruptions of these offline reactivations impair subsequent retrieval of spatial memory
(Jadhav, Rothschild, Roumis, & Frank, 2016). Intracranial recordings in humans have also
reported similar SWR activities (though in humans, the frequency tends to be lower, ~100
Hz; Bragin, Engel, Wilson, Fried, & Mathern, 1999). Such ripple events are observed dur-
ing both quiet rest and nonrapid eye movement sleep and tend to co-occur with cortical slow
waves (Axmacher, Elger, & Fell, 2008; Logothetis et al., 2012).

In the context of normal aging, sleep physiology, as well as brain structures and neuro-
modulatory processes supporting consolidation mechanisms during sleep, are altered. For
instance, aged rats have fewer and less reliable ripple activities during postlearning rest
(Wiegand et al., 2016), suggesting a reduction in both quantity and quality of learning-induced
reactivations. Such age-related disruptions of postlearning SWRs might compromise mem-
ory consolidation and consequently lead to impaired spatial memory (Muehlroth & Werkle-
Bergner, 2020; Harand et al., 2012).

One study examined sleep-related spatial memory benefits in young and older adults
(Varga et al., 2016). Participants learned a target location while navigating through a virtual
maze, and their memory of the spatial layout of the maze was assessed both before and after
polysomnographically recorded sleep. At the group level, older participants performed worse
and did not exhibit significant improvements in maze performance after sleep. Corresponding
to the lack of overnight performance change, sleep quality in the older age group was char-
acterized by a decreased amount and increased fragmentation of slow-wave sleep. However,
regardless of age groups, frontal slow-wave activity (SWA) was positively correlated with
overnight performance change (Fig. 7a), as well as medial prefrontal cortical volume across
all participants (Fig. 7b). Critically, some older participants (highlighted by the red circle in
Fig. 7a) who had the highest proportion of SWA (within their age group) also demonstrated
the largest overnight improvement in virtual maze performance.

Slow-wave oscillations are thought to help orchestrate the cortical-hippocampal dialogue
by synchronizing SWR-associated reactivations with thalamo-cortical spindles, which drives
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the transfer of memory traces toward the neocortex for long-term storage (Buzsaki, 1996). The
correlation between frontal SWAs and spatial memory performance observed in Varga et al.
(2016) suggests: (1) an important role of the frontal areas, including the PFC in memory con-
solidation and retrieval; and (2) the crucial contribution of preserved slow-wave-associated
memory consolidation processes in maintaining superior spatial memory in old age. It will be
important to determine, with a combination of sleep recordings, functional neuroimaging, and
memory assessment, if the memory consolidation mechanisms, including sharp wave ripple-
associated replays and their interactions with the frontal-lead slow-wave oscillations, remain
intact in older superior navigators with “youth-like” spatial memory.

2.3. Preserved synaptic plasticity contributing to allocentric spatial learning

Closely related to the electrophysiological processes (co-occurrence of experience reacti-
vations in the hippocampus and neocortex) taking place in memory consolidation, synaptic
plasticity also plays a key role in information storage, including spatial memory formation.
Aging has a broad impact on synaptic communication and plasticity regulation, including
transmitter systems and intracellular signaling pathways, which in turn results in deficits in
learning and memory. Here, we briefly review evidence from the rodent literature as well
as recent in-vivo imaging studies with older adults, highlighting the importance of preserved
synaptic plasticity in successful cognitive aging (the mechanism through which synaptic plas-
ticity induces long-term/short-term memory is beyond the scope of this paper, but for reviews,
see Neves, Cooke, & Bliss, 2008; Takeuchi, Duszkiewicz, & Morris, 2014; also see Lester
et al., 2017 for a discussion in the context of aging).
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Intact coordination of presynaptic and postsynaptic glutamatergic components in the hip-
pocampus and its adjacent cortex has been linked to the successful formation of spatial
memories in late adulthood. For example, aged rats with intact allocentric spatial mem-
ory in the MWM show maintained postsynaptic ionotropic glutamate receptor levels in the
hippocampal-adjacent cortex, similar to those of young rats (Ménard et al., 2015). Further-
more, aged rats of the obesity-resistant LOU strain (this strain is marked by intact memory
despite aging) also had glutamatergic receptors and presynaptic vesicular glutamate trans-
porter levels on par with those of young rats.

Furthermore, sustained long-term depression, a form of synaptic plasticity critical for learn-
ing and memory, is also observed in the associative/commissural inputs to CA3 of aged rats
with intact MWM performance (Yang et al., 2013). In addition, youth-like synaptic protein
expression is preserved in the hippocampal complex of aged-unimpaired rats, such as pre-
served PRDXG6 levels in the dentate gyrus and elevated hippocampal BDNF (brain-derived
neurotrophic factor) mRNA expressions. Such preservation is shown to support intact spatial
learning (Lubec et al., 2019; Schaaf et al., 2001). Given that the cognitive mapping ability
is critically involved in solving the MWM task, the rodent studies reviewed here provide an
important clue to understanding the contribution of preserved synaptic integrity to allocentric
memory processing.

Recent advances in in-vivo positron emission tomography (PET) imaging have also brought
us corroborating evidence of the importance of synaptic integrity in human cognitive aging.
For instance, significant reductions of synaptic density have been reported in the hippocam-
pus of B-amyloid-positive AD patients (Chen et al., 2018), in the right anterior hippocam-
pus extending to the EC in amyloid-positive patients with mild cognitive impairment or
AD (Bastin et al., 2020), compared to age-matched healthy controls. Moreover, deficits in
hippocampal synaptic vesicle glycoprotein 2A binding (a biomarker for synaptic density)
were associated with declines in episodic memory scores (Chen et al., 2018), general cog-
nitive functions, and, interestingly, patients’ unawareness of their memory problems (Bastin
et al., 2020). Furthermore, a direct link between an increased deposition of tau and a loss of
synaptic density has been observed in the MTL of prodromal AD patients (Vanhaute et al.,
2019; Becker, Dammicco, Bahri, & Salmon, 2020). Together with the evidence from rodent
research, these results reveal a potentially critical role of preserved synaptic plasticity in suc-
cessful cognitive aging. With the development of new PET tracers, future imaging studies will
provide an exciting insight into understanding the molecular mechanisms of synaptic integrity
that underlie preserved spatial navigation/memory functioning.

3. How are older superior navigators related to SuperAgers?

As stated in the Introduction, spatial memory/navigation and episodic memory are two
highly connected cognitive processes. On the cognitive level, episodic memory consists
of information about the location (“Where”), the content (“What”), the temporal context
(“When”) of one’s experience, and the associations among these components (Tulving,
2002). Successful retrieval of episodic memory is thus contingent on successful retrieval of
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relevant spatial memory, even though not all episodic memories contain spatial components.
Mirroring this self-referenced aspect of episodic memory, navigation also contains a strong
egocentric coding scheme in which movement and spatial information is often acquired and
integrated egocentrically (Buzsdki & Moser, 2013). A recent study provides corroborating
behavioral evidence for the link between these two processes because young adults, who
performed better in a PI task, also showed better episodic but not better semantic memory
(Committeri et al., 2020).

On the level of neural computations, the same neural circuits support both episodic mem-
ory and spatial memory/navigation processes, including the MTL, and neocortical areas, such
as the parietal cortex and PFC (Hirshhorn, Grady, Rosenbaum, Winocur, & Moscovitch,
2012; Robin et al., 2015; Eichenbaum, 2017). Furthermore, the various types of spatially
modulated cells in the hippocampal-entorhinal network are also proposed to play impor-
tant roles in human episodic memory. In particular, the entorhinal-hippocampal loop might
essentially code the topology of experience organized in temporal orders (Rueckemann et al.,
2021; Buzsdki & Moser, 2013; Bellmund, Polti, & Doeller, 2020). Furthermore, hippocam-
pal remapping, the phenomenon where hippocampal place cells change their firing fields
(or firing rates) in response to environmental changes, has been proposed as a potential mech-
anism to resolve memory interference both in spatial memory and episodic memory retrieval
(Moser, Rowland, & Moser, 2015). Several functional MRI studies with human participants
have provided tentative evidence that hippocampal remapping might contribute to the suc-
cessful retrieval of interfering spatial memory (Kyle, Stokes, Lieberman, Hassan, & Ekstrom,
2015), as well as the successful retrieval of interfering episodic associations between similar
scene and object images (Wanjia, Favila, Kim, Molitor, & Kuhl, 2021).

Similar to the development of navigation/spatial memory abilities in late adulthood,
episodic memory also deteriorates within the course of normal aging (Shing et al., 2010).
For instance, older adults show reduced precision of episodic memory retrieval (Korkki,
Richter, Jeyarathnarajah, & Simons, 2020), a deficit in associative binding of episodic features
(Shing, Werkle-Bergner, Li, & Lindenberger, 2008), as well as a decline in the cognitive con-
trol processes necessary for encoding and retrieval of episodic memory (Shing et al., 2008).
These behavioral deficits also correspond to the age-related declines in relevant brain regions
(Tromp, Dufour, Lithfous, Pebayle, & Després, 2015; Shing et al., 2008), in particular, the
MTL (responsible for associative binding and the vividness of episodic memory recollection)
and PFC (responsible for the cognitive control processes), respectively.

However, increased interindividual performance variability in advanced age has also been
documented in episodic memory tasks (Nyberg & Pudas, 2019). A subgroup of older adults
referred to as SuperAgers with exceptional episodic memory has drawn particular research
interest. SuperAgers are typically defined as older adults aged 80+ who show episodic
memory on par with or above the average performance of individuals in their 50s and 60s
(Rogalski et al., 2013) or even young adults (Hoenig, Willscheid, Bischof, van Eimeren, &
Drzezga, 2020).

Given the extensive overlap in the underlying neural resources, it is reasonable to speculate
that episodic memory and spatial navigation performance might be highly interconnected.
One way to further explore this link is to examine navigational and spatial memory abilities in
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SuperAgers as well as episodic memory in older superior navigators. Fully characterizing the
cognitive abilities of these two groups of older adults can help to answer whether successful
navigation in advanced age could contribute to superior episodic memory (or vice versa).

So far, research has focused on which factors lead to better episodic memory performance
in SuperAgers in terms of brain, lifestyle, and genetic differences. To our knowledge, there
is no study directly assessing spatial memory and navigation functions in this cohort. How-
ever, SuperAgers exhibit a higher degree of structural and functional integrity in various brain
regions that are the key sites of the spatial memory/navigational network, including the MTL.
For example, when compared to cognitively normal peers, SuperAgers have larger hippocam-
pal volume (Harrison, Maass, Baker, & Jagust, 2018) and larger gray matter volume in the
hippocampus, EC, and parahippocampal gyrus. Additionally, they experience reduced gray
matter volume loss over time in the same regions (Pascual et al., 2020). Superagers also
have many viable neurons in the hippocampal-entorhinal circuits, which may indicate bet-
ter maintenance of the MTL in relation to successful cognitive aging (Rogalski et al., 2019).
Furthermore, they have fewer neurofibrillary tangles in the EC by three-fold, compared to
age-matched cognitively normal older adults, and by 100-fold, compared to AD patients.
These observations hint at a better maintenance of the EC in this cohort (Gefen et al., 2021).

Similarly, preserved functional integrity of the EC is also observed in superior older navi-
gators. As mentioned in the preceding section, a subgroup of older adults (63-81 years) who
performed equally well as their younger counterparts in PI also had preserved grid-cell-like
signals in the EC. In contrast, the poor performers in the older age group exhibited reduced
magnitude in grid-cell-like representations (Stangl et al., 2018). These results, together with
the preserved structural integrity observed in the EC of SuperAgers, lead to the speculation
that SuperAgers might also excel in spatial memory/navigation tasks, similar to older superior
navigators.

Beyond its role in coding for “spatial-maps,” grid-like coding observed in the EC and ven-
tromedial PFC has also been shown to track nonspatial, abstract relations when human par-
ticipants navigated through conceptual space (Constantinescu, O’Reilly, & Behrens, 2016;
Garvert, Dolan, & Behrens, 2017). Considering these studies, the grid cell system, together
with hippocampal place cells, might have a broader role in organizing general knowledge and
nonspatial experience into relational configurations. Hence, with highly maintained struc-
tural and functional integrity of the hippocampal-entorhinal circuit in both SuperAgers and
older superior navigators, episodic memory and navigation/spatial memory abilities of the two
cohorts might be closely related. The aforementioned study by Reagh et al. (2016) provides
preliminary evidence that SuperAgers might indeed be superior navigators. Specifically, older
adults with better episodic memory performed comparably to young adults in a 2D spatial
discrimination task, demonstrating a potential connection between superior episodic memory
and superior spatial navigation abilities in late adulthood.

In addition to the preserved structural and functional integrity of the MTL, SuperAgers
also have greater cortical thickness in other core regions of the navigational network, includ-
ing the anterior cingulate cortex and PFC (Harrison et al., 2012). As previously stated, the
PFC is involved in encoding goal locations (Hok et al., 2005; Ito, 2018) and might serve as a
compensatory mechanism for spatial navigation in response to age-related negative impacts
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(Reynolds et al., 2019). Moreover, both the prefrontal and anterior cingulate cortices are
involved in backtracking and reevaluating actions when reorienting during navigation (Javadi
et al., 2019). Superior structural and functional integrity in these regions overall might help
SuperAgers to succeed in navigation/spatial memory tasks.

Older superior navigators and SuperAgers might be two overlapping groups in that
resilience in shared neural resources could ensure preserved performance in both episodic
memory and navigation/spatial memory domains. However, given the complexity and multi-
faceted nature of navigational tasks, superior episodic memory alone is insufficient for achiev-
ing exceptional navigation performance. It remains to be seen if older superior navigators and
SuperAgers perform similarly in both navigation and episodic memory tasks. Exploring the
link between SuperAgers and older superior navigators is particularly important for assessing
the connection between episodic memory and spatial navigation, which might shed additional
light on hippocampal/MTL functioning in general.

Alternatively, the two groups might not be overlapping in that older superior naviga-
tors might show average performance on episodic memory and vice versa. Such results
would speak to the importance of rethinking the concept of SuperAgers. Apart from superior
episodic memory, superaging might also encompass preservation in other aspects of cognitive
functions, including spatial memory/navigation. Future studies can help differentiate the neu-
ral, behavioral, and environmental factors leading to these various types of superaging, which
would provide a more comprehensive understanding of successful cognitive aging.

4. Future directions

Numerous studies have reported a decline of navigational functioning in healthy aging.
However, these comparisons typically look at age effects at the group level, often neglecting
the fact that the aging population is tremendously heterogeneous. Converging evidence from
studies using a variety of navigation/spatial memory tasks has demonstrated that subgroups of
older adults exhibit remarkable navigational abilities on par with their younger counterparts.
Such well-maintained abilities might result either from neural computations unaffected by
aging or from compensatory mechanisms. We list below some pertinent questions for future
studies.

What are the cognitive profiles of superior navigators in advanced age? How do they per-
form across various spatial learning/navigation tasks? As discussed above, navigation/spatial
memory is multifaceted, and different navigation/spatial learning tasks recruit related but
differential cognitive processes. Older superior navigators might show individual variability
in the types of spatial abilities that are preserved. Characterizing the behavioral/cognitive pro-
files in this cohort across different types of tasks, both navigation-specific and domain-general
(e.g., attention and EFs, mental imagery), would provide further insight into common as well
as navigation-specific cognitive resources underlying different spatial learning/navigational
processes.

What is the link between superior navigators in late adulthood and SuperAgers? Future
studies are needed to compare the behavioral, cognitive, and neurophysiological profiles
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between the two cohorts to better understand how computations across the MTL contribute
to episodic memory and spatial navigation/memory. Furthermore, to draw meaningful com-
parisons between episodic memory and spatial memory/navigation functioning, it is also
necessary to establish spatial memory/navigation tasks with high validity and reliability for
large-scale assessments with different age and/or demographical cohorts (corresponding to
the standardized assessments already implemented in other cognitive domains).

Even more importantly, longitudinal studies are needed to investigate long-term develop-
mental trajectories of older superior navigators. In the case of normal and pathological aging,
cognitive abilities decrease as age progresses, with pathological aging typically leading to a
more pronounced decline compared to normal aging. In contrast, successful aging—marked
by the absence of impairment in cognition—might be attributed to a larger reserve in spite of
a comparable decline compared to the progression observed in normal agers, to differential
developmental trajectories, or to a combination of both possibilities (Fig. 1a). For instance, do
older superior navigators already perform exceptionally well compared to their peers in early
and middle adulthood despite experiencing an amount of decline similar to normal agers? Or
do these individuals experience a slower-than-average decline, albeit equivalent performance
in early adulthood in comparison to normal performers? These possibilities speak to different
protective mechanisms that the brain engages in response to the deleterious consequences of
aging. Tracing the long-term progression of spatial navigation abilities in older superior nav-
igators as well as normal agers is thus essential for understanding the development of their
spatial cognition across the lifespan.

Both animal and human research have provided tremendous insight into age-related
changes in the cellular-, molecular-, and network-level mechanisms underlying spatial cog-
nition and episodic memory and the subsequent behavioral outcomes (i.e., changes in task
performances). However, the behavioral paradigms used to assess navigation/memory func-
tions across the two disciplines are often not fully consistent regarding the cognitive processes
they tap into. For example, whether the navigation tasks used in rodent studies reflect the same
complexity of the cognitive processes involved in navigation tasks used in human studies, or,
what an equivalent episodic memory task would be in the context of animal research, would
have a direct impact on how well the cellular/molecular findings (usually based on animal
studies) could translate to the network-level results (usually based on human fMRI studies).
Such inconsistency in the behavioral paradigms can make it difficult to obtain conclusive evi-
dence for understanding the fundamental mechanisms underlying cognitive aging. Moving
forward, it would be particularly worthwhile for the field to establish comparable naviga-
tion/memory tasks that are suitable for both human and animal studies in order to bring a
synergized understanding of cognitive aging from across the neurochemical, cellular, and
network systems.

Finally, understanding how navigational abilities are well maintained in older superior
performers would be especially helpful for promoting successful aging in the broader popu-
lation. Spatial navigation is ubiquitous in daily life, and being able to find our way is essential
for maintaining a sense of autonomy and independence. Older adults often report a decrease
in their navigational abilities, which can lead to compromised mobility and decreased
psychological well-being. Unveiling the “secrets” that work for older superior navigators,
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including efficient navigation strategies and relevant lifestyle factors, is the first step toward
designing evidence-based, targeted intervention/cognitive training programs for “normal
agers.”
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