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Abstract

Spatial navigation and memory are often seen as heavily intertwined at the cognitive and neural 

levels of analysis. We review models that hypothesize a central role for the medial temporal lobes, 

including the hippocampus, in both navigation and aspects of memory, particularly allocentric 

navigation and episodic memory. While these models have explanatory power in instances in 

which they overlap, they are limited in explaining functional and neuroanatomical differences. 

Focusing on human cognition, we explore the idea of navigation as a dynamically acquired skill 

and memory as an internally driven process, which may better account for the differences between 

the two. We also review network models of navigation and memory, which place a greater focus 

on connections rather than the functions of focal brain regions. These models, in turn, may have 

greater explanatory power for the differences between navigation and memory and the differing 

effects of brain lesions and age.

Spatial navigation and memory processing share some important commonalities. For 

example, if you want to take a short cut between two familiar paths on campus, you need to 

have some memory for how the unseen paths are oriented in terms of their spatial geometry. 

In this way, memory plays an important role in guiding our decisions during navigation. 

Accordingly, some models of navigation and memory have placed a heavy emphasis on their 

similar underlying cognitive processes and, by some accounts, their dependance on largely 

overlapping brain structures (for relevant reviews and theoretical proposals, see1, 2, 3, 4, 5, 6). 

The core idea behind these models is that some form of memory representation involving the 

directions and distances of locations relative to each other (and the navigator) is central to 

much of wayfinding. The medial temporal lobe has often been a focus of the commonalities 

between navigation and memory, with a particular focus on the hippocampus.
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It is also increasingly clear that spatial navigation and memory involve substantial 

differences, both cognitively and in terms of the underlying brain structures and neural 

mechanisms that support them. While the commonalities between navigation and memory, 

such as those between allocentric navigation and episodic memory, are highly relevant to 

understanding the two, we will also review recent literature and models emphasizing their 

differences. Navigation can perhaps best be conceived as involving continuous sensory 

input, be it idiothetic (body-based, such as vestibular) or visual (including optic flow and 

landmarks), involving learning how to weight different cues and employ different heuristics 

depending on environmental demands. In contrast, episodic memory can be thought of as a 

largely internally driven process that, while often dependent on an initial cue, can function 

largely independently of external cues once initiated.

In this review, we will discuss current models of navigation and memory and the 

explanations they provide in terms of their functional similarities and differences. As part 

of these considerations, we will cover models that place a heavy emphasis on a role for 

the medial temporal lobes in both memory and navigation, particularly, episodic memory 

(i.e., event-memory) and allocentric navigation (i.e., wayfinding with reference to multiple 

external landmarks). We will also explore the idea that navigation and memory involve 

important differences. This will lead us into consideration of network models, which 

place greater weight on the connections between brain areas rather than the computational 

functions of a focal brain region, such as the hippocampus. We will also consider the 

explanatory power of focal and network models of navigation and memory in the context 

of brain lesions and aging, both of which are thought to affect navigation and memory 

performance.

Navigation as a dynamically acquired complex cognitive motor skill

In many situations, memory is undoubtedly a part of successfully navigating from one 

location to another. It is increasingly clear, however, that navigation has fundamental 

differences from memory. Navigation can be thought as involving two fundamental forms 

of sensory input: idiothetic and visual cues. Idiothetic cues involve changes in vestibular, 

somatosensory, proprioceptive, and motor efferent signals which are continuously present 

as we move our body through space. Visual cues, including optic flow (which provides 

additional idiothetic cues) and perception of external landmarks and boundaries provide 

input that, when integrated with internally generated body-based idiothetic cues, can be 

used to compute relative distances, directions, and track one’s location in space. As pointed 

out in other papers, this typically involves a dynamic comparison between idiothetic and 

visual cues which, in many cases, may involve little need for detailed memory about 

previous locations7, 8. Consider the simple task of finding something to eat. When searching 

for a restaurant, you have some idea about how far you have walked based on your body-

senses (i.e., idiothetic cues); as you ambulate, you actively look for the restaurant you are 

searching for (i.e., beaconing to a landmark). More generally, navigation likely involves a 

continuum of demands on memory, with some forms of navigation placing little demand 

on memory (e.g., beaconing, Figure 1A) and others placing greater demands on memory 

(e.g., wayfinding, Figure 1A,B). A critical part of successfully navigating is knowing what 

sensory information (idiothetic vs. visual) and what forms of memory are most optimal to 
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the situation at hand; in this way, navigation may better reflect a dynamically acquired skill 

rather than a map-like memory for a spatial environment.

In two recent studies9, 10, the environment participants navigated previously (for example, 

when growing up) influenced how they navigated their current environment. In one large 

sample study involving millions of participants collected using the mobile app “Sea Hero 

Quest” (SHQ), those who reported growing up outside of a city consistently performed 

better on measures of wayfinding. Likewise, those who grew up in locations with higher 

“entropy” (curvier and less organized street grids) showed better navigation performance. 

Interestingly, better wayfinding performance on levels of SHQ with greater entropy 

correlated with growing up in less grid-like environments, suggesting that the environment 

one grows up in influences navigation9. The study also found a correlation (r=.1) between 

video game skill and SHQ performance. Therefore, it is important to validate these basic 

findings in real-world settings because of the lack of self-motion cues in desktop virtual 

reality may not fully capture real-world navigation11 and previous computer experience may 

benefit virtual navigation, a particular issue when studying older adults12.

The observation that navigational skills can be strongly affected by one’s home environment 

is supported by a recent study that compared participants living in Salt Lake City, Utah 

with Padua, Italy. Salt Lake City has a low entropy grid orientation with distal mountain 

landmarks surrounding the city) while Padua lacks a geometrical organization and instead 

requires learning paths based on proximal landmarks.10 Both groups of participants were 

matched in terms of age, education, and mental rotation abilities. Nonetheless, they showed 

significant differences in performance on a virtual version of the Morris Water Maze, 

which involves memory for a hidden target location, and the dual solution paradigm, which 

provides measures of taking short cuts and wayfinding13. Padua participants outperformed 

Utah participants at using proximal cues to navigate and taking short cuts, although 

interestingly, Salt Lake City participants did not show a greater likelihood to use distal 

cues. Padua participants also showed better performance at pointing to real-world familiar 

landmarks than those from Salt Lake City. These findings, similar to those obtained from the 

SHQ app, suggest that past experience strongly shapes current navigational ability.

Consistent with an influence of how past geographical experiences can affect navigation, 

an emerging perspective suggests that navigation might be better thought of as a complex 

cognitive-motor skill that can take years to develop and is often specific to the environment 

in which the navigator has the most experience (for a review and discussion of these 

ideas, see14). Take for example the Puluwat sailors of the south pacific who navigate, 

in some cases, thousands of miles of open ocean with no external aids. The Puluwat go 

through years of apprenticeship to master the ocean and wind currents, track star positions 

throughout the night, and learn heuristics for maintaining a constant bearing when exiting 

an island15. Contrast this with wilderness orienteering, which involves counting steps and 

memorizing unique combinations of mountain features and other local cues to track one’s 

bearing16. In the case of the Puluwat, navigation is finely tuned for the ocean environment 

(e.g., ocean and wind currents) while for wilderness orienteers, skills are developed and 

focused on land-based features. The idea of navigation as a skill is also consistent with 

the well-noted individual differences in navigation17, 18, which may stem in part from the 

Ekstrom and Hill Page 3

Neuron. Author manuscript; available in PMC 2024 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different environments, conditions, and other factors that navigators experience throughout 

a lifetime. The idea of navigation as a skill may also help differentiate it from episodic 

memory, which (during retrieval) involves largely internally generated signals in response to 

verbal or non-verbal cues, rather than the continuous visual and vestibular updating typically 

characteristic of navigation.

Navigation is often conceptualized as involving decomposable systems comprised of 

egocentric and allocentric reference schemes. Egocentric navigation involves the use of 

objects or landmarks referenced to the navigator’s current position. This often involves 

retracing a well learned route or following a sequence of salient landmarks (e.g., take a left 

at the second stoplight and then turn right at the 7-Eleven). In contrast, allocentric navigation 

involves triangulating positions in reference to external landmarks rather than oneself (e.g., 

the student union on campus is located a certain distance and direction from other campus 

buildings). Allocentric navigation can allow for finding a target from a new location because 

the target is referenced to external landmarks, whose position stays constant, rather than the 

navigator, whose position changes continuously. The ideas of episodic / semantic memory 

and egocentric / allocentric navigation have played major roles in models focused on the 

similarities between navigation and memory, with models either hypothesizing converging 

brain circuits for episodic memory and allocentric navigation or for episodic memory / 

egocentric navigation and semantic memory / allocentric navigation1, 5, 19, 20, 21, ideas we 

explore critically in the neuroanatomical foundations section.

One of the difficulties in investigating allocentric vs. egocentric navigation relates to how we 

operationalize these terms and how easily one can be separated from the other. This relates 

to classically and frequently employed spatial navigation tasks such as the Morris Water 

Maze22. In these tasks, finding a hidden platform using distal cues is compared with finding 

the same platform when a brightly colored cue is placed above it22. The cue card, though, 

acts as a beacon, in which no spatial coordinates or spatial memory are required because 

it is visible from any location of the Morris Water Maze. The authors of some papers 

have pointed out that the appropriate control would be restarting from the same starting 

point23. Even if one observes a deficit for the so-called allocentric (repeated start location) 

vs. egocentric (repeated start location), it is not clear if this is due to impaired flexibility, 

difficulty, rotating an egocentric representation, or other task-related differences24, 25, 26. 

Nonetheless, despite some limitations in their explanatory power, egocentric/allocentric and 

episodic/semantic labels are often used to better isolate aspects of navigation and memory to 

specific neural systems and are terms we will consider in more detail as relates to underlying 

brain systems.

Declarative memory as a largely internally driven process

Memory is often divided broadly into declarative and non-declarative (e.g., procedural 

memory), with declarative memory further divided into episodic and semantic. Although 

navigation involves many procedural components, episodic and semantic memory have 

played significant roles in models of memory and navigation due to proposed commonalities 

with egocentric and allocentric navigation. Episodic memory, or memory for unique events 

in time and space, is strongly referenced to the self, allowing for mental time travel, termed 
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autonoetic consciousness. Semantic memory, or memory for concepts or general facts, does 

not involve unique events nor strong anchoring in space and time27. Both episodic and 

semantic memory are often strongly verbal (sometimes referred to together as “declarative” 

memory28) and can be thought of as internally-driven. One example is verbal free recall, 

in which a participant studies a list of words and then recalls the words in any order. 

Computational models of memory suggest the encoding of the presented words occurs 

via internally generated associations, such as semantic associations and the spatiotemporal 

context29. Retrieval can operate almost completely independently of any external cues (other 

than “remember the list”). It also works perfectly well when stationary, somewhat in contrast 

to navigation, which benefits from path integration, the computational process of combining 

self-movement cues like optic flow and/or body-based idiothetic cues (Figure 1A)30.

There are important exceptions to the distinction between memory as largely internally 

driven and navigation as based largely on externally driven cues. As mentioned above, one 

form of memory involves non-declarative memory (“termed procedural memory”), which 

likely has significant overlaps with much of navigation. For example, a major component 

of memory likely involves procedural learning based on visuo-motor, visuo-tactile, and 

vestibulo-motor interactions, all of which play critical roles in way finding and whose 

impairment, in cases of cerebellar lesions, also lead to significant deficits in navigation31. 

In addition, verbal memory in everyday situations (rather than lab-based situations) may 

be more akin to navigation in terms of the continuous availability of externally generated 

cues. Nonetheless, such studies of memory in everyday situations (like recalling a visit 

to the museum32) emphasize the importance of internally-generated temporal context to 

both the success of encoding and retrieval of memories from the visit32. Finally, just 

as was discussed above for navigation33, episodic and semantic memories likely exist 

along a continuum and are often highly intertwined, even in lab-based situations. This is 

suggested by the high degree of overlap between the network of brain regions activated 

for recollective tasks (involving retrieving details associated with an encoded stimulus and 

thought to place greater demands on episodic memory) and conceptual processing (thought 

to place greater demands on semantic memory)34. Nonetheless, as will be discussed in 

more detail, meta-analyses comparing episodic/semantic tasks with allocentric/egocentric 

navigation tasks suggests only partial, and in some cases, no overlap between putative 

memory and navigation networks35.

Like navigation, verbal memory undoubtedly benefits from training although the 

manifestations are different than those for navigation training. Schema are a form of verbal 

semantic and non-verbal organization that helps improve memory by providing a scaffold 

on which to remember words, such as the method of loci36. While schema may share 

commonalities with those acquired through navigation (for a recent review, see3), there 

are also important differences between the schema employed for allocentric/egocentric 

navigation and episodic memory. Navigational schemas involve gradually learning the 

spatial structure of specific environments37 which may not always improve spatial memory. 

Consider for example the Borhost-Cates et al.10 study discussed above: those who grew up 

in a grid-like city had a disadvantage when trying to remember non-grid like environments 

while those navigating cities with non-regular paths had an advantage navigating. In 

contrast, both spatial (such as the method of loci) and temporal (autobiographical timelines) 
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show equal benefits to verbal free recall38 and even emotionally-based schema may 

benefit memory36. It is unclear, however, how an autobiographical timeline or emotional-

associational schema would benefit the more complex spatial representations often needed 

for successful navigation.

One way to view how training might differentially effect navigation compared to declarative 

memory is through the lens of individual traits, which may in turn interact with the ease 

of acquisition of spatial compared to verbal memory skills. A study by Malanchini et 

al. 202018 collected virtual navigation and neuropsychological data from a large group of 

monozygotic and di-zygotic twins, finding that both genetics and environment explained 

significant components of spatial navigation independent from other psychometric measures. 

Fan et al. 2021 collected a large sample (N=7,000) of participants who completed a survey 

about their self-assessed navigation, visual imagery for objects, visual imagery for space, 

and memory for events (i.e., episodic memory)39. The authors found that spatial navigation 

and memory ratings clustered separately based on a principal component (PCA) and partial 

least squares analysis. In addition, the authors found that episodic memory abilities tended to 

correlate with object imagery ratings while spatial navigation skills tended to relate to spatial 

imagery skills; for similar findings, see Malanchini et al. 2020. Together, these findings 

suggest that different traits may lead to different levels of performance at navigation and 

declarative memory (for a review, see40). For example, those with better spatial reasoning 

and quantitative skills may be better navigators while those with better visual imagery skills 

may have better episodic memories39. In addition, such traits may result in one individual 

being more amenable to training and development in one domain compared to another.

A recent paper by Waddington & Heisz 202341, who studied 150 orienteers (highly skilled 

wilderness navigators16), provides further evidence for the idea of navigation as a highly 

tuned cognitive-motor skill and as distinct from declarative memory. The orienteers studied 

had years of experience navigating in the wilderness as part of competitions using only a 

compass and map, often navigating off trail for miles. The questions specifically tasked what 

the authors hypothesized to be allocentric, egocentric, and procedural forms of navigation 

(with procedural navigation probably best related to the aforementioned beaconing). They 

were compared with a control group that exercised but did not participate in orienteering. 

The orienteers also answered questions about their episodic and semantic memory using 

the survey of autobiographical memory (SAM) used in the Fan et al. study39. The authors 

found that, depending on years of experience, orienteers endorsed greater use egocentric 

and allocentric strategies, with no difference between the two, significantly above what 

control participants endorsed. In contrast, there were no differences between controls and 

any of the orienteering groups for the SAM questionnaire. These findings support the idea 

that individual traits for highly skilled navigation and episodic memory likely develop 

independently, also supporting the idea that skilled navigators likely use a mixture of 

strategies involving egocentric and allocentric navigation to effectively find their way.
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Navigation and memory: Neuroanatomical models that postulate 

emergence from computations in the medial temporal lobes

There are two broad perspectives when it comes to comparative models of memory and 

navigation centered within the hippocampus, which we term “focal brain models.” The first 

set of models we will consider postulates that allocentric navigation and episodic memory 

emerge from computations centered within the hippocampus4, 5, 19, 20. A central feature 

of these models is that allocentric navigation emerges via the computational properties of 

place cells, neurons in the hippocampus that fire at distinct spatial locations. Likewise, 

integration of hippocampal place and time cells (neurons that fire differently for different 

time durations) are conjectured to encode spatial and temporal dimensions of episodic 

memories, respectively4.

Much of the support for models that place a primary role for the hippocampus in allocentric 

navigation and episodic memory come from single cell recordings and lesion studies, both 

largely (although not exclusively) in rodents. As mentioned, place cells, first described in the 

rodent hippocampus42, may support aspects of allocentric navigation, but are also specific to 

a spatial environment. In this way, place cells provide a spatial code that can help partially 

differentiate a memory; hippocampal time cells may further help define episodic memories4. 

Hippocampal lesions disrupt the rodent’s ability to find a target based on distal landmarks 

compared to finding a beacon or finding the target from the same location22, 23, which is 

possibly supportive of an allocentric deficit (but see24, 25, 26) . Hippocampal lesions also 

affect temporal order memory in rodents, a critical part of episodic memories22, 43

In humans, the intersection between allocentric navigation, episodic memory, and 

hippocampal function is almost certainly more complicated. Two classically studied patients, 

H.M. and E.P., both experienced bilateral medial temporal lesions (due to resection and viral 

encephalitis, respectively), resulting in dense amnesia44, 45, 46, 47, 48, providing an early lead 

for the importance of the human hippocampus to episodic memory28, 46, 49, 50. Notably, 

the effects of hippocampal lesions in patients H.M. and E.P. were not exclusive to episodic 

memory, and included more subtle deficits in perception, working memory function, and 

semantic memory46, 48, 51, 52; for relevant reviews, see50, 53. Moreover, later histology work 

suggested that the bilateral surgical resection that H.M. received also damaged areas of his 

orbital frontal cortex and diencephalon, with much of his posterior medial temporal lobes 

(posterior hippocampus and posterior parahippocampal cortex) intact54. In this way, while 

both patients H.M. and E.P. provided support for the importance of the medial temporal 

lobes to episodic memory (and, to a lesser extent, other aspects of cognition), both patients 

involved incomplete lesions to the medial temporal lobes, with H.M., in particular, involving 

several lesions outside of the hippocampus.

With regard to navigation, while patient E.P. showed difficulty remembering recent 

navigational experiences, his ability to verbally navigate the neighborhood he grew up 

in was largely intact46, 47. H.M., despite his dense amnesia, drew accurate maps of the 

apartment he lived in decades following the insult to his brain, was able to navigate around 

town on his bicycle, and performed comparable to controls on some assays of allocentric 

navigation involving the Morris Water Maze45, 55. The findings for patient E.P. and H.M., 
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although sometimes used to support the idea that recent memories are dependent on the 

hippocampus while remote memories are dependent on other brain regions28, would also 

be consistent with the idea that medial temporal lobe lesions have less of an effect on 

allocentric navigation than episodic memory.

Given that patients E.P. and H.M. were single case studies and involved idiosyncratic 

brain lesions, it is necessary to turn to other patients with medial temporal lobe lesions 

to understand the extent to which memory loss and navigation deficits are correlated. 

Some studies have reported that patients with lesions to the medial temporal lobes show 

deficits in virtual or real-world versions of the Morris Water Maze during navigation 

using distal cues56, 57 (i.e., allocentric navigation). The most robust deficits, however, are 

typically observed when comparing to the condition involving finding the bright cue card 

marking the target location (i.e., beaconing condition) and not when remembering from a 

repeated start location (i.e., egocentric navigation). In addition, consistent with other studies, 

the impairments in spatial memory following medial temporal lobe lesions are typically 

incomplete, suggesting some retained memory for the hidden location58, 59, 60. Patients with 

medial temporal lobe lesions and amnesia also draw overall geometrically accurate maps of 

neighborhoods they have lived in, even recently, although they are lacking some details61. 

Medial temporal lobe patients with amnesia can also use maps to successfully navigate 

despite little memory for the locations themselves62. These studies, however, involved 

patients with varying degrees of amnesia and medial temporal lobe lesions and it is possible 

that the partial (and in some cases, complete) preservation of navigation could have emerged 

due to partial amnesia.

In one study to address this issue in detail (Figure 2A,B), McAvan et al. (2022)63 tested 

a patient with dense amnesia, so profound that he was determined as having no episodic 

memory. The patient also had bilateral lesions to his medial temporal lobe due to multiple 

strokes. The patient was tested in an immersive virtual spatial navigation task in which 

he wore a head-mounted display and learned the locations of three objects in a room by 

walking to them. He then recalled the locations of the hidden targets in the room by walking 

to where he thought they were located and clicking a button on a hand-held controller. The 

patient performed comparably to a group of age-matched healthy controls and well-above 

permuted chance performance based on his memory for all of the targets63. The patient 

did not show a deficit in putative allocentric compared to egocentric navigation, which 

was assayed by comparing memory for the hidden target from a new (i.e., allocentric 

navigation) compared to a repeated (i.e., egocentric navigation) start point. These findings 

suggest that episodic memory and navigation deficits are not always correlated and suggest 

that allocentric navigation and episodic memory may be supported by at least partially 

independent brain systems.

A second set of focal brain models stress the commonality between allocentric navigation 

and semantic memory based on the idea that they both involve some degree of generalization 

of egocentric navigation and episodic memory, respectively1, 64. According to these models, 

allocentric navigation and semantic memory are thought to depend on brain structures 

outside of the hippocampus, such as the entorhinal cortex65. These models also propose 

that spatiotemporal computations in the hippocampus provide a fundamental link between 
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egocentric navigation and episodic memory1. A recent study reported egocentric vector cells 

in the human hippocampus66, providing some support for egocentric/episodic models (e.g., 

see1); on the surface, computing distances between concepts and distances in allocentric 

space has commonalities65 and is supported by empirical work67.

Additional empirical data provide some challenges to models postulating a functional 

equivalence between egocentric navigation and episodic memory and allocentric navigation 

and semantic memory. A large-sample meta-analysis of fMRI studies found many areas 

that did not overlap between episodic memory and egocentric navigation. Perhaps most 

problematic, a contrast of activation clusters for allocentric navigation and semantic memory 

showed no overlap at all35. In addition, a contrast of episodic memory > navigation revealed 

clusters of activation within the prefrontal cortex and hippocampus while a contrast of 

navigation > episodic memory revealed clusters of activation in more posterior regions, 

including retrosplenial cortex/precuneus (Figure 3). Additional theoretical considerations 

also pose some obstacles for these models. Semantic memory involves verbal associations 

that can be learned in artificial neural networks without any spatial metric68 and depends on 

a potentially problematic equivalence between cellular responses (grid-cells) and behavior 

(semantic memory)69, 70.

One way to reconcile lesion data and the Teghil et al. (2021)35 meta-analysis is that 

navigation and memory depend on at least partially dissociable brain structures. One 

intriguing possibility is that retrosplenial cortex, rather than the medial temporal lobe, 

may be an important “hub” for spatial navigation in humans (for reviews, see30, 71). This 

would explain some of the lack of overlap in the Teghil et al. (2021)35 meta-analysis 

for navigation vs. episodic memory and the lesion results explored so far. This also fits 

with the rich visual input coming from visual cortex to retrosplenial cortex, combined 

with potential memory related connections from the medial temporal lobes14, 30, 71. 

Interestingly, although rare, lesions to areas such as the retrosplenial cortex in humans result 

in profound disorientation and difficulty navigating 72, 73. Place cells are also observed in the 

retrosplenial cortex, which would support this idea that the retrosplenial cortex may contain 

similar computational machinery, at least with regard to navigation, as the hippocampus74. 

Retrosplenial cortex also contains head-direction responses, another important component to 

orientation and wayfinding75.

Emerging network perspectives on memory and navigation: Aggregate and 

non-aggregate network models

The field of cognitive neuroscience has largely focused on the computations within 

individual brain regions (i.e., based on the activity of principle cells and interneuron 

networks within focal gray matter). A somewhat complementary perspective to that 

discussed so far, network models emphasize the collective computations of distributed 

interactions across multiple brain areas, with a particular emphasis on connections between 

ensembles of neurons to coordinate such interactions76. Emerging evidence supports the 

importance of white matter and other polysynaptic connections as critical to such distributed 

interactions, providing a challenge to the focal brain models described above. For example, 
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in the field of neurolinguistics, it is increasingly clear that white matter tracts, such as the 

left arcuate fasciculus, play a major role in language dysfunctions compared to classically 

considered regions like Broca’s area, which sits within inferior frontal gyrus, or Wernicke’s 

area, which spans superior temporal and middle temporal gyrus77. Likewise, in the domain 

of social neuroscience, there is emerging evidence that connectivity patterns, rather than 

specific brain areas such as the prefrontal cortex, play a pivotal role in social cognition78. 

Lesions to gray matter within individual brain regions can have “network” related effects 

insofar as they affect the connecting fibers, with computational modeling studies and 

theoretical considerations suggesting that these may provide better explanatory power for 

the effects of brain lesions on cognition than effects at single brain regions79, 80, 81.

Patients with developmental topological disorientation (DTD) provide additional empirical 

support for a focus on inter-regional connections in the context of navigation performance. 

DTD patients suffer from profound spatial orientation deficits that coincide with largely 

preserved function in other cognitive domains (including declarative memory). Symptoms 

can often include difficulties navigating and orienting in highly familiar environments, 

including homes and neighborhoods they have lived in for years82, 83, 84. Detailed analyses 

of structural and functional MRIs suggest that, compared to controls, DTD patients show 

no reductions in focal gray matter. Instead, one of the hallmarks appears to be impaired 

functional connectivity between hippocampus and prefrontal cortex83 and/or retrosplenial 

cortex and parts of the parahippocampal gyrus85. These unique patients suggest focusing 

on connectivity patterns may provide important explanatory power in understanding how 

memory and navigation differ.

Altered connectivity patterns may also better explain episodic memory impairments and 

amnesia. One study to address this issue employed a large group of patients with focal 

lesions to the hippocampus and compared structural MRI and functional connectivity 

analyses69. These analyses revealed that most of these patients showed impaired 

connectivity patterns as well as gray matter loss outside of the hippocampus, likely related 

to original brain insult. All associations of hippocampal volume loss with amnesia were 

fully mediated by connectivity changes. In other words, changes in functional connectivity 

explained relevant variance in amnesia, with hippocampal volume loss contributing only 

indirectly to amnesia via impaired network interactions. In a similar vein, a meta-analysis of 

patients with amnesia revealed that a substantial proportion of patients had lesions outside of 

the hippocampus. A subsequent network analysis based on presumed connectivity patterns 

from resting state data strongly pointed to aberrant connectivity rather than focal gray matter 

lesions as the best explanatory factor for impaired memory86.

The emerging field of network neuroscience, which emphasizes the importance of 

connections between brain regions and their potential for dynamic changes depending 

on behavior, may help to address the importance of connectivity patterns to navigation 

and memory30, 77, 87, 88, 89, 90. These models fall into two broad classes: aggregate 

models, which assume that the functions of a subnetwork can be localized to specific 

cognitive functions, and non-aggregate models that assume these functions emerge from 

the interactions between brain regions in a way that cannot be readily broken down into 

distinct or isolatable cognitive functions. A strength of focusing on networks is that they 
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can deal with the variable effects of focal brain lesions on behavior by allowing for both 

some redundant processing and the idea that, via connections, some shifting of resources and 

function can occur over time79, 80. This in turn can more readily explain how navigation and 

memory can manifest as heavily interdependent, in some cases, but also distinct in others.

Aggregate models of memory and space

One relevant model that can potentially provide explanatory power for the similarities 

and differences between episodic memory and navigation is the posterior medial / anterior 

temporal (PMAT) model89. The model is based on both resting state and task-related 

fMRI data indicating that anterior hippocampus, perirhinal cortex, and other potentially 

connected areas like the ventral anterior temporal cortex and parts of orbitofrontal cortex, 

play a role in item processing. In contrast, posterior hippocampus, parahippocampal cortex, 

and retrosplenial cortex play a role in processing “context,” particularly spatial contextual 

details. According to this model, the hippocampus serves as a highly connected “hub” 

(along with ventral medial prefrontal cortex) to allow binding of item and (spatial) context 

in memory by combining information from anterior and posterior networks. The model 

is therefore well-equipped to explain findings from item recognition tasks (remembering 

whether you saw an item before) and contextual retrieval tasks (remembering that you saw 

a picture of the Niagra falls in the top part of the computer screen). More generally, though, 

the computations hypothesized to happen in the posterior network could help to account for 

the importance of areas like posterior parahippocampal cortex and retrosplenial cortex to 

navigation19, 35, 71. A potential limitation, however, is that the model postulates a fixed role 

for the anterior and posterior networks in distinct areas of memory. Specifically, task-related 

functional connectivity analyses suggest greater cross-network changes in connectivity 

during memory encoding and retrieval than the model can currently account for91, 92.

Another aggregate model that can seemingly account for putative similarities and differences 

between memory and navigation involves process specific alliances (PSAs)93. PSAs can 

be thought of as small coalitions of 2–3 brain areas that come online to perform specific 

computations for the task at hand. PSAs retain the idea that a single brain region may 

have a basic function (e.g., prefrontal cortex in cognitive control and hippocampus in 

episodic memory) but how the regions team up determines what the emergent behavior 

is. For example, prefrontal cortex and hippocampus could team up to allow for control 

over memory retrieval while hippocampus and retrosplenial cortex could team up to allow 

retrieval of spatial details. Note that PSAs are largely but not wholly determined by larger, 

more stable networks, like the resting state networks central to the PMAT model. A strength 

of the PSA model regarding our considerations about memory and navigation is that it can 

allow for differences to emerge depending on what areas the hippocampus is interacting 

with. A potential limitation is that the model still depends on single brain regions having 

clearly isolatable and unitary cognitive functions. It is also unclear how to falsify the 

potentially combinatorial number of PSAs that might be envisioned to occur during memory 

and navigation, to name only a few.
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Non-aggregate network models of memory and navigation

Broadly speaking, non-aggregate models focus on an emergent cognitive state through 

interactions that cannot be reduced or distilled into separable cognitive processes or 

functions 25, 69, 87, 94. The central postulate of such non-aggregate models is that behavior 

can emerge through the dynamic interactions of multiple brain regions in a way that is not 

dependent on a function that can be assigned in isolation to a brain region. These models 

are equipped to deal with the notorious “levels” issue first pointed out by David Marr in 

that there is no clear theoretical path to go between explanations of cognition, algorithmic 

models, and mechanistic implementations69, 70. They also allow for functions to emerge via 

interactions with neural ensembles that may bridge multiple brain regions rather than those 

in isolation95. In this way, cognitive functions, like memory and navigation, can emerge 

dynamically and manifest via a potentially large number of connectivity pathways.

Non-aggregate network models help deal with the issue of the hippocampus potentially 

being involved in allocentric navigation and episodic memory by focusing instead on how 

different patterns of network interactions might contribute differently to both30, 96. Instead 

of focusing on individual brain regions or networks with specific cognitive functions, non-

aggregate models focus on how multiple ensembles of neurons might dynamically configure 

based on task demands96. Non-aggregate models also help deal with the issue of reconciling 

which brain regions perform specific cognitive functions by postulating the importance of 

partially redundant neural ensembles across multiple brain regions30, 95, 96. Non-aggregate 

models also help account for the fact that lesions can occur outside of the hippocampus 

but still have consequences for memory or navigation, which would be dependent on which 

ensembles and functional interactions are affected80, 86.

Non-aggregate models have been applied most recently to the problem of allocentric 

navigaton25, 30. Such models postulates that the neural codes for visual, vestibular, 

somatosensory, and proprioceptive information are distributed across multiple brain regions. 

The interactions between distributed ensembles allow for emergent integrative functions 

like the approximate distance walked along a path. Memory information could play a role 

if mismatch is sufficient, which could be acquired by contributions from hippocampal 

communication and other brain regions with higher concentrations of memory-related 

cellular codes94. Much remains to be developed with these models, a key piece being how 

one might falsify models that potentially have infinite numbers of dynamic configurations. 

The circularity with non-aggregate models is potentially another issue that must be 

addressed.

Aging, spatial navigation, memory, and extra-hippocampal networks

Declines in spatial navigation abilities and episodic memory are well documented during 

normal aging and incipient Alzheimer’s disease. The hippocampus has often been 

considered as central to age-related differences in both allocentric navigation and episodic 

memory. In humans, this idea is supported in part by evidence for age-related structural 

and functional differences in the hippocampus and entorhinal cortex that seemingly coincide 

with changes in allocentric navigation and episodic memory function97, 98. For example, 

Ekstrom and Hill Page 12

Neuron. Author manuscript; available in PMC 2024 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



numerous studies in humans have shown that older adults perform worse than younger 

individuals when navigating the Morris Water Maze using a putative allocentric search 

strategy; for reviews, see99, 100. Likewise, age-related deficits in episodic memory have also 

been shown for tasks that are presumed to rely critically on intact hippocampal function, 

such as associative and source memory97.

In contrast to the classic perspective that age results in declines in allocentric 

navigation99, 100, there is now mounting evidence that allocentric navigation may show 

some degree of preservation with age101, 102, 103, 104, 105, 106. This idea is supported by a 

study by Zhong et al. (2017)102 in which spatial abilities were assessed in healthy young 

and older adult volunteers as they navigated a virtual Morris Water Maze. Substantial 

individual differences in spatial learning were evident in the older adults, supporting the 

idea that age does not affect navigation skills equally. Critically, age-related differences 

in navigation were only evident when comparing young and poor-performing older adults. 

High-performing older adults, by contrast, demonstrated spatial abilities that did not reliably 

differ from their younger counterparts, suggesting intact strategy use and selection (for a 

recent review of older adults with superior navigation skills, see107). Differences between 

high- and poor-performing older adults could not be accounted for by differences in age, 

education, or general cognitive abilities. Instead, the authors suggest that impaired spatial 

learning in the poor-performing older adults may have resulted from a failure to switch 

between navigation strategies during spatial learning.

Indeed, convergent findings from several studies suggest that navigation errors in 

older age stem, in part, from a failure to switch between appropriate navigation 

strategies102, 104, 105, 106, 108. The ability to dynamically select strategies based on 

environmental demands comports with our earlier arguments that navigation is a highly 

tuned cognitive motor skill rather than merely a memory function. As such, the ability 

to apply different navigation strategies, rather than rigid use of a single strategy (like an 

allocentric or beacon strategy100), may contribute to successful navigation in older age. In 

one study to support altered strategy switching in older age, Harris and Wolbers (2012)108 

used a computerized version of the plus maze task to examine how older and younger 

adults switched from using putative allocentric vs. egocentric strategies. Young and older 

adults were placed in one of two opposing arms in a computerized plus-shaped maze and 

tasked with making a right or left turn at the junction. An allocentric (or place-based) 

navigational strategy was incentivized by placing a reward in a specific location (e.g., west 

arm). An egocentric strategy was incentivized by rewarding a specific locomotor response 

(e.g., left turn), regardless of heading direction. Both age groups successfully learned to 

navigate using allocentric and egocentric strategies; however, older adults were selectively 

impaired on blocks that required switching from an egocentric to allocentric strategy. This 

effect could not be wholly accounted for by preservation errors (i.e., failure to identify the 

change in reward contingencies). This selective egocentric-to-allocentric switching deficit 

was replicated in a larger town-like virtual environment in which older adults were less 

adept at switching between trials that required following familiar routes (egocentric) to trials 

that required taking a novel shortcut (allocentric)104. These findings suggest that age-related 

variance cannot be wholly accounted for by a failure to engage putative allocentric search 

Ekstrom and Hill Page 13

Neuron. Author manuscript; available in PMC 2024 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



strategies during navigation. Instead, they might emerge from inefficient switching between 

different strategies according to available cues and task demands (Figure 4A).

Age related changes in strategy switching and optimization may be most apparent during 

navigation. In contrast, changes in the fidelity or precision of underlying memories may 

impact navigation and episodic memory. Consistent with this idea, there is mounting 

evidence that much of the age-related variance typically observed in spatial memory 

can be accounted for in part by the retrieval of noisier and/or lower fidelity mnemonic 

representations109, 110. In one recent study110, young and cognitively normal older adults 

studied objects presented at random locations on a background scene. At test, objects 

were placed in the center of the screen and subjects were tasked with remembering 

the original studied location. Mixture-modelling of the trial-wise distance errors between 

the remembered and true location of each object revealed that the spatial precision of 

item-location memories was significantly reduced in older relative to young adults. By 

comparison, young and older adults did not differ in their capacity to remember the coarse 

locations of studied objects, which was reliably above chance in both age groups (see 

also109).

Reduced spatial precision has also been observed in older adults when recalling the location 

of hidden objects with reference to global landmarks103, 111. For example, Schuck et 

al. (2015)111 reported greater distance error between the remembered and actual target 

location in older adults as they navigated a virtual arena. Importantly, performance was 

reliably greater than chance in both age groups, suggesting that spatial memory remained 

at least partially intact in older adults. This finding was recently replicated in younger 

and older adults navigating a virtual Morris Water Maze environment. Compared to their 

younger counterparts, older individuals showed evidence for reduced spatial precision (i.e., 

greater distance error) both when learning and subsequently retrieving the location of a 

hidden target (Figure 4B). This reduction in precision occurred for both putative egocentric 

navigation (repeated start point) and putative allocentric navigation (novel start point). Taken 

together, these results suggest that age-related variance in navigation performance might 

arise in part from a selective reduction in the precision of spatial memories, rather than the 

capacity to remember locations from an allocentric reference frame.

Reduced representational precision may have origins in computations in cortical gray matter, 

including the hippocampus50, 97 and angular gyrus112. Another possibility is that sensory 

representations in extrahippocampal nodes of the extended navigation network, such as 

the retrosplenial and parahippocampal cortices, become less distinctive or dedifferentiated 
in older age113, 114. Said another way, pattern separation mechanisms, the computational 

process whereby memories become more distinct, may be reduced with age, resulting in 

less differentiation (i.e., dedifferentiation) across a network of interconnected brain regions. 

In the domain of episodic memory, neural dedifferentiation at encoding has been shown 

to contribute to age-related variance in subsequent memory performance as well as age 

differences in the fidelity of retrieved memories and, consequently, memory accuracy115, 116 

(for a review, see117). Reduced representational precision in regions such as the retrosplenial 

cortex and parahippocampal cortex may in turn affect downstream spatial representations in 

the hippocampus and entorhinal cortex115. One intriguing possibility is that dedifferentiated 
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representations in these regions that accompany otherwise healthy aging interfere with 

the ability to encode features of an environment with sufficient detail to support accurate 

spatial recall and, consequently, successful navigation. This account may explain patterns 

of unstable or dedifferentiated hippocampal place codes in aged rats during navigation118 

along with subsequent poor performance on navigation tasks like the Morris Water Maze119. 

While these network-based ideas are in their early stages of development and testing, 

they may provide novel explanatory power for age-related decline in both navigation and 

memory.

Conclusions and outstanding questions

Our review so far has focused on models of memory and navigation and how effectively 

they can account for both similarities and differences between the two. We have focused on 

two broad classes of models, focal brain region and network models. The medial temporal 

lobe is often at the center of focal brain region models, with the idea that the hippocampus 

in particular is responsible for both allocentric navigation and episodic memory. Other 

models postulate that different brain regions are responsible for egocentric navigation and 

episodic memory (i.e., hippocampus) and semantic memory and allocentric navigation (e.g., 

entorhinal cortex). While these models do a reasonable job explaining how some aspects of 

navigation and memory can emerge from a common set of brain regions and circuits, they 

are less effective at explaining the differences between the two, particularly navigation as a 

dynamically acquired complex skill and memory as an internally driven process. Network 

models appear to have greater explanatory power in accounting for both similarities and 

differences between episodic memory and navigation. These models also show promise in 

explaining the differing effects of brain lesions and aging on navigation and memory by 

focusing on connections. As network models (particularly non-aggregate models) are still 

under development, many questions remain about their viability.

Some remaining and important outstanding questions are generated by our considerations 

so far: if navigation and memory indeed depend on partially dissociable circuits, can 

we observe a double dissociation in patients with lesions to the hippocampus and 

patients with lesions to retrosplenial cortex in the same study using the same tasks? A 

double dissociation – impaired function in one task relative to another task that shows 

the opposite pattern in the other patient group – would provide compelling evidence 

for their neuroanatomical differences (but see120 for a network-based explanation of 

double dissociations). Additionally, if navigation and memory involve at least some non-

overlapping cognitive processes, then we should observe other dissociations. For example, 

those with vestibular lesions might be expected to show more deficits in navigation than 

memory while those with visual imagery deficits might be expected to show more difficulty 

with memory than navigation. Other important outstanding questions relate to network 

models of navigation and age. How can we falsify models like the PSA model and 

non-aggregate models that potentially allow for a large set of configurations of different 

brain regions to accommodate different behaviors? If age does indeed involve a subset of 

older adults showing difficulty with strategy switching, we should find that white matter 

and other functional changes better account for their difficulty navigating than loss of 

hippocampal gray matter. Similarly, for aging and memory, we would expect that gray 
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matter loss might provide more explanatory power in understanding precision declines than 

connectivity changes. Addressing and considering these outstanding questions will help 

to make progress on better understanding both the similarities and differences between 

navigation and memory.
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Figure 1: Differences and similarities between navigation and memory
A. Different everyday tasks place different levels of demand on memory and navigation. 

Estimating distance from a beacon or integrating idiothetic (body-cues) and visual 

landmarks while walking involves little demand on memory but high demands on navigation 

skill. On the other end of the spectrum, verbal free recall places little demand on navigation 

skills but heavy demand on episodic and semantic memory, particularly temporal order.

B. Venn diagram of navigation and memory. There are areas of intersection involving 

navigation and memory, such as wayfinding, which typically involves remembering paths, 

and their geometry, and using these to find short cuts. Wayfinding thus involves relatively 

equal demands on memory and navigation. In contrast, there are many forms of navigation 

and memory that involve little overlap, consistent with the examples shown in A.
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Figure 2: Patient with dense amnesia and bilateral lesions to the medial temporal lobes shows 
navigation comparable to age-matched controls (McAvan et al. 2022)
A. Participant wearing a wireless head-mounted display, allowing rich visual input and a full 

range of idiothetic (body-based) walking cues (left panel). Distal mountain cues required to 

find the locations of hidden targets in the environment (center panel). Overhead view of the 

environment was not seen by the participants. The view seen by participants in the study 

(right panel).

B. Placement error for all trials median centered for all three targets. The patient (red) and 

controls (black) showed statistically indistinguishable errors in target placement using the 

distal cues. Each shape represents a different target of three different possible targets; large 

circles indicate median error. Large black dot indicates centered target locations. Both the 

patient and controls were well above bootstrapped error predictions.
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Figure 3: Little overlap between navigation and memory in an fMRI meta-analysis
Meta-analysis from Teghil et al. 2021 using fMRI studies focused on navigation and 

memory. A comparison of navigation>memory yields greater activation in retrosplenial 

cortex and precuneus (blue clusters) while memory > navigation yields activation 

in prefrontal cortex (red clusters) and hippocampus (not shown). Intersection of 

episodic memory and egocentric navigation does not reveal hippocampal but posterior 

parahippocampal activation (right panel). Intersection of semantic and allocentric navigation 

reveal no common clusters (both not shown).
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Figure 4: Strategy rigidity and decreases in precision accompany aging in some older adults
A. Study from Harris and Wolbers (2012). Older adults showed difficulty in switching from 

an egocentric (“response”) to allocentric (“place”) strategy but comparatively preserved 

egocentric and allocentric navigation (“reversals”).

B. Study from McAvan et al. (2021). Like in McAvan et al. (2022) described in Figure 2, 

distance error was measured by the distance from the remembered target location to the 

actual target (left panel). Bar shows mean distance error for young compared to older adults; 

younger adults showed lower distance error for both putative egocentric and allocentric 

navigation (averaged together in this bar graph).
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