1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

HHS Public Access

Author manuscript
Trends Cogn Sci. Author manuscript; available in PMC 2018 August 01.

Published in final edited form as:
Trends Cogn Sci. 2017 August ; 21(8): 577-588. d0i:10.1016/j.tics.2017.05.008.
A closer look at the hippocampus and memory
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Abstract

Current interpretations of hippocampal memory function are blind to the fact that viewing
behaviors are pervasive and complicate the relationships among perception, behavior, memory,
and brain activity. For example, hippocampal activity and associative memory demands increase
with stimulus complexity. Stimulus complexity also strongly modulates viewing. Associative
processing and viewing thus are often confounded, rendering interpretation of hippocampal
activity ambiguous. Similar considerations challenge many accounts of hippocampal function. To
explain relationships between memory and viewing, we propose that the hippocampus supports
online memory demands needed to guide visual exploration. Hippocampus thus orchestrates
memory-guided exploration that unfolds over time to build coherent memories. This new
perspective on hippocampal function harmonizes with the fact that memory formation and
exploratory viewing are tightly intertwined.
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A new view of memory formation

Episodes of experience unfold over time and are comprised of various interrelated stimuli.
Episodic memory requires binding together these stimuli and their spatial, temporal, and
conceptual relationships to form coherent memory representations [1, 2]. Because
perception has limited bandwidth, only a fraction of all the information comprising an
episode will be effectively “sampled” by an individual. It is therefore straightforward to
assume that resulting episodic memories will selectively include this sampled information.
The majority of our perceptual experience is visual and memory experiments typically use
visual stimuli. Visual exploration is therefore required to sample stimuli in these
experiments. Visual exploration is a pervasive behavior that fundamentally determines the
information available for memory formation, yet it has mysteriously gone unmeasured in the
vast majority of experiments on memory.

"Correspondence: joel-voss@northwestern.edu (J.L. Voss).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

\oss et al.

Page 2

In this Opinion we argue that existing data are generally not sufficient for distinguishing
brain activity related to memory (and hypothesized memory-related variables) from activity
related to viewing behavior. We go on to propose that viewing behavior is not merely a
confound to be eliminated from memory studies, but that visual exploration is itself a
memory-formation process and is essentially linked to hippocampal function. In the
framework we propose, memory formation is not a static event, but rather an active process
that is shaped by the way in which memory is used to guide ongoing exploration. In this
active-memory framework, the hippocampus is a critical participant in the bi-directional
interaction of memory and exploration processes that are iteratively engaged over the course
of learning in order to build episodic memories. Many fMRI experiments on episodic
memory formation therefore may have actually identified neural correlates of memory-
guided exploration. We offer several suggestions on how future research could focus more
acutely on the memory-exploration dynamics that we believe are a fundamental part of
memory formation and hippocampal function.

fMRI confounds hiding in plain view

Visual exploration has astonishing speed and complexity, with an average of approximately
four to five visual fixations to distinct and idiosyncratically selected portions of the
environment made every second [3], including during memory experiments (Figure 1A).
The stimulus durations typical of memory experiments (approximately 0.5 to 6 seconds)
therefore permit substantial visual exploration. These characteristics of viewing behavior
provide stiff challenges to experiments on memory.

Memory experiments without knowledge of moment-to-moment viewing behavior are
therefore problematic, as viewing determines the content available for memory [4],
including complex content such as the temporal order in which information is viewed [5].
Thus, even though the same stimuli can be presented repeatedly in a memory task (i.e.,
during study and again at test), the idiosyncratic nature of visual exploration results in,
effectively, different information being viewed, in different orders, and with different
timings across subjects and repetitions (Figure 1A). This is problematic for interpretations of
results from these experiments in several ways. For instance, many theoretical accounts of
memory stress the importance of overlap between stimuli at study and test, and the
perceptual overlap between study and test is unknown unless viewing behavior is measured
(Box 1).

Viewing behavior varies in complexity across different categories of stimuli and across
different experimental contexts. This variation also poses many interpretive challenges. For
example, the earliest neuroimaging studies on memory formation used visually simple
stimuli (words or simple nameable objects) and did not identify hippocampal activity [6, 7].
When fMRI experiments started to employ material of greater complexity, hippocampal
activity correlates were identified more consistently [8], prompting researchers to conclude
that “activation of the hippocampal formation... is dependent upon the type and complexity
of the information presented in the stimuli being encoded” [8]. Although methodology also
varied among these early studies, the relationship between hippocampal activity and
stimulus complexity has been confirmed by quantitative meta-analysis. That is, fMRI
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subsequent memory effects in the hippocampus are greater when complex graphical
information is used as memoranda (pairs of objects and scenes) compared to more simplistic
graphical information (single objects), which yields greater subsequent memory effects than
words [9]. This pattern of hippocampal activity is widely believed to reflect the greater
associative memory demands required of stimuli of higher complexity. However, complex
visual stimuli also require greater amounts of exploratory viewing (Figure 1B). fMRI
activity in these studies therefore cannot be attributed to memory rather than exploratory
viewing to the extent that these variables were highly correlated across levels of stimulus
complexity.

Exploratory viewing is a strong predictor of successful memory formation especially for
complex stimuli. For example, memory performance is improved when subjects freely view
face stimuli compared to when they maintain central fixation, demonstrating the memory-
enhancing effect of exploratory viewing [10]. Furthermore, heightened visual exploration
enhances memory encoding for scenes and complex material [11-14]. Complex visual
stimuli afford the possibility of substantial exploration differences between the later-
remembered and later-forgotten conditions, but these differences could even occur for
relatively simple stimuli such as words, which are visually explored [15]. Therefore, fMRI
subsequent memory effects defined by comparisons of subsequently remembered versus
forgotten items could in many cases also serve as comparisons of higher versus lower
exploratory viewing (Figure 1C). This is especially true for stimuli of higher complexity,
which are also the stimuli that support robust hippocampal subsequent memory effects. The
interpretation that follows from this reasoning is that fMRI correlates of memory formation
identified in experiments with relatively complex visual stimuli (i.e., the majority of all such
studies conducted for the last 20 years) reflect some unknown amount of memory,
exploratory viewing, or their interaction.

Essentially the same reasoning applies to many fMRI studies that attempt to characterize
how memory is affected by various cognitive variables, such as attention, emotion,
intentionality, and many others (Box 2). This is because the experimental conditions used to
manipulate these cognitive variables can strongly influence viewing behavior, and so the
cognitive variables of interest are often confounded with viewing behavior. Although it is
tempting to interpret the effects of various cognitive manipulations on memory as reflecting
how “states of mind” can influence memory, it would be equally fitting to consider many of
these cognitive variables as creating “states of viewing behavior” that influence memory.
Considerable new research that accounts for viewing is needed to determine whether the
cognitive variables per se, as opposed to their unintended effects on viewing behavior, is the
key factor in influencing hippocampal activity and memory in these studies.

Although we have focused on memory formation, the same logic applies to memory
retrieval. Viewing behavior differs for categories of retrieval such as novelty, familiarity, and
recollection [16-18][19]. Viewing behavior can signal memory processing even during free
recall tasks when no stimuli are present to view [20], and can reflect complex qualities of
memory such as temporal order [21] and competition among memories [22, 23]. Viewing
thus complicates interpretation of neural correlates of retrieval.
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It is also important to note that interpretive complications are not limited to fMRI. For
instance, although electroocular nuisance signals can be removed from MEG/EEG data to
obtain “clean” neural recordings, the influences of viewing behavior on neural activity
remain, and so experiments using these methods have the same interpretive limitations as
fMRI (for a brief discussion, see [24]). Likewise, analyses using pattern-classification
methods (e.g., MVVPA or RSA) could exacerbate the interpretive uncertainties introduced by
viewing behavior. Evidence for specific fMRI patterns thought to reflect “memory
representations” could instead reflect subtle differences in classification of stimuli that are
viewed differently across experimental conditions [25]. The idiosyncratic nature of viewing
behavior (Figure 1A) exacerbates this situation because it nullifies standard
counterbalancing of stimuli to experimental conditions, and weak counterbalancing can
yield classification results that reflect these nuisance variables rather than conditions of
interest [26]. Further, described below, individuals with hippocampal lesions demonstrate
abnormal viewing behaviors, and the extent to which their memory impairments are
secondary to viewing abnormality requires careful analysis of viewing behavior. Thus,
regardless of the methods used to investigate the brain, it is critical that viewing behavior is
considered.

Simply measuring viewing behavior is not by itself sufficient for unambiguously
distinguishing activity related to memory versus viewing behavior. For example, a recent
study found that hippocampal activity increased for scenes containing geometrically
impossible configurations of objects relative to scenes with geometrically possible
configurations, leading to the conclusion that the hippocampus is critical for binding
together novel object configurations [27]. Eye-movement tracking showed that subjects
made more fixations within the region of the scene containing the impossible objects.
Viewing behavior thus differed fundamentally for the possible versus impossible scenes.
Therefore, even though viewing behavior was measured, its differences among the key
conditions of interest render interpretation of the hippocampal fMRI signals ambiguous.
Measurement of viewing behavior is crucial to draw appropriate conclusions regarding the
nature of the observed fMRI activity, even if it does not allow one to differentiate viewing
behavior from the critical variable of interest.

We propose that rather than simply measuring viewing, researchers should incorporate eye-
movement measures into the study design to test the independence and interactivity of
viewing behavior versus the other memory constructs of interest. In the next sections, we
will describe findings from such research. Although the extent to which previous findings
need reconsideration remains to be seen, the main point that we wish to make is that efforts
to account for viewing behavior will yield richer understanding of the cognitive and neural
mechanisms for memory than can be achieved when viewing behavior is ignored.

Evidence linking the hippocampus to viewing behavior

Neural recordings obtained directly from the hippocampus via depth electrodes in nonhuman
primates and in humans have indicated that viewing behavior is strongly related to
hippocampal activity (reviewed in [28]). For instance, visual fixations are associated with
evoked activity of hippocampus and surrounding medial temporal cortical areas [29].
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Hippocampal theta-band oscillatory activity has been strongly implicated in memory [30].
Visual fixations are generated at theta frequency [3], and correspond to resetting of the phase
of hippocampal theta oscillations [31, 32]. Critically, the reliability of theta phase-reset by
visual fixations correlated with successful memory formation [31]. Furthermore, other
neural signals of memory processing by hippocampus include sharp-wave ripples [33],
which have been observed during visual exploration in the nonhuman primate [34],
particularly for fixations in close proximity to target stimuli in a memory task [35]. In
studies with rodents, memory is usually expressed via exploration, making it difficult to
determine the extent to which hippocampal activity in these studies reflects memory
processing versus exploration, including sensory sampling and exploration-related aspects of
spatial navigation [36]. However, exploration and memory can be segregated more readily
via eye-movement tracking in primates, providing evidence that hippocampal activity
reflects spatial and non-spatial memory that is strongly influenced by visual exploration
[37].

Human hippocampal activity measured with fMRI has been found to correlate across
memory-formation trials with the number of visual fixations made per trial [38].
Furthermore, this relationship between hippocampal activity and viewing was present for
novel faces, but not repeated faces, suggesting that hippocampal activity reflected the role of
viewing behavior in memory formation. Notably, had viewing not been measured in this
study, a simple repetition effect (i.e., old vs. new activity difference) would have been
identified, thereby distorting conclusions regarding the nature of the observed hippocampal
activity. In a similar experiment, healthy control subjects generated higher fixation counts
for stimuli that were later remembered versus later forgotten, but a patient with hippocampal
damage failed to show this relationship [39], indicating that the hippocampus is necessarily
involved in the increased viewing behavior normally associated with memory formation.
Collectively, these studies suggest that viewing behavior is an integral part of the memory
formation process supported by the hippocampus.

Hippocampal contributions to exploratory viewing for memory formation

The aforementioned findings establish an association between hippocampal activity and
viewing behavior during memory formation, but what is the nature of this association?
Particularly, does the hippocampus have any direct role in driving viewing behavior, or is its
association with viewing merely a byproduct of its role in memory? If the role of the
hippocampus in viewing behavior were only secondary, then its activity in relation to
viewing would simply reflect the bottom-up flow of visual information locked to the onset
of fixations. That is, each fixation could provide a “bolus” of visual input to the dorsal and
ventral visual streams that converge on the hippocampus, and in this sense hippocampal
activity associated with viewing could merely reflect this fixation-locked visual input. In
contrast, we propose an active-memory role for the hippocampus, whereby it provides
memory signals that direct the exploratory viewing process that occurs during learning
(Figure 2, Key Figure). We thus suggest that memory formation is an active and ongoing
process that is shaped by exploration that is strategically implemented based hippocampal-
dependent memory signals.
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Indeed, exploratory viewing enhances subsequent memory [10, 40-43], and hippocampal
damage impairs viewing during memory formation [39]. This suggests that exploratory
viewing is an integral part of the hippocampal-dependent memory formation process, rather
than a mere by-product. Our position is that the hippocampus is responsible for providing
access to very short-term relational memory signals that are needed for effective visual
exploration. There are several mechanisms by which these signals could benefit memory
formation. For example, building an episodic memory requires binding together various
features that are individually experienced across space and time. Therefore, an ongoing
memory for these features and their relationships would allow additional viewing of stimuli/
relationships with relatively weak memory representations, thereby benefitting memory for
the entire episode (Figure 2).

Substantial evidence suggests that hippocampus is a likely source of the brief-interval
memory signals that are needed to guide ongoing visual exploration. For instance,
individuals with amnesia due to bilateral lesions of the hippocampus demonstrate marked
deficits in memory tasks involving brief retention intervals (i.e., seconds), in addition to their
long-term memory impairments. These deficits occur particularly for novel visual stimuli
that necessitate binding of multiple arbitrarily related stimulus features, such as novel shapes
and novel associations among collections of objects and spatial locations [44-48], and
therefore reflect failures of relational memory processing that occur with little or no
interposed study-test delay. Hippocampal neuronal activity likewise carries evidence for
memory maintenance across brief retention intervals [49, 50]. This evidence is consistent
with the notion that hippocampus supports online memory representation particularly of the
relations among the features of complex stimuli and/or episodes [51]. By providing an
ongoing memory for the relationships among the stimuli comprising an episode, the
hippocampus could thereby yield the signals needed to guide exploration in a manner that
fosters a comprehensive memory of all relevant relationships (e.g., revisiting weakly linked
stimuli to allow further encoding of their relationships). Thus, the contribution of
hippocampal online memory representation to exploration could be particularly suited to the
construction of episodic memories with high cohesiveness among constituent parts (Figure
2).

Direct evidence for the role of these online memory functions of hippocampus in guiding
visual exploration comes from studies that tested the interaction of exploration and memory.
For example, in an experiment on object-location associative memory, superior memory
formation resulted from self-directed visual exploration, compared to viewing the same
information in a passive condition that lacked self-directed exploration [42]. The beneficial
effects of self-directed exploration on memory formation have been associated with
increased hippocampal fMRI connectivity with other memory-related regions [42] and to
increased hippocampal theta activity measured with MEG during spatial navigation [52].
Furthermore, lesions of the human hippocampus impair visual exploration [53] and
eliminate the beneficial effects of exploration and of increased viewing on later memory
seen in healthy individuals [39, 42].

The role of hippocampus in memory-directed visual exploration is further supported by
findings of hippocampal contributions to specific memory-related viewing behaviors that are
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generated during visual exploration. For instance, subjects studying collections of objects
generate iterative viewing patterns involving repeat sampling of adjacent objects. These
iterative viewing patterns improve memory for those objects viewed iteratively (as opposed
to other objects in the same visual displays), and are associated with hippocampal fMRI
activity [54]. Iterative viewing patterns are also disrupted in individuals with bilateral
hippocampal lesions [54]. In a study using concurrent eye-movement tracking and fMRI,
trial-to-trial fluctuations in iterative viewing of novel visual stimuli during a discrimination
task correlated with hippocampal fMRI activity [55]. Interestingly, iterative viewing could
serve to increase processing and binding of interrelationships among stimuli. Rodents
exhibit similar iterative viewing behaviors, which are strongly linked to memory formation
[41], are disrupted by hippocampal lesions [56, 57], and are associated with hippocampal
theta activity and sharp-wave ripples [58, 59]. Other self-generated exploratory behaviors
that enhance learning in the rodent (i.e., rearing) have been independently associated with
increased hippocampal activity [60]. These findings are all consistent with our proposal that
hippocampal online memory representations are used to guide exploration to form more
cohesive episodic memories than would result without such hippocampal involvement
(Figure 2).

We [51] and others [58] have proposed that the hippocampus provides online memory
representations to be used by other regions, such as those involved in oculomotor control, to
guide visual exploration (Figure 2). These memory-exploration interactions are likely
bidirectional and normally occur in rapid iteration during memory formation, making them
incredibly difficult to isolate using methods with low temporal resolution such as fMRI.
Nonetheless, we recently segregated brief-delay memory retrieval from ensuing exploration
using an artificially imposed delay period [61]. In doing so, we were able to distinguish
hippocampal activity associated with short-delay memory retrieval from fronto-parietal
activity associated with specific memory-related viewing patterns during subsequent
exploration. Although relatively artificial circumstances were needed to separate memory
from exploratory viewing (as these normally occur rapidly and iteratively), the role of
hippocampus in online memory representation during visual exploration has been supported
for variety of circumstances, including relatively naturalistic memory-guided exploration
tasks [42, 51, 54, 58, 62].

Concluding remarks

We first considered several possible ramifications of viewing behavior in memory
experiments that do not either control or measure it, despite using stimuli that promote
complex viewing patterns. Viewing determines the nature of visual input and therefore has
substantial face validity as a key factor in almost any experimental design. Given that
“nothing in neurobiology makes sense except in the light of behavior” [63], it is imperative
that rigorous measures of behavior, including viewing, are employed. By ignoring viewing
behavior, experimenters tacitly assume that the memaory effects of conditions of interest have
nothing to do with the viewing behaviors that are often drastically affected by these
conditions. We have considered only a subset of the challenges that viewing behavior poses
for interpretation of memory experiments (Boxes 1 and 2).
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How should we make progress in understanding neural mechanisms for memory given
pervasive viewing behaviors? Critically, as suggested above, simply using eye-movement
tracking in common memory paradigms will not “solve” the issues that we raise. This is
because viewing behavior is often highly correlated with the conditions of interest and so
cannot be easily removed from the experiment (e.g., [27]; Box 2). Carefully designed
experiments that either control/limit viewing behavior or include conditions that segregate
memory processing from viewing behavior are needed. Notably, elimination of viewing
behavior via brief stimulus presentations (as are typical in some EEG/ERP research)
effectively remove any possible “confound”, but are effectively blind to the memory-
exploration dynamic that is likely fundamental to normal memory and hippocampal
function.

While necessary, specifying the relationships among memory formation, exploratory
viewing, and the hippocampus will be challenging [see Outstanding Questions]. The fact
that viewing behavior is so highly correlated with key variables that affect memory suggests
that viewing is highly relevant to memory function across a wide spectrum of circumstances
(Box 2). Furthermore, exploration extends beyond vision, as active exploration is a
fundamental property of all perceptual systems and potentially even occurs in cognitive
spaces [64]. For instance, nasal breathing is a marker of exploration that both entrains
hippocampal theta activity and is associated with episodic memory formation [65]. Across
all modalities, experiments that address the memory-exploration interface would benefit
from neural recording methods that, unlike fMRI, match the temporal resolution of the
exploration process, such as electrocorticography.

Although we have discussed viewing behavior as a “confound” that could potentially
complicate the interpretation of a variety of neuroimaging studies, it is important to
emphasize that our view is that hippocampal-dependent memory is an essential contributor
to visual exploration and that further investigation of the memory-viewing interface is
imperative. The same logic applies to other behaviors that occur during experiments, such as
manual responses, which must be considered when interpreting brain activity but that also
provide crucial information on cognitive processing (e.g., reaction time analysis). Viewing
behavior is arguably one of the most important behaviors to study, given that it
fundamentally determines the information available for memory and occurs during visual
exploration, which is a crucial aspect of memory formation. Exploratory viewing is thus not
a confound to be eliminated, but is a crucial target for study if we are to develop a complete
account of the cognitive and neural mechanisms for memory formation.
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Memory for episodes of experience, including the collection of sights, sounds, location,
time, and other contextual information that defines an event. The defining quality of episodic
memory for the present purposes is that it requires binding together of these arbitrarily
interrelated episodic fragments into an integrated relational memory representation

Online memory representation

The ongoing maintenance of memory in an active state. Typically observed by measuring
behaviors that reflect memory but that are expressed continuously via behavior when all
relevant stimuli are simultaneously available (i.e., no interposed study-test delay) or over
incredibly brief interposed retention intervals (i.e., hundreds of milliseconds), rather than via
delayed memory testing

Subsequent memory effects

Patterns of neural activity reflecting operations that predict successful memory performance
in a delayed test. Test performance is used to back-sort study trials, for instance categorizing
those stimuli that are later correctly remembered versus those that are later forgotten.
Comparisons between categories such as later-remembered and later-forgotten yield
subsequent memory effects

Visual exploration

The process by which a complex visual stimulus is sampled piecemeal via distinct visual
fixations. This usually involves saccadic eye movements that direct visual fixations to
important aspects of the environment
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Trends Box

Memory experiments do not typically measure exploratory viewing behavior,
and therefore observed neural signals can reflect an unknown mixture of
processing related to memory, perception, and visual exploration.

Experiments that quantify viewing behaviors during memory formation
suggest that important memory-viewing interactions have been missed in
previous research, warranting reevaluation of conclusions about memory
mechanisms supported by structures such as the hippocampus.

The hippocampus contributes to viewing during memory formation by
providing online memory representations to guide effective exploration,
which results in coherently organized memories.

This new theoretical perspective suggests that the hippocampus and viewing
are tightly intertwined because hippocampal contributions to memory
formation unfold over the timecourse of an episode in synchrony with the
timecourse of viewing behavior.
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Outstanding Questions

Can the exploration-memory interface be studied effectively using neural
measures with low temporal resolution (e.g., fMRI, brain lesions)? Do the
artificial circumstances needed to disaggregate memory from exploration in
such circumstances fundamentally alter the relationship between viewing and
memory?

If existing fMRI memory studies were to be updated with eye-movement
tracking, how many conclusions regarding hippocampal involvement in
memory would remain unchanged?

Do “standard” neural signals of memory formation and retrieval persist in the
absence of exploration? Are there distinct hippocampal signals of memory
formation during exploration versus memory formation independent from
exploration?

Given that exploration can be driven by both perceptual and memory-related
factors, how can the balance between perceptual versus mnemonic influences
on exploration best be experimentally controlled? For instance, does this
balance vary reliably over time, such as with greater initial perceptual
influences and increased memory influences as the memory representation
evolves?

How specifically can viewing patterns indicative of memory-guided
exploration be linked to hippocampal activity via invasive neural recordings?
Avre hippocampal memory signals always time-locked to eye movements, or
can memory representations evolve and change in relation to viewing
behavior but without strict temporal synchronization to visual fixations?
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Box 1
Viewing, study-test perceptual overlap, and memory

Theories of transfer-appropriate-processing suggest that experience of the same
information at study and at test is critical for memory [66—68]. Because hameable stimuli
are rapidly identified within approximately one fixation, study-test conceptual overlap
will frequently occur, whereas perceptual overlap will vary depending on viewing
behavior over the course of the study and test trials (Box Figure 1). Memory can be
supported by both conceptual and perceptual overlap, with differential emphasis based on
the type of stimulus and test format [69]. For instance, in one study [70] priming, which
is generally thought to reflect implicit memory, was enhanced by maintaining central
fixation during study, presumably because this maximized study-test perceptual overlap.
In contrast, explicit recognition memory benefited from more widespread sampling at
study, likely because this helped create conceptually differentiated memories that could
later be recalled. Patterns of viewing thus influence study-test perceptual and conceptual
overlap and could therefore be partly responsible for cognitive and neural distinctions
between implicit and explicit memory in experiments that do not monitor or control
viewing. Interestingly, fMRI activity of the hippocampus has been associated with
viewing the same portions of similarly configured scenes at study and test, suggesting
that hippocampal activity is sensitive to study-test perceptual overlap [71]. Study-test
overlap in viewing behavior is therefore a critical yet mostly unexplored variable in
memory experiments.
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Box Figure I. Influence of viewing on perceptual and conceptual overlap between study and
test

Purple circles indicate hypothetical viewing locations at study and test, demonstrating
how the same stimulus can foster both conceptual and perceptual study-test overlap
depending on viewing at both occasions.
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Box 2
Viewing-related complications

Cognitive constructs that influence memory and hippocampal function often also robustly
influence viewing behavior. It is therefore ambiguous whether their influences on
memory should be considered direct effects of the cognitive variables of interest versus
indirect effects of those cognitive variables on viewing behavior. Some examples include
the following:

Intentional remembering and forgetting

Intentional remembering increases memory and hippocampal activity and, unsurprisingly,
increases viewing behavior [72]. Influences of intentional remembering on memory
therefore cannot be easily separated from the effects of intentionality on viewing
behavior. Intentional forgetting decreases memory and reduces hippocampal activity [73].
It is unknown whether intentional forgetting changes viewing behavior as this possibility
has not been systematically tested.

Emotion

Emotional stimulus content influences memory and hippocampal activity, including
enhancements for emotional content and reductions for accompanying neutral content
[74]. Viewing is unsurprisingly biased towards emotional content. Some evidence
suggests that effects of emotion on memory are slightly more than would be expected due
solely to preferential viewing of emotional stimuli [75, 76]. However, viewing behavior is
rarely considered in studies on emotion-memory interactions.

Attention

Attention in memory studies is usually defined as a state-related variable via
requirements that subjects attend to specific qualities of stimuli, with corresponding
effects on memory and hippocampal activity [77, 78]. Viewing behavior is dynamic
(Figure 1A) and has little resemblance to state-like attention conditions. Attention
prioritization can also be distinct from viewing behavior (i.e., covert attention). Despite
attention sharing functional neuroanatomy with oculomotor control [79], the extent to
which attention effects on memory and hippocampal activity are due to viewing behavior
is unclear.

Curiosity

Curiosity about stimuli such as written trivia questions enhances memory and alters
hippocampal activity and interaction with reward-related regions [80]. Curiosity also
changes viewing behavior during reading [81]. Effects of subjective states such as
curiosity on memory and hippocampal activity could therefore result from viewing
behavior, which is strongly influenced by a variety of subjective states [82, 83].

Reward/Value

Stimulus reward value and expectation of such reward have been reported to influence
memory, hippocampal activity, and hippocampal interaction with reward-related regions
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[84, 85]. Value and expectation strongly influence viewing [86, 87], which has not been
considered in most studies on reward and its expectation.

Scene and/or spatial cognition

Many studies highlight scene memory processing [88] or spatial processing as unique
functions supported by hippocampus. Stimulus type (scenes and spatial environments
versus non-scenes and non-spatial stimuli) is almost perfectly confounded with both
viewing behavior and relational memory demands [36, 89]. The ability for spatial/scene
theoretical views to account for visual exploration (or for relational memory demands) is
very limited.

Aging

Many studies investigate age-related differences in memory and its hippocampal fMRI
correlates. Age-related differences in viewing patterns are robust and predict memory
performance [72] [12]. The extent to which these viewing changes contribute to memory
and hippocampal activity in older adults is unknown.
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Figure 1. The complexity of visual exploration is a challenge for memory experiments
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A. Viewing data from three representative subjects are shown for one scene stimulus from a

memory experiment using typical study conditions [71]. Visual fixations are plotted as

colored circles, with radius indicating fixation duration and center indicating fixation onset.

The locations of these fixations within the scene are shown in several-second intervals.

Viewing behavior was highly idiosyncratic in time and space, including for the first 3-s
interval (the approximate duration of stimuli in many memory experiments). For the entire
group (N=21), the average overlap between any two subjects in viewing the same locations
of any scene (36 scenes total) was only 56%. B. Hippocampal subsequent memory effects
measured with fMRI are more robust for stimuli of higher complexity [9]. The richness of
viewing behavior also increases with stimulus complexity, as shown here by purple circles to
indicate typical viewing fixations. C. As reviewed in the text, stimuli with greater amounts

of visual exploration are likely to be better remembered, and this is especially true for

stimuli of relatively higher complexity. Hippocampal subsequent-memory effects (later-

remembered versus later-forgotten stimuli), which are only robust for complex stimuli,

therefore could reflect activity related to visual exploration.
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Viewin
)
= Visual input

Figure 2. Key Figure. Two possibilities for the role of hippocampus in viewing behavior
When studying a complex visual stimulus such as a scene, the viewing history at any given

moment will constrain the memory representation that is formed (top). Factors other than
memory, such as the perceptual salience of stimuli, can determine further viewing (left-
bottom panel). In this scenario, the current status of memory is ignored when determining
what to explore next. Thus, the final memory representation that results will likely be
fragmented and incomplete. Visual information would be independently sent to
hippocampus for memory processing and to oculomotor control regions for determination of
further viewing. In contrast, our active-memory hypothesis is that the status of memory at
any moment is used to direct further viewing (right-bottom panel). Crucial information such
as weak memory for a subset of items or their interrelationships could therefore be used to
direct exploration to the information that is needed to build a coherent memory
representation. In this scenario, the hippocampus would interact with cortical oculomotor
control regions, such that online memory representations could be used to drive exploration.
Note that for simplicity of illustration we define an “initial period” as distinct from “further
viewing”, although we propose that memory-exploration interplay is a dynamic process
occurring in a continuous fashion as each new visual fixation is made. [Cortical oculomotor
control regions taken from [90]: parietal eye field (PEF), frontal eye field (FEF),
supplementary eye field (SEF), and dorsolateral prefrontal cortex (dIPFC). Purple indicates
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visual input and cortical visual processing regions. Subcortical projections of cortical
oculomotor regions are not shown for simplicity, and are illustrated via an arrow projecting
to the eye. Anatomical substrates for functional interactions of hippocampus with these
cortical oculomotor control regions include dense structural interconnections of
hippocampus with FEF, SEF, and dIPFC [91].]
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