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REVIEW ARTICLE

Aging changes the interactions between the oculomotor and 
memory systems
Jennifer D. Ryana,b, Jordana S. Wynnc, Kelly Shena and Zhong-Xu Liud

aRotman Research Institute at Baycrest Health Sciences, Toronto, ON, Canada; bDepartments of Psychology, 
Psychiatry, University of Toronto, Toronto, ON, Canada; cDepartment of Psychology, Harvard University, 
Cambridge MA, USA; dDepartment of Behavioral Sciences, University of Michigan-Dearborn, Dearborn 
MI, USA

ABSTRACT
The use of multi-modal approaches, particularly in conjunction with 
multivariate analytic techniques, can enrich models of cognition, 
brain function, and how they change with age. Recently, multi
variate approaches have been applied to the study of eye move
ments in a manner akin to that of neural activity (i.e., pattern 
similarity). Here, we review the literature regarding multi-modal 
and/or multivariate approaches, with specific reference to the use 
of eyetracking to characterize age-related changes in memory. By 
applying multi-modal and multivariate approaches to the study of 
aging, research has shown that aging is characterized by moment- 
to-moment alterations in the amount and pattern of visual explora
tion, and by extension, alterations in the activity and function of the 
hippocampus and broader medial temporal lobe (MTL). These 
methodological advances suggest that age-related declines in the 
integrity of the memory system has consequences for oculomotor 
behavior in the moment, in a reciprocal fashion. Age-related 
changes in hippocampal and MTL structure and function may 
lead to an increase in, and change in the patterns of, visual explora
tion in an effort to upregulate the encoding of information. 
However, such visual exploration patterns may be non-optimal 
and actually reduce the amount and/or type of incoming informa
tion that is bound into a lasting memory representation. This 
research indicates that age-related cognitive impairments are con
siderably broader in scope than previously realized.

ARTICLE HISTORY 
Received 24 August 2021  
Accepted 12 November 2021 

KEYWORDS 
Aging; multi-modal 
approaches; multivariate 
analyses; visual exploration; 
eye movements; oculomotor 
system; memory 
hippocampus; medial 
temporal lobe

Overview

Multi-modal experimental approaches that include the simultaneous collection of neural 
activity and behavioral metrics provide a more comprehensive understanding of how the 
brain supports cognition than the collection of either metric alone. Classic examples of 
combining the analysis of neural activity with behavioral responses can be found in early 
neuroimaging studies of subsequent memory. Using event-related fMRI, as opposed to 
the prevailing blocked designs of the time, Wagner et al (Wagner et al., 1998) and Brewer 
et al (Brewer et al., 1998) sorted trials of neural activity at encoding based on whether the
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participants’ subsequent recognition memory response was correct or incorrect, akin to 
methods that had already been in use in the ERP literature (Paller et al., 1987). Analyses of 
these newly sorted trials demonstrated activity in medial temporal and frontal regions 
that predicted whether the encoded stimuli (words: Wagner et al., 1998; pictures: Brewer 
et al., 1998) would be later remembered or forgotten. Studies such as these from Wagner, 
Brewer, and colleagues ushered in a new era of cognitive neuroscience that would use 
event-related fMRI to directly tie neural activity to behavioral and cognitive outcomes 
(Rosen et al., 1998), and more specifically, to provide a deeper understanding of how the 
brain supports memory (Wagner et al., 1999).

As the methods for neuroimaging data collection became more sophisticated and 
allowed for more flexibility in the questions that could be asked and answered, so too did 
the analysis of such data. Building on univariate analyses for neuroimaging that provided 
an indication of the level of neural activity within individual regions during a specified 
time period, multivariate analysis approaches provided a broader understanding of 
dynamic patterns of neural activity over space and time (Haxby et al., 2014; Haynes & 
Rees, 2006; Kriegeskorte et al., 2006; McIntosh & Mišić, 2013; Sui et al., 2012). When applied 
to behavior, multivariate analyses have similar advantages. Relying on a single metric of 
behavior may be uninformative or may be misinterpreted outside of its broader context, 
thereby providing limited insight into cognition. Instead, multivariate analyses can reveal 
a dynamic pattern of behavior, and can illuminate the nature of the representations that 
are being formed or used (Chadjikyprianou et al., 2021; Kwak et al., 2021). Here, we review 
the added benefits of using multivariate approaches to examine dynamic patterns of 
behavior, with a specific focus on the analysis of eye movements.

Eyetracking is a behavioral method that is particularly well-suited for the application of 
multivariate analyses. Movements of the eyes (i.e., saccades) can be initiated within 
100 ms; likewise, gaze fixations – where the eyes stop on the visual world – typically 
last around 250–400 ms, depending on the task that is provided to the viewer, and the 
nature of the information that is being viewed (Henderson et al., 2013). Eye movements 
(specifically, here, we refer to the alternating sequence of saccades and gaze fixations) 
differ from other measures of behavior, such as button presses or verbal reports, which 
reflect a response that occurs only at a single point in time, following the culmination of 
multiple cognitive operations (Ryan & Shen, 2020). Thus, eyetracking provides a rich 
dataset that includes information regarding space (where the eyes land, as well as the 
distance and the angle of the vectors taken by the eyes to sample visual information) 
across time (when, during viewing, a specific region is interrogated by the eyes, for how 
long, and/or the temporal order by which information is sampled). Eyetracking therefore 
provides two advantages in the study of behavior and cognition. First, eyetracking 
provides insight into the nature of the information that is being attended to, encoded, 
and retrieved, in an online fashion (Ryan & Shen, 2020). Second, given the fine temporal 
resolution of eyetracking recordings, the multivariate analysis of eye movements may be 
akin to that of neural activity, as one can examine how spatial patterns may unfold and 
change across time. In this review, through a discussion of multi-modal approaches and 
multivariate analyses that include eyetracking as a measure of behavior alongside the 
recording of neural activity, we reveal how these methodological advances have con
tributed to our understanding of how memory changes with aging.

2 J. D. RYAN ET AL.



There is a long history of research that has used eyetracking to study cognitive changes 
associated with aging. Predominantly, eyetracking studies of aging have used the anti
saccade task to document age-related changes in the speed of responding, and in 
executive functions (Butler et al., 1999; Fernandez-Ruiz et al., 2018). More recently, eye
tracking has been used with older adults to explore age-related changes in memory 
function. As reviewed in more detail in Ryan et al. (2020), older adults show changes in eye 
movement behavior that are reflective of underlying changes in memory (Wynn, Amer et 
al., 2020). For instance, older adults, particularly those who are beginning to show 
cognitive decline as measured by standardized neuropsychological tests, do not show 
the same levels preferential viewing for a novel image over one that has been repeatedly 
viewed as compared to younger adults (Crutcher et al., 2009; Whitehead et al., 2018). 
Likewise, older adults do not show disproportionate viewing of a region of a scene that 
has changed from a prior viewing (Ryan et al., 2007; Yeung et al., 2019). Deficits in these 
viewing effects have been linked to alterations in the structure and function of the 
hippocampus and entorhinal cortex of the medial temporal lobe (MTL) (Yeung et al., 
2019).

However, these eyetracking studies have typically used single metrics of viewing 
behavior (e.g., number of fixations, viewing duration), considered independently, to 
understand age-related changes in memory function. When multi-modal and multivariate 
analytic approaches that include eyetracking are applied to the study of aging, we see a 
deficit that is more pervasive and nuanced than previously realized – moment-to-moment 
exploration is disrupted in aging, suggesting possible disconnections in the transfer of 
information between the MTL and the oculomotor system, that both contribute to, and 
reveal deficits in, memory. Moreover, multivariate analyses of eye movement behavior 
show changes in the fidelity of the information that is encoded and subsequently 
retrieved by older adults, thereby expanding our knowledge, and providing increased 
specificity, regarding the nature of age-related memory deficits. Thus, multivariate ana
lyses of behavior provide (at least) two advantages over traditional, univariate, methods: 
patterns of behavior may be interrogated dynamically, and the nature of the representa
tion that guides viewing behavior can be revealed.

Multi-modal (eyetracking and neuroimaging) approaches

Research employing multi-modal approaches, specifically, the combination of eyetracking 
and neuroimaging techniques, have shown that there is a close, reciprocal connection 
between the oculomotor and hippocampal systems (Ryan et al., 2020). Hannula and 
Ranganath (Hannula & Ranganath, 2009) provided the first combined eyetracking and 
neuroimaging study that examined the role of the hippocampus in guiding where the 
eyes would look and when. Specifically, they showed that the level of hippocampal 
activity during viewing of a scene predicted the extent to which subsequent viewing 
would be directed at one of three faces that had been previously paired with that scene, 
even in the absence of explicit memory for the face-scene pairing. Their work provided a 
noninvasive exploration of the coupling between neural activity and behavior, and 
complemented existing neuropsychological research showing that the hippocampus 
may have a critical role in the expression of relational memory representations via eye 
movements (Hannula et al., 2007; Ryan et al., 2000; Smith et al., 2006). We have recently
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provided a detailed review of multi-modal eyetracking-neuroimaging research focused 
on memory function that has emerged since the time of Hannula and Ranganath (2009) in 
Ryan et al. (2020). Therefore, here, we highlight findings that have been published since 
that time and that use a combined eyetracking-neuroimaging multi-modal approach to 
further add to our understanding of oculomotor-memory interactions.

Previously, Liu et al. (2017, 2020) showed that the number of gaze fixations made by 
participants during viewing was positively associated with neural activity, on a trial-wise 
basis, in the ventral visual stream, and in regions of the medial temporal lobe, including 
the hippocampus (Liu et al., 2020, 2017). By examining the overlap between the pattern of 
neural activity that was modulated by gaze fixations and the pattern of neural activity that 
was modulated by subsequent recognition memory performance, Liu et al. (2020) showed 
that there were voxels common to both patterns (Figure 1). The overlap in modulatory 
activity suggests that gaze fixations contribute information to lasting mnemonic repre
sentations, and perhaps reflects information inherent to eye movements regarding the 
spatial and temporal arrangements of distinct elements.

Liu et al. (2017, 2020) examined the association between gaze fixations and neural 
activity, irrespective of where the gaze fixation landed on the image. Recently, Henderson 
et al. (2020) expanded on this work by investigating the neural activity that was modu
lated by the specific type of information that was extracted at the site of each gaze 
fixation. That is, using fMRI, Henderson et al. (2020) examined the neural activity that was 
associated with gaze fixations that were directed to areas that had high or low levels of 
bottom-up visual content (e.g., edge density), and the neural activity that was associated 
with gaze fixations that were directed to areas that had high or low levels of top-down 
semantic content. Levels of semantic content were defined by a separate group of viewers 
who rated the informativeness and recognizability of scene patches. Henderson et al. 
(2020) found that fixations to regions high in edge density information primarily activated 
occipital regions, whereas fixations to more semantically informative scene regions 
elicited activation along the ventral visual stream into the parahippocampal gyrus. The 
findings from this work were consistent with the interpretations previously set forth by Liu 
and colleagues; namely, that gaze fixations modulate the hippocampus and extended 
MTL system through the extraction of higher-level visual information that is ultimately 
bound into memory.

Recent work has provided further converging evidence that informational content may 
be driving the relationship between gaze fixations and neural activity in the MTL (see also 
Wynn, Liu et al., 2021), and with subsequent memory. Using parametric modulation 
analysis, Fehlmann, et al., (2020) showed that the number of gaze fixations made to 
scenes was positively correlated with free recall performance, and was associated with 
neural activity in visual processing regions, as well as in the MTL, specifically in the 
parahippocampus. This cluster of fixation-related activity in the parahippocampus was 
also positively related to subsequent free recall performance. A follow-up experiment 
found that, through guided viewing, increasing the number of gaze fixations that were 
specifically directed to informative regions of an image improved later memory perfor
mance, whereas guiding viewing to non-informative regions (i.e., regions that were 
generally not viewed by participants in the first study) decreased subsequent memory 
performance. Thus, eye movements serve to gather information from the visual world, 
modulate activity in the MTL, and support subsequent memory. Indeed, Liu et al. (2020)
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Figure 1. Brain modulation pattern similarity between eye movements and memory. a. Hippocampal 
activation can be predicted (or modulated) by both trial-wise number of fixations and subsequent 
memory strength. The color coding reflects the modulation strength (i.e., prediction slope) by fixations 
or memory, with warmer (i.e., toward yellow) colors indicating stronger modulation (i.e., larger 
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showed that when participants were forced to maintain viewing on a static fixation cross 
(as opposed to free viewing), neural activity all along the ventral visual steam and into the 
hippocampus, and functional connectivity among the hippocampus, parahippocampal 
place area and other cortical regions, were decreased (Liu et al., 2020). Restricted viewing 
was also associated with decreases in later recognition memory. Finally, whereas there 
was considerable overlap in the neural activity patterns associated with gaze fixations and 
with subsequent memory during free viewing, this overlap decreased under restricted 
viewing. Such findings point to the intrinsic link between the oculomotor and extended 
hippocampal memory system at the level of behavior (i.e., subsequent memory) and at 
the level of neural activity (Figure 1).

Using advanced neuroimaging techniques, recent work has significantly extended our 
understanding of the neural mechanisms linking eye movements and memory retrieval. 
For example, Koba et al. (2021) similarly went beyond examination of activity in a single 
neural region to demonstrate how eye movements made under differing fixation instruc
tions influenced the topography and topology of resting-state functional brain networks. 
Removing eye movement-related neural activity reduced connectivity between func
tional networks, and increased modularity within networks. Therefore, eye movements 
may be functional for coordinating activity across functional networks.

Using simultaneous eyetracking and intracranial EEG, Kragel et al. (2021) recorded eye 
movements and hippocampal theta oscillations as neurosurgical patients completed a 
spatial memory task in which they had to learn the unique spatial locations of a sequence 
of objects, and subsequently discern whether an object had been moved to a new 
location. Examination of the theta phase distributions prior to fixation on an object’s 
original location were associated with the peak of theta, whereas the phase-locking 
following fixations to the novel, updated, location was associated with the trough of 
theta. The authors suggested that the peak of theta may reflect retrieval processes, such 
that the previously viewed location for the object had been recalled and then fixated by 
the eyes. By contrast, the trough of theta phase that followed gaze fixations to the 
updated locations may be associated with memory encoding. These new findings provide 
additional support for the coupling of gaze fixations and phase-locking of theta oscilla
tions in the hippocampus (Hoffman et al., 2013). Kragel et al (2021) add to a growing 
literature on active vision and memory by demonstrating a possible alternation between 
encoding-retrieval processes that are enacted on a fixation-by-fixation basis, that may be 
mediated, at least in part, via theta oscillations.

prediction slopes). A stronger modulation indicates more sensitivity to trial-wise number of fixations 
(left) or trial-wise subsequent memory strength (right). b. To quantify the similarity of the hippocam
pal cross-voxel modulation patterns by visual exploration (i.e., the trial-wise number of fixations) and 
by trial-wise subsequent memory, for each participant, the unsmoothed cross-voxel modulation 
values were first vectorized for both fixation and memory. Then Pearson correlation coefficient (r) 
(or other vector similarity measures) was calculated, and Fisher’s Z transformed. Individuals’ hippo
campal modulation similarity by memory and fixations (i.e., Fisher’s Z scores) can be compared 
between conditions across participants. c. Using this procedure, Liu et al. (2020) found similar 
hippocampal cross-voxel modulation pattern by trial-wise number of fixations and subsequent 
memory strength, but only when participants were allowed to freely explore the visual stimuli. The 
modulation similarity not evident when participants restricted their eye movements. Panels a and c 
are adapted from Liu et al. (2020).
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A related finding, also using intracranial recordings, has provided evidence for saccade 
phase resetting in the anterior nuclei of the thalamus during active viewing (Leszczynski 
et al., 2020). The thalamus, as part of the extended hippocampal system, has reciprocal 
inputs from the subiculum (Christiansen et al., 2016; Frost et al., 2021), and receives inputs 
from the mammillary bodies (Dillingham et al., 2015). Thus, the anterior nuclei of the 
thalamus may be well-situated to provide ongoing modulation of neural activity in the 
broader MTL via eye movements. Other intracranial EEG and eyetracking work suggests 
that eye movements may create a type of corollary discharge that is observed within 
hippocampal activity (Katz et al., 2020), suggesting that the motor pattern itself may 
become part of the mnemonic representation that is built by the hippocampus and MTL 
(see also (Wynn, Liu et al., 2021).

Altogether, data from the aforementioned combined eyetracking-neuroimaging stu
dies have demonstrated that gaze behavior modulates oscillatory and neural activity in 
the brain, perhaps in service of ongoing encoding and retrieval operations. Saccades 
increase phase-locking of oscillations, and gaze fixations are associated with increased 
BOLD activity in the hippocampus. Gaze fixations also modulate functional connectivity 
with the hippocampus, and broader MTL, as well as between broader functional networks. 
The influence of eye movements on the hippocampal system has downstream conse
quences for memory, such that alterations in naturalistic eye movement behavior (e.g., 
restriction of visual exploration) can negatively impact recognition (Liu et al., 2020). Multi- 
modal studies that consider behavior alongside neuroimaging therefore provide a 
broader understanding of how effector systems may have a reciprocal relationship with 
neural function. That is, behavioral responses, including the movements of the eyes, may 
not simply be a passive reflection of the output of neural processing, but rather, may be 
particularly well-suited to drive or otherwise coordinate neural responses (for further 
discussion, see Ryan & Shen, 2020).

Multi-modal (eyetracking and neuroimaging) approaches as applied to the 
study of aging

Despite the increase in multi-modal approaches that are applied to the study of memory, 
there is a paucity of research that has applied such tools to the study of memory function 
in aging. Specifically, similar to eyetracking-only studies of aging, combined eyetracking- 
neuroimaging studies of aging have primarily focused on performance on the antisaccade 
task to understand the integrity of executive function (Fernandez-Ruiz et al., 2018; Stacey 
et al., 2021). And, to the best of our knowledge, there have been no combined eye
tracking-functional neuroimaging studies of memory, or with specific reference to the 
hippocampus and broader MTL, in aging using either electroencephalography (EEG), 
magnetoencephalography (MEG) or fMRI since Liu et al. (2018). In that study, Liu et al. 
(2018) showed that the gaze fixations of older adults did not modulate the hippocampus 
and extended system. Further, in older adults, gaze fixations were only weakly related to 
subsequent, indirect expressions of memory, as indexed by neural repetition suppression 
effects. Multi-modal investigations such as this are important for understanding the 
myriad ways that hippocampal and MTL dysfunction may manifest in behavior, and for
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understanding which neural regions may or may not support relatively intact expressions 
of memory. Moreover, multi-modal investigations may importantly show which beha
vioral measures could stand as a reliable proxy for neural integrity.

As an example, researchers have combined eyetracking with structural MRI to show 
that alterations in memory-related viewing behavior are linked to changes in cortical 
thickness that may be helpful in identifying those who either have, or may be at risk for, 
clinically significant cognitive decline. Nie et al. (2020) tested healthy older adults and 
adults with mild cognitive impairment (MCI) on the Visual Paired Comparison (VPC) task. 
The VPC is an eyetracking task that has been widely used for decades with humans and 
non-human animals alike (Fagan, 1970; Fantz, 1964; Manns et al., 2000; S M Zola et al., 
2000) as a means to indirectly assess memory. On the VPC task, participants view a set of 
stimuli repeatedly, and subsequently, a repeated image is presented alongside a novel 
image. Intact memory function is inferred through findings of preferential viewing for the 
novel, as opposed to the repeated, stimulus. Typically, older adults and individuals with 
hippocampal compromise show lower levels of preferential viewing compared to 
younger adults, and control participants, respectively (Crutcher et al., 2009; M. Munoz et 
al., 2011; Pascalis et al., 2004; Whitehead et al., 2018; Zola et al., 2013). Nie and colleagues 
(Nie et al., 2020) added to this literature by demonstrating that MCI cases had lower 
preferential viewing scores than the healthy older adults, and that preferential viewing 
scores distinguished whether an individual was a healthy older adult or an individual with 
MCI. Preferential viewing scores were significantly related to cortical thickness in the right 
hemisphere in regions of the temporal pole, superior frontal lobe, rostral anterior cingu
late, and precuneus.

Although research using combined eyetracking and neuroimaging approaches to 
understand the mechanisms underlying age-related changes in memory has been mini
mal to date, current evidence suggests there is a disconnect between the transfer of 
information between the oculomotor and the hippocampal memory systems. However, 
older adults may not necessarily show atrophy or altered function in just a single neural 
region, or even within a single system of regions. Rather, neuroimaging research has 
shown that age-related changes in functional connectivity may emerge in parallel with 
age-related changes in structural connectivity across multiple neural regions and/or net
works (Zimmermann et al., 2016). Likewise, dysfunction in a limited set of neural regions 
may result in the over-recruitment of other neural regions (Samson & Barnes, 2013), 
perhaps in a compensatory fashion (Grady et al., 2005), or may result in an altered network 
topology that could either be more integrated or segregated (Henson et al., 2016; Yuan et 
al., 2017). Aging has been associated with a multitude of cognitive changes that go 
beyond long-term memory, including speed of processing, attention, working memory, 
and other executive functions (Park & Bischof, 2013; Park et al., 2002). Moreover, the 
changes that are observed in aging may not necessarily be correlated with one another; 
differences in brain structure and function, and in cognition, may emerge at different 
timepoints in the aging trajectory, and subsequently decline at different rates (Park et al., 
2002). Thus, to provide a comprehensive study of aging, one that considers the complex 
patterns of brain structure, function, and dysfunction, as well as its association with 
cognition and patterns of behavior, it is helpful to turn to multivariate approaches for 
the analysis of aging-related data.
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Multivariate approaches for neuroimaging and eye movement data

Recently, multivariate approaches have been applied to the study of eye movements in a 
manner akin to that of neural activity (i.e., pattern similarity). The advantage of using 
multivariate approaches to the study of eye movements is similar to that of neural activity; 
namely, that broader patterns in the data may be derived that include information about 
correlated metrics. Additionally, an important advantage of applying multivariate 
approaches to eyetracking data is that the method allows researchers to make broader 
inferences about the nature of the information that is contained within the pattern; 
specifically, the patterns may be suggestive of the cognitive processing that is being 
enacted by the viewer and/or the type of content that is being encoded into, or retrieved 
from, memory.

As an example, multivariate eye movement analyses have been used to address the 
question of whether mental states can be decoded from patterns and metrics of eye 
movements. Classic work from Yarbus (1967) showed that as the top-down goals of the 
viewer changed, so too did the viewer’s eye movements, despite the same image being 
viewed, suggesting that differing mental states or goals may be revealed through eye 
movement behavior. Recent studies suggest that mental states can indeed by decoded 
from a viewer’s eye movements, under certain conditions. Specifically, as reviewed by 
Borji and Itti (Borji & Itti, 2014), classification accuracy may vary depending on the classifier 
method that is used as well as how separable the different cognitive tasks are, whether 
the stimulus set that is used has the requisite information for the task, whether images are 
treated separately or as a set, and whether the viewers understand the task that is 
presented. On the first point, classification performance may be enhanced when informa
tion regarding the spatial distribution or location of the eye movements is considered 
alongside the frequency or duration of the movements (Borji & Itti, 2014).

Beyond classifying the cognitive task that is presented to the viewers, multivariate 
analyses have been used to compare the similarity in the pattern of eye movements 
across phases of memory experiments (Figure 2). Specifically, as first outlined in Scanpath 
Theory by Noton and Stark (Noton & Stark, 1971), researchers have asked whether the 
scanpaths (i.e., gaze patterns) enacted during encoding are recapitulated during a sub
sequent retrieval phase, and whether the reinstatement of such eye movement patterns is 
related to memory performance. To quantify the spatial overlap between corresponding 
encoding and retrieval scanpaths, Wynn, Ryan, et al. (2020) generated density maps from 
the aggregated fixations of each participant viewing a particular stimulus during encod
ing and subsequently retrieving that same stimulus when presented with a brief cue 
(Figure 2). Corresponding (matching image) encoding and retrieval scanpaths were 
correlated, as were non-corresponding (mismatching image) scanpaths, such that 
above chance similarity was quantified as match similarity that was greater than mis
match similarity. Lending support to Scanpath Theory, they found that during retrieval, 
gaze scanpaths reinstated the fixations executed during encoding of the same image, and 
did so more than chance. Moreover, such reinstatement was associated with both correct 
recognition of difficult old images and false alarms to lure images, suggesting that gaze 
reinstatement supports the reactivation of stored memory representations. As described 
in a recent review (Wynn et al., 2019), gaze reinstatement allows viewers to broadly 
recapitulate the spatiotemporal context of the prior encoding episode, which may allow
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Figure 2. Fixation pattern similarity analyses. a. Each fixation on a visual stimulus is first spatially 
smoothed using a Gaussian kernel, with the standard deviation σ (or the amplitude d) in proportion to 
the duration of the fixation. Then the viewing pattern image from all fixations are aggregated 
according to their locations. The two hypothetical examples depicted are viewing patterns for the 
same image during an initial encoding task and a subsequent memory test. b. The smoothed viewing 
pattern images are then vectorized, i.e., values at all pixels are aligned in a certain order in one 
column. Then Pearson correlation coefficient (r) (or other vector similarity measures) was calculated, 
and Fisher’s Z transformed to measure the similarity of the two viewing patterns. The similarity 
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for further, associated, details to be retrieved from memory. When task demands exceed 
memory capacity, gaze reinstatement may be obligatorily recruited in order to support 
task performance (Wynn et al., 2019). As such, the extent of the recapitulation has been 
shown to be positively associated with the accuracy of memory retrieval across a range of 
tasks (Johansson et al., 2021; Wynn, Liu et al., 2021; Wynn et al., 2018). Just as eye 
movements during encoding may be guided by visual salience, prior semantic knowl
edge, or memories that are more episodic in nature, gaze reinstatement may reflect the 
influence of multiple factors and types of knowledge (Ramey et al., 2020; see also Wynn, 
Buchsbaum et al., 2021).

Gaze reinstatement may contribute to memory errors if an erroneous scanpath is 
elicited in response to a similar stimulus or event as one that had been maintained in 
memory (Klein Selle et al., 2021; Wynn, Ryan et al., 2020). Moreover, subsequent memory 
performance can suffer if the initial scanpath is low in distinctiveness. That is, if the 
scanpath created during encoding for a given stimulus or event has considerable overlap 
with a scanpath created for a different stimulus or event, then the reproduction of one of 
the scanpaths may result in the retrieval of multiple memory representations that inter
fere with one another and lead to erroneous memory performance (Klein Selle et al., 2021; 
Wynn, Buchsbaum et al., 2021). Individuals who form more distinct representations also 
show later memory advantages (Wynn, Buchsbaum et al., 2021). Thus, multivariate 
examination of the scanpath across time can reveal the nature of the representation 
that is formed, including the type of content contained therein, and its distinctiveness 
from other memory representations formed by the same viewer. Such analyses can also 
highlight the dynamic unfolding or updating of cognitive processes. That is, gaze rein
statement predominantly occurs early during viewing, and declines over time, presum
ably as retrieval of requisite information has been accomplished, and the viewer can then 
enact other cognitive processes, such as initiating the relevant decision or response 
(Wynn, Ryan et al., 2020; Wynn et al., 2019).

Using combined eyetracking-fMRI, Wynn, Liu et al. (2021) recently examined the neural 
correlates that predict subsequent gaze reinstatement. Activity in the occipital lobe and in 
the basal ganglia were positively associated with the amount of gaze reinstatement that 
was observed at retrieval. Moreover, there was overlap in the pattern of neural activity in 
the hippocampus that was predictive of subsequent recognition memory and subsequent 
gaze reinstatement. Together, these results suggest that, consistent with the original 
formulation of Noton and Stark (Noton & Stark, 1971), the scanpath is a sensory-motor 
effector trace that may become part-and-parcel of a memory representation. Gaze rein
statement thereby serves as a cue to support retrieval of associated details in memory.

Thus, like neuroimaging, eyetracking can provide moment-to-moment information, 
but with respect to behavior (and underlying cognitive operations), rather than of neural 
responses. Also, much like multivariate analyses of neural activity, multivariate analyses of 
eye movements allow for patterns in gaze behavior to be compared across time and

depicted here may reflect encoding-retrieval gaze reinstatement. c. As examples, the two viewing 
patterns on the left cover similar regions of the image and have high similarity, Z = .72, and the two on 
the right do not cover similar regions and have low similarity, Z = .03.
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space. Further, in the studies noted above, multivariate analyses provided an advantage 
over standard analyses of single eye movement metrics by revealing the content and 
quality of the representations that subsequently influence memory performance.

Applying multivariate approaches to eye movement data for the study of 
aging

Standard, univariate, analyses of eye movements have revealed that older adults differ 
from their younger counterparts on a number of viewing measures. For instance, older 
adults have demonstrated slower saccade latencies (D.P. Munoz et al., 1998), increased 
targeting errors (Huddleston et al., 2014), and older adults also tend to make more gaze 
fixations (and, consequently, have shorter gaze durations) than younger adults (Heisz & 
Ryan, 2011; Moghadami et al., 2021). However, some eye movement measures may be 
highly correlated with one another; for instance, during a fixed viewing period, the 
number of gaze fixations is inversely related to the duration of those fixations. Thus, like 
neural data, eyetracking data is multidimensional, and in the absence of using a multi
variate approach, careful consideration must then be given to justify the eye movement 
metric of interest, lest issues of “cherry-picking” or of multiple comparisons arise.

Applying a multivariate analysis of eye movements to the study of age-related changes 
is only just emerging. However, the research that has been done to date suggests that 
aging is characterized by alterations in the pattern of visual exploration that reflect 
underlying changes in the quality of the memory representations that are formed and 
retrieved, and how such representations are used to support memory decisions. These 
changes are thought to reflect age-related alterations in the structure and function of the 
MTL, and specifically of the hippocampus, as well as a disruption in the information flow 
between the oculomotor system and the hippocampal memory system. Importantly, 
research suggests that consideration of multiple metrics of viewing using a multivariate 
approach may be important for increasing the sensitivity and specificity of detecting 
impending neurodegeneration (Haque et al., 2019; Lagun et al., 2011).

Pavisic et al. (2021) considered multiple metrics of viewing behavior using multivari
able linear regression to gain insight into the underlying behavioral mechanisms that may 
explain the visual short-term memory deficits observed in Alzheimer’s disease. 
Symptomatic and presymptomatic individuals from a familial Alzheimer’s disease cohort 
were tasked with remembering the locations of visual objects over a short delay. Across all 
participants, accurate memory for the previously studied location of an object was 
associated with increased viewing time on that object during encoding, as well as 
increased homogenous distribution of viewing time across all objects within the study 
display. Compared to control participants, symptomatic individuals showed decreases in 
time spent fixating the objects, and had a less homogenous viewing pattern; presympto
matic individuals required more viewing time on the objects compared to the controls to 
achieve similar accuracy (Pavisic et al., 2021). Such findings suggest that encoding 
processes may be disrupted in individuals who have markers for neurodegeneration, 
and such deficits may be exacerbated in symptomatic individuals.

We have used Partial Least Squares (PLS) correlation analysis to understand the manner 
and extent of visual exploration in younger adults, older adults who vary on cognitive 
status, as measured by the Montreal Cognitive Assessment (MoCA), and in individuals
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with amnestic mild cognitive impairment (aMCI). PLS correlation is a data-driven analysis 
approach that is similar to canonical correlation; the goal is to derive linear combinations 
of two or more groups of variables that maximally relate the groups (Abdi & Williams, 
2013). PLS analysis results in a series of latent variables (LVs) that express the different 
relationships between groups. Originally applied to PET imaging data, PLS techniques 
have been expanded in the past two decades to uncover the spatiotemporal dynamics of 
neural activity as recorded in fMRI, EEG, or MEG, that relate to different cognitive tasks or 
behavior (McIntosh & Lobaugh, 2004). PLS is also particularly helpful in the analysis of 
behavioral data, including the metrics derived from eyetracking, as it considers collinear
ity among the variables (Shen et al., 2014). Applying PLS analysis to eye movement data 
collected during free viewing of scenes for younger adults, older adults, and “aMCI cases 
demonstrated a pattern of viewing that distinguished the groups (Khosla et al., 2021). The 
PLS analysis showed one significant latent variable that, for the younger adults, was 
expressed as fewer gaze fixations, larger saccade amplitudes, fewer regions sampled, 
yet those gaze fixations (and sampled regions) were spread over a greater area of the 
scene (root mean square distance, or RMSD; (Damiano & Walther, 2019)), with lower 
entropy (i.e., less randomness) of those eye movements. Amnestic MCI cases expressed 
the reverse pattern: more gaze fixations, smaller saccade amplitudes, more distinct 
regions explored, yet a smaller area of the scene was sampled by the eyes (RMSD), with 
higher entropy. Older adults expressed a similar pattern to that of the aMCI cases (and 
opposite of that of the younger adults), although not as a reliably as the aMCI cases (see 
also (Açik et al., 2010).

Within the older adult group, there was a significant correlation between MoCA scores 
and the scene exploration metrics. As MoCA scores increased, there was a robust increase 
in the area of exploration (RMSD) and in entropy. Thus, higher-performing older adults 
showed a pattern of exploration with respect to entropy that was distinct from that of 
younger adults, whereas older adults with lower MoCA scores showed a similar pattern of 
entropy in their viewing to that of younger adults. It may be counterintuitive that higher 
performing older adults showed a pattern of viewing that is different from that of younger 
adults, however, neuroimaging data has consistently shown that higher performing older 
adults exhibit distinct patterns of neural engagement compared to younger adults, 
suggesting that older adults may have adapted different strategies, or use different 
cognitive operations, in order to circumvent declining abilities (Elshiekh et al., 2020; 
Grady, 2000). Thus, altered visual exploration in aging may stem from altered neural 
engagement.

A related finding (Chan et al., 2018) used a hidden Markov modeling approach to 
characterize two different types of viewing to faces: a “holistic” approach in which eye 
movements were predominantly centered on the face, and an “analytic” approach in 
which the eye movements transitioned between the two eyes and the face center. Older 
adults showed more instances of holistic viewing than younger adults, and holistic view
ing was associated with lower recognition performance. Additionally, for the older adults, 
lower performance on the MoCA was associated with increased incidences of holistic 
viewing (Chan et al., 2018). Presumably a holistic viewing approach for the older adults in 
the Chan et al. (2018) study would correspond to a smaller area of visual exploration 
compared to an analytic viewing approach; if so, that would be consistent with the above
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described PLS findings in which older adults explore a smaller area of images compared to 
younger adults, and those with higher MoCA scores sampled a higher area of the visual 
scene.

Lower MoCA scores in older adults have been associated with significant volume 
changes in the entorhinal cortex, and marginal changes in the perirhinal cortex and 
CA1 subregion of the hippocampus (Olsen et al., 2017). This suggests that there are 
changes in the pattern of viewing of even healthy older adults that either precede 
impending cognitive decline and/or structural changes in the MTL, or may be invoked 
as a compensatory shift due to early onset of structural and/or functional changes in the 
brain. Indeed, functional changes have been observed in the MTL of older adults in the 
absence of structural changes in region volume (Rondina et al., 2016). Given the relation
ship between visual exploration (i.e., gaze fixations) and functional activity in the hippo
campus (Liu et al., 2017) increased visual exploration in older adults may reflect a 
continual effort to encode information into memory, or may be a means by which neural 
activity in regions of the MTL may be up-regulated (Liu et al., 2018).

One consequence of viewing the visual world differently from younger adults may be 
that the information that is extracted is of a different amount or quality from that of 
younger adults. Alternatively, the altered visual exploration may be an outward manifes
tation of age-related changes in hippocampally-mediated memory binding abilities. 
Specifically, the hippocampus has a critical role in binding the relative spatial and 
temporal relations among elements within a scene or event to form a lasting memory 
representation (Cohen & Eichenbaum, 1993); functional deficits within the hippocampus 
and the broader MTL may result in increased exploration among objects in an effort to up- 
regulate the binding process. On either account, one prediction would be that the nature 
of the information represented by visual exploration differs between older and younger 
adults. To test this prediction, Wynn and colleagues (Wynn, Buchsbaum et al., 2021) 
examined the extent to which scanpaths that were created during initial viewing of a 
given image were distinct from those created during repeated viewings of the same 
image (repetitive similarity) and from those created during the viewing of other images 
(idiosyncratic similarity) (Figure 3).

Specifically, using the same gaze similarity method described previously, gaze density 
maps were generated for each participant viewing each image and were correlated across 
repeated presentations of the same image (repetitive similarity) and across distinct 
images (idiosyncratic similarity). These measures of encoding similarity were used to 
assess the distinctiveness and the completeness (i.e., amount of information), respec
tively, of the memory traces generated for each unique viewing event. Older adults had 
numerically higher idiosyncratic similarity than younger adults suggesting that the mem
ory representations for the images were less well differentiated for older compared to 
younger adults. Likewise, older adults had significantly higher repetitive similarity than 
younger adults, suggesting that older adults may not have been updating their repre
sentations with novel information (i.e., sampling new regions within the image with their 
eyes) at the same rate as younger adults. These findings suggest that, in addition to being 
less distinct, the memory representations that were made older adults may have been 
lacking in the amount or type of information contained therein. Older adults may re-fixate 
previously sampled regions in order to re-encode details or to strengthen a weak 
representation, consistent with the often-reported finding (and further replicated in
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(Wynn, Buchsbaum et al., 2021)) that older adults tend to have a greater amount of visual 
sampling behavior as indexed by gaze fixations. Other, related, research has shown that 
individual older adults showed viewing patterns that were similar to the group average (i. 
e., higher inter-subject correlations) compared to younger adults, at various points during 
movie watching. Perhaps unsurprisingly, higher levels of similarity with the group aver
age, and therefore less distinctiveness between individuals, was not related to the ability 
to recall details from memory (Davis & Campbell, 2021).

A question then, is whether the scanpaths that are made by older adults are functional 
for memory retrieval, as they are for younger adults. However, although gaze reinstate
ment positively supports memory performance, scanpaths that are less distinct, and/or 
contain lower-quality information (either in content or strength) may ultimately result, in 
part, in a failure to subsequently retrieve the appropriate information from memory 
thereby increasing memory errors (Klein Selle et al., 2021; Wynn, Ryan et al., 2020). The 
scanpath may be an element that is bound within the hippocampal memory representa
tion (Wynn, Liu et al., 2021). Due to the flexible nature of memory, the relations among

Figure 3. Visualization of the eye movement similarity analyses. (a) Idiosyncratic similarity captures the 
similarity between the eye movements of a single participant viewing different images. Repetitive 
similarity captures the similarity between the eye movements of a single participant viewing the same 
image over repetitions. (b) Gaze reinstatement captures the similarity between the eye movements of 
a single participant encoding and retrieving the same or similar (i.e., lure) image. Image reinstatement 
captures the similarity between the eye movements of a single participant retrieving an image to a 
gaze template generated from the eye movements of all participants encoding the same or similar (i. 
e., lure) image. (c) Age differences in similarity and reinstatement measures; older adults showed 
significantly higher repetitive similarity and image reinstatement. Idiosyncratic similarity and gaze 
reinstatement were numerically higher in older versus younger adults, but were not significantly 
different (figure adapted from data presented in Wynn, Buchsbaum et al., 2021).
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elements within the hippocampal representation may be strengthened, updated, or even 
recombined through experience. When a scanpath is subsequently retrieved, it may 
facilitate accurate retrieval of additional, associated details (Wynn et al., 2019). 
Alternatively, an incorrect, but similar, scanpath may be retrieved, which may result in 
the subsequent erroneous retrieval of associated details.

Wynn and colleagues examined the nature and function of gaze reinstatement in older 
adults; specifically, the amount of gaze reinstatement, the relationship between gaze 
reinstatement and successful memory performance, and also whether inappropriate gaze 
reinstatement explained an increase in false alarms that is often observed in older adults 
on recognition tasks (Stark et al., 2013; Toner et al., 2013). First, using a change detection 
task, Wynn et al. (Wynn et al., 2018) showed that older adults were just as accurate as 
younger adults for detecting a change in the relative spatial locations among objects after 
a variable (750 msec – 6000msec) delay, but older adults showed higher levels of gaze 
reinstatement during the delay interval, prior to making the recognition judgment (for a 
related finding, see (Wynn et al., 2016)). Further, the amount of reinstatement of encod
ing-related eye movements during the delay phase was positively associated with change 
detection performance across both shorter and longer delays for older adults. This was in 
contrast to the relationship that was observed for younger adults, for whom the positive 
relationship between gaze reinstatement and change detection performance was only 
seen at the longer delays (see also, (Olsen et al., 2014)). These findings suggest that older 
adults may likely need more visual input to facilitate recognition via relational comparison 
processes (Wynn et al., 2016). Moreover, older adults may invoke gaze reinstatement in 
service of memory performance at lower levels of cognitive demands than the younger 
adults, or when the memory demands of the task exceeded available cognitive resources, 
consistent with findings of neural compensation (Grady, 2012; Wynn et al., 2019).

A subsequent study used an image recognition memory task (Wynn, Buchsbaum et al., 
2021) in which the retrieval probes varied in level of completeness (i.e., 0–80% degrada
tion) or duration (250, 500, or 750ms), to determine whether gaze reinstatement, or even 
merely reinstatement by the eyes of salient image features, may contribute to memory 
errors that are made by older adults (Figure 3). During recognition, older adults typically 
false alarm to lures that are highly similar to previously studied images at a higher rate 
than what has been observed for younger adults (Stark et al., 2013; Toner et al., 2013). This 
recognition deficit has been thought to be due to a bias in pattern completion processes, 
in which retrieval of a memory occurs in response to a partial cue. Pattern completion is 
contrasted against pattern separation, a process whereby similar inputs are orthogona
lized into distinct representations in memory (Stark et al., 2013). The authors reasoned 
that if older adults use gaze reinstatement to support recognition memory, they may also 
use gaze reinstatement to support memory retrieval in response to a partial cue, and that 
such reinstatement may be, in part, the source of memory errors that occur. Alternatively, 
memory errors may simply arise, not due to the recapitulation of the older adults’ unique 
scanpaths, but due to a recapitulation by the eyes of the generally salient, and similar, 
image features that were present at encoding. To that end, Wynn et al, calculated two 
eye-movement based reinstatement measures: gaze reinstatement as previously defined, 
and image reinstatement which was the correlation of participant-specific retrieval gaze 
patterns with image-specific encoding gaze patterns, aggregated across all participants 
(Figure 3). Thus, gaze reinstatement captured both the content of the prior images as well
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as the scanpath itself (i.e., the specific encoding operations used), whereas image rein
statement captured the replay of image-specific content. During the stimulus-free retrie
val interval (following the brief presentation of a degraded test probe), older adults 
showed similar levels of gaze reinstatement, and higher levels of image reinstatement, 
as compared to younger adults. In younger adults, false alarms to lure images were 
predicted by the amount of gaze reinstatement, whereas for older adults, false alarms 
to lure images were predicted by the amount of image reinstatement. Thus, for younger 
adults, memory errors are due to the recapitulation of encoded image content as well as 
the experience of encoding (i.e., gaze reinstatement), but for older adults, retrieval of 
image content was enough to produce memory errors. These findings add to the growing 
narrative that scanpaths, much like other effector traces, may be an element that is fed 
forward and bound into hippocampal representations; however, increasing functional 
disconnections between the oculomotor system and the hippocampal memory system in 
older adults may result in an inability to leverage the scanpath (i.e., enact gaze reinstate
ment) to support retrieval of associated details from memory. Gaze reinstatement may 
contribute to the rich reexperiencing of memory in younger adults, but not in older 
adults.

Altogether, studies that use multivariate approaches for the analysis of eye movement 
behavior show that aging, and increasing MTL dysfunction (such as in cases of aMCI), are 
characterized by moment-to-moment changes in the nature and extent of visual explora
tion, and ultimately, in the information used to support memory performance. Critically, 
however, absent such multivariate investigations, our understanding of age-related cog
nitive deficits would have remained limited. That is, by only using univariate analyses, we 
may have simply concluded that the deficit in aging is one of a failure to encode (e.g., not 
look at) and/or retrieve information (Ryan et al., 2007; Taconnat et al., 2020; Yeung et al., 
2019). However, the above reviewed evidence points to a more nuanced depiction of 
aging: the nature of the representations that are encoded and subsequently retrieved by 
older adults may not necessarily contain the same type or fidelity of information as that of 
younger adults.

Moreover, absent multi-modal and multivariate approaches, our understanding of the 
role of the hippocampus and broader MTL in visual exploration would have also remained 
limited. Beyond adding to the growing amount of evidence that the functions of the MTL 
guide viewing behavior online (Ryan et al., 2020), there is now novel evidence that 
effector traces may be one element that is bound in hippocampally-mediated representa
tions, thereby allowing scanpaths to play a functional role in memory retrieval (Noton & 
Stark, 1971; Wynn et al., 2019). This latter finding contributes further to our understanding 
of memory itself: replay of eye movements may drive the experiential feel of remember
ing, and due to the flexible nature of memory, may even lead to memory errors (Wynn, 
Buchsbaum et al., 2021).

Remaining questions and future research

Research that employs a multi-modal approach to the study of aging continues to 
increase; however, the multivariate analyses of behavior, and specifically of eye move
ments, are emerging, and to date, have only rarely been applied to the study of aging. The 
field of aging research would benefit from increased incidences of combined multi-modal
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and multivariate approaches as they can reveal the dynamic unfolding of information that 
is encoded and subsequently used to support cognitive performance, as well as the 
underlying neural regions and broader networks that are engaged. In particular, findings 
from studies that use multi-modal (eyetracking + neuroimaging) and multivariate analysis 
approaches as applied to the study of aging raise new questions regarding how the 
nature of the encoding and retrieval processes may differ for older versus younger adults, 
and how such processing differences impact the resultant representations that are stored 
in memory. Typically, it has been suggested that age-related changes in visual exploration 
may simply be due to sensory changes, such as reduced vision or a smaller functional field 
of view (Scialfa et al., 1994; Sekuler et al., 2010), or due to changes in the speed of 
processing, resulting in repetitive or inefficient patterns of viewing behavior (Noiret et 
al., 2017). However, the research reviewed above suggests that age-related changes in 
visual exploration may go above and beyond mere sensory changes, to reflect ongoing 
changes in the ability to bind information into lasting mnemonic representations, and to 
retrieve such representations to support cognition in the moment.

Further work remains to comprehensively understand the changes that occur to 
the type or amount of information that is contained in mnemonic representations 
in older compared to younger adults. Research from the developmental literature 
points to the use of representational similarity analyses within a convolutional 
neural network model to determine the link between gaze patterns and neural 
activity; the correspondence between network layers (i.e., those corresponding to 
lower versus higher-level visual cortex) and gaze patterns allows assumptions to be 
made regarding the type of information that may be guiding eye movements (in 
this case, in younger versus older infants) (Kiat et al., 2021). A similar approach may 
prove useful for understanding age-related differences in the neural levels that are 
engaged to support memory, and consequently, the type of information that is 
stored. Notably, here, the above reviewed evidence regarding gaze reinstatement 
in aging suggests that there is an important distinction between whether informa
tion is stored, and the type of information that may subsequently be used by older 
adults to support further visual exploration and cognitive processing. That is, 
cognitive aging may not always be marked by an absence of stored information, 
but may also be characterized by an inability to leverage such stored information 
to support performance. Therefore, research remains to determine what type of 
mnemonic information can indeed be leveraged, and how it may be accessed, to 
subsequently support performance. It is perhaps most likely that older adults face a 
multi-factorial problem that reflects sensory and processing speed changes, as well 
as structural and functional brain changes that outwardly manifest as changes in 
visual exploration, thereby impacting the amount and nature of the information 
that is encoded, as well as the information that can be accessed and/or is prior
itized for use. In this regard, the use of multi-modal and multivariate approaches in 
aging research is key to disentangling which age-related deficits may be primary or 
foundational, and which deficits may be contingent upon, or occur as a conse
quence of, other cognitive or neural functions that are also disrupted.
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Conclusions

By applying multi-modal and multivariate approaches to the study of aging, research has 
shown that aging is characterized by moment-to-moment alterations in the amount and 
pattern of visual exploration, and by extension, alterations in the activity and function of 
the hippocampus and broader MTL. Age-related increases in, or general changes in the 
patterns of, visual exploration may support the encoding of information, and may con
tribute to an up-regulation of function within the hippocampus and MTL. However, age- 
related changes in visual exploration patterns may be non-optimal and may actually 
reduce the amount and/or type of incoming information, thereby ultimately compromis
ing the contents of the memory representation. Together, methodological advances in 
multi-modal and multivariate studies suggest that age-related declines in the integrity of 
the memory system have consequences for oculomotor behavior in the moment, in a 
reciprocal fashion. Models of cognitive aging may be informed and refined by under
standing age-related changes in visual exploration, and in the resultant representations 
(Wynn, Amer et al., 2020), as it is clear from the research reviewed here that age-related 
cognitive impairments are considerably broader in scope than previously realized. From a 
more applied standpoint, multivariate analyses of eye movements advance research 
regarding the potential applications of eyetracking for the diagnosis of neurodegenera
tion by demonstrating that even in the absence of any explicit memory demands, eye 
movements during free viewing can be used to identify MTL decline in normal and 
pathological aging.
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