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Regarded as a deﬁning factor in resource management, it is widely accepted that visual
attention and related processing will deteriorate, in a global fashion, across the lifespan
and produce detrimental consequences for environmental interactions. Disproportionate
detriments in such functions are also proposed to arise in the context of a range of agerelated disorders. However, the nature and extent of such losses, the precise mechanisms
that underlie these changes, and the origin of deﬁcits in task performance that are used to
assess this multicomponent process are still under debate. This Special Issue, comprising
studies spanning healthy ageing, cognitive impairment, and dementia, represents a body
of literature that fundamentally advances these points of discussion.
Contrary to previous ﬁndings and prior assumptions, the research documented herein
attests to a large degree of preserved task performance in ageing. First, with regard to
the role of attention in working memory (WM), by simultaneously assessing participants’
ability to ﬁlter and ignore distracting stimuli, Maniglia and Souza [1] separate the roles of
encoding and maintenance in the ﬁrst study to do so in an older adult sample. Through
Bayesian analysis, the authors establish a lack of age-related deﬁcit with regard to both
components while also providing evidence for similar effects of memory load and distraction across the adult lifespan. These ﬁndings signify that older participants had no
signiﬁcant problems allocating sufﬁcient attentional resources to manage visual WM representations compared to their younger counterparts. Although they require extended
time to engage attention, older adults were just as efﬁcient at encoding relevant stimulus
features. In this instance, the ﬁndings suggest that visual WM performance cannot be
explained by deﬁcits in attentional control, as is often speculated. Therefore, age-related
differences should not be assumed in this context, and where they are observed, should not
be automatically presumed to arise as a result of deﬁcient inhibition of distracting items or
irrelevant stimulus attributes.
Henderson et al. [2] also identiﬁed similar strategies between younger and older
adults, suggesting the ability to ﬂexibly manage attention allocation to support visual WM
performance is generally maintained across the lifespan. Each group successfully utilised
spatial cues to modify attention and ignore distractors when cue validity was completely
certain. However, the presence of this implied age-related functional integrity varied
depending on the priority assigned to the stimulus. Accordingly, the authors suggest the
successful updating of details that are no longer considered relevant is highly inﬂuenced
by the extent to which older adults have to divide their attention under high demands. The
most compelling models of the ﬁndings indicated that the high proportion of nontarget
errors demonstrated by older adults could be attributed to the lasting impression of the
priority assigned at the encoding stage. Therefore, older adults failed to inhibit the nolonger-relevant yet originally prioritised item because initially low-priority items could not
be retrieved when resources were in short supply. This proposal has valuable applications
in assessing the efﬁcacy of visual WM in older adults, which could be predicted on the
amount of resources allocated to a stimulus and may translate to other executive tasks.
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On the basis of this evidence, where age-related deﬁcits in visual WM are observed (most
likely due to priority biases), they should not be attributed to poor strategy formation but,
instead, the inability to engage adequate inhibitory control.
Further extending the discussion of integrity of function to those with mild cognitive
impairment, Revie et al. [3] highlight an absence of age-related information processing
deﬁcits via a drift rate model applied to choice reaction time data. Healthy older adults
were found to be more cautious with regard to decision making but did not demonstrate
differences in drift rate to those with mild cognitive impairment in Lewy body disease
(MCI-LB). Furthermore, this study addresses the debate as to whether the origin of visual
hallucinations in those with MCI-LB can be attributed to perceptual or attentional deﬁcits,
an important consideration, as hallucinations impact upon cognitive decline and quality of
life. The authors conclude that while not signiﬁcantly impaired, all patients exhibited a
slowing of sensory processing, whereas those who experience hallucinations also displayed
executive deﬁcits in decision-making. Such knowledge will undoubtedly pave the way
for further exploration into the onset of hallucinations as well as targeted interventions to
alleviate their detrimental consequences.
Across the lifespan, and between states of health and disease, the extent to which
individuals are able to adequately manage attentional allocation remains contested. Extending the debate on the control of resources to the domain of divided attention, Barel and
Tzischinsky [4] investigate object–location memory, an ability crucial to everyday functioning. A study with an incredibly novel focus, the authors provide a targeted demonstration
of how top-down attention can determine memory performance. Addressing the role
of attentional and executive functioning in incidental compared to intentional episodic
memory encoding, they demonstrate superior performance in the incidental condition.
Furthermore, vigilance correlated with memory performance scores in the incidental condition only, suggesting that under increased cognitive load sustained attention inﬂuenced
incidental but not intentional encoding.
Additionally, Polden et al. [5] compared the ability of healthy younger and older
adult controls to those with MCI and Alzheimer’s disease (AD) to successfully disengage
and refocus attention, while incorporating eye-tracking to facilitate measures of the “gap
effect”. With regard to the inﬂuence of age, in contrast to their younger counterparts, older
participants demonstrated slower reaction times and greater difﬁculty in disengaging attention, in addition to a general slowing in prosaccades. Perhaps surprisingly, performance
and prosaccades were similar in comparison to the patient groups, providing insight into
preservation of the “gap effect” in states of cognitive impairment. The authors established
that only in the MCI group were longer reaction times correlated with poorer working
memory, inferring that such scores—reﬂecting attentional disengagement—could act as
a valuable metric during what is considered to be a transition period to AD for some
individuals. The research emphasises that while the superior colliculus appears to remain
intact, executive regions of the network such as the anterior cingulate, which are crucial
for inhibitory control, are likely to be affected early on in the disease process. Indeed,
there may be important lessons to be learned from this study to focus on identifying the
subtleties of preserved function instead of ﬁxating on targeting deﬁcits, while also addressing individual differences in factors such as ethnicity. These considerations could have
important implications with regard to the assessment of attention-related processing and
associated approaches to enhance existing function.
Building on the role of participant characteristics, Torrens-Burton et al. [6] explored the
occurrence and origin of age-related attentional control deﬁcits to a complex yet naturalistic
task-switching paradigm. Investigating a range of variables (including subjective memory
function, cognitive reserve, gender, and education), the authors echo the sentiment of this
collection of articles by demonstrating that while age can be inferred to inﬂuence speed,
it seldom fundamentally alters proﬁciency. The ability to modulate attention to attend to
a target and inhibit interference, under conditions of increasing difﬁculty brought about
by greater task speed, can be considered signiﬁcantly less efﬁcient in older adulthood.
2
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However, age itself was not a contributing factor to performance accuracy, and while
statistically slower than younger adults, older participants were no less precise. Scores
reﬂecting general cognition (determined by the Montreal Cognitive Assessment, MoCA)
but not age itself, were associated with speed of performance. MoCA performance can,
therefore, be considered a potential marker of information processing capacity in the
context of the task, but the overarching message is that attentional control does not appear
to vary by age per se. Consequently, translating performance of a dynamic task to real-life
demonstrations of such executive function (e.g., in the context of driving), the study implies
that chronological age is unlikely to be a direct contributing factor in proﬁciency. Moving
forward, it will be of extreme importance to identify the factors that underlie superior
cognitive scores (as the MoCA results did not relate to perceived level of cognitive function
or the other variables assessed as part of the research) if they are to prove informative.
The real-world insights advocated by the aforementioned study could produce incredibly valuable applications considering driving cessation is a major life transition, with
implications for health and well-being. Huizeling et al. [7] enhance our understanding of
the complexities of refocusing attention in such a naturalistic setting, presenting the ﬁrst
study to acquire task-related oscillatory data, using electroencephalography (EEG), from
a subgroup of older adult participants to extend inferences based on simulated driving
measures. The data support the pattern of age-related slowing of reaction times shown consistently in this collection of articles—in this instance, reﬂecting adjustments older adults
make to their driving behaviour to accommodate deﬁcient attentional control mechanisms.
Consequently, the processing difﬁculties reported in abstract computer tests also appear
to translate to such realistic settings. The incidence of slow reactions with increased age
was established in several tasks: from the time to read road sings to that taken to indicate.
Additionally, where attention was already engaged to monitor the behaviour of other
drivers, it was more difﬁcult for older adults to widen their focus to identify a relevant
target among distractors. These behavioural ﬁndings were accompanied by age-related
differences in theta and alpha power, which culminate to suggest that older, compared
to younger, adults appear to be less able to engage the attentional resources required to
switch focus and respond to dynamic changes in a ﬂexible manner. The authors note that
switching was affected by how predictable a stimulus was (corresponding to the ﬁndings
outlined here [1,2]), yet the demands of driving are anything but predictable. Where
older adults appear to adopt fundamentally different, and largely maladaptive, strategies
during driving, this study provides pivotal evidence of the need for interventions that can
facilitate safe driving behaviour, which will be particularly poignant past the point where
the bounds of cognitive and neural compensation mechanisms are exceeded (in those most
vulnerable to decline; e.g., states of cognitive impairment, lower cognitive reserve, as well
as “old-old” age and beyond).
In recent years, non-invasive brain stimulation techniques (NIBS) have been heralded
as compensation aids due to their ability to enhance neural plasticity. Use of these methods
could, therefore, represent a powerful approach to sustaining cognition in ageing. However,
beyond initial successes, the multitude of stimulation parameters available to researchers,
especially those exploring transcranial direct current stimulation (tDCS), makes it extremely
difﬁcult to optimise protocols and maximise beneﬁcial outcomes. Hanley et al. [8] address
this quandary by systematically investigating stimulation duration, using a variation of
the dynamic task-switching paradigm that features here [6]. Sham control stimulation
failed to enhance performance, suggesting a lack of practice or placebo effects, whereas
superior performance speed was documented following active tDCS. However, contrary
to predictions, ten minutes of stimulation was shown to produce advantageous results
when compared to the longer twenty-minute variant. The authors speculate that the
success of the shorter intervention can likely be attributed to participant characteristics,
which determine the status of grey and white matter integrity and resulting presence of
cerebrospinal ﬂuid. While the results of this study represent a hugely exciting prospect
for on-going efforts to minimise cognitive decline, continued research is needed to better
3
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understand the action of NIBS techniques and the inﬂuence of individual differences if we
are to fully harness their value.
Therein, this collection of articles represents cross-modality research at the cuttingedge of advances in the multifaceted domain of visual attention-related processing. Crucially, each contribution in this Special Issue attests to the ageing process being dynamic
and not simply characterised by global deﬁcits. Similar inferences can be made in the
context of various forms of cognitive impairment (MCI, MCI-LB, AD), where elements of
preserved function have also been identiﬁed in the articles presented here. These considerations are highly important as they have direct consequences for prospective interventions,
with the presence of individual differences implying that a one-size ﬁts all approach will
fail to incorporate the complexities outlined in the showcased research. By addressing the
integrity of function via a unique array of approaches, encompassing novel methodologies
and innovative concepts, these studies ultimately culminate in improving (1) our understanding of age-related changes, (2) the identiﬁcation of potential signatures of a range of
disease processes, and (3) interventions to attenuate the impact of observed decline and
maintain quality of life. With a ﬁrm emphasis on the development of naturalistic applications, which test the assumptions put forward by basic research, an increase in the type of
investigations advocated here will ensure the real-life relevance of future endeavours.
Conﬂicts of Interest: The authors declare no conﬂict of interest.
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Abstract: Healthy aging is associated with decline in the ability to maintain visual information in
working memory (WM). We examined whether this decline can be explained by decreases in the ability
to ﬁlter distraction during encoding or to ignore distraction during memory maintenance. Distraction
consisted of irrelevant objects (Exp. 1) or irrelevant features of an object (Exp. 2). In Experiment 1,
participants completed a spatial WM task requiring remembering locations on a grid. During encoding
or during maintenance, irrelevant distractor positions were presented. In Experiment 2, participants
encoded either single-feature (colors or orientations) or multifeature objects (colored triangles) and
later reproduced one of these features using a continuous scale. In multifeature blocks, a precue
appeared before encoding or a retrocue appeared during memory maintenance indicating with 100%
certainty to the to-be-tested feature, thereby enabling ﬁltering and ignoring of the irrelevant (not-cued)
feature, respectively. There were no age-related deﬁcits in the eﬃciency of ﬁltering and ignoring
distractor objects (Exp. 1) and of ﬁltering irrelevant features (Exp. 2). Both younger and older adults
could not ignore irrelevant features when cued with a retrocue. Overall, our results provide no
evidence for an aging deﬁcit in using attention to manage visual WM.
Keywords: attention; working memory; aging; ﬁltering; ignoring; precue; retrocue

1. Introduction
It is widely recognized that healthy older adults show a decline in working memory (WM)
compared to younger adults [1–3]. WM is a limited-capacity system that maintains a small amount of
information available in mind for ongoing cognitive processing. One prominent explanation of WM
age-related decline states that older adults have diﬃculties in using attention to eﬃciently manage the
contents of WM. For example, one may use attention to ﬁlter out relevant from irrelevant information,
thereby selecting only the relevant information to be encoded to WM [4]. Attention could also be
used to ignore irrelevant information (i.e., distractors) presented while WM is engaged in maintaining
other information [5,6]. The abilities to ﬁlter distractors at encoding (hereafter simply “ﬁltering”) and
to ignore distractors during memory maintenance (hereafter “ignoring”) have been shown to bear
diﬀerent relations to an individual’s WM capacity [7,8]. Furthermore, these abilities can be directed to
diﬀerent objects [9] or diﬀerent features of an object [10,11].
In the present study, we investigated the hypothesis that age-related cognitive decline in visual
WM can be explained by decrease in the ability to ﬁlter and ignore distraction. We assessed this
hypothesis across two experiments that required participants to attend to diﬀerent visual objects (Exp.
1) or diﬀerent features of an object (Exp. 2). In the following sections, we will review the evidence for
age diﬀerences in these abilities and contextualize our research questions.
Brain Sci. 2020, 10, 556; doi:10.3390/brainsci10080556
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1.1. Attending to Diﬀerent Objects
Our visual surroundings are full of visual items: people, animals, and objects. At any given
moment, there is too much information for our cognitive system to process. Attention allows us
to focus on a subset of these items thereby increasing the processing of relevant and decreasing
processing of irrelevant information. For example, if we are looking for our keys, we will ignore the cat
and the children running around. If we do not, we might lose focus and forget the places we have
already searched.
Attention serves to control which information gets access to WM (for a review see [12]), and studies
have shown that the ability to ﬁlter and ignore irrelevant information contributes to WM capacity [7,8,13].
Now the question stands: Do deﬁcits in the ability to ﬁlter and ignore irrelevant information explain
age-related decline in WM? To answer this question, McNab and colleagues [9] used smartphones to
assess a sample of over 29,000 people in a game-like task requiring ﬁltering and ignoring of distracting
information. In this study, the task consisted in remembering the positions of red circles that appeared
on a 4 × 4 grid for 1 s, maintaining them over another 1-s delay, and ﬁnally recalling all of the positions
by clicking on the respective locations on the grid. Distracting information (yellow circles) could be
presented together with the red circles for study thereby requiring the ﬁltering of this information, or
they appeared during the delay period, in which case they had to be ignored. Older adults showed
larger declines in performance in the presence of distraction than younger adults, but this distraction
eﬀect was substantially larger when it occurred during the delay period (thereby requiring ignoring)
compared to encoding (requiring ﬁltering). McNab et al. proposed that the greater age-related
impairing in ignoring may be explained by the distractors being encoded to WM in the ignore condition
by both age groups; however, older adults may have diﬃculties judging the temporal order of
memoranda vs. distractors leading to confusions at recall. There are other alternative explanations
though. For example, older adults may require longer postdistraction delays than younger adults to
resolve interference due to the slower processing speed associated with aging [14].
In our study, we included conditions to distinguish between these explanations: (a) a condition in
which the distractors had to be encoded and maintained in WM instead of ignored (i.e., a high-load
baseline) and (b) a condition in which more time was provided to ignore the distractors (ignore+delay
condition). The inclusion of a high-load baseline allows one to measure the degree in which performance
in the ignore condition reﬂects encoding of the distractors: if this is the case, performance in the ignore
condition should be similar to the high-load baseline. If the distractors are only partially encoded
to WM, then performance in the ignore condition should be somewhat better than the high-load
baseline. Alternatively, the ignore condition could be even associated with worse performance than the
High-Load condition, due to the increased demand of trying to remove distractors and not succeeding
leading to loss of relevant items. The inclusion of the ignore+delay condition can clarify whether the
diﬀerence between the ﬁltering and ignoring conditions is explained by the delayed time-course of
distraction exclusion in older age. In the study of McNab et al. [9], there was a 2-s delay between
distractor and test in the ﬁltering condition, whereas this time-separation was of only a 1-s in the
ignore condition. Several studies have shown that older adults show delayed onset of Event-Related
Potential (ERP) markers of distractor-exclusion in ﬁltering tasks compared to younger adults, even in
conditions in which equal behavioral performance was obtained between age groups [15,16]. If older
adults are slower than younger adults to remove distractors from memory and this explains their
worse performance in the ignore condition, then the inclusion of an ignore+delay condition should
abolish the age-related decline observed in ignoring.
In sum, older adults seem to have more diﬃculty ignoring than ﬁltering information, but further
research is needed to clarify the reasons for this dissociation. The goal of Experiment 1 was to address
the possibilities that this is due to the encoding of the distractors or due to the faulty removal of the
distractors from visual WM.
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1.2. Attending to Diﬀerent Features
The ability to ﬁlter or ignore distractors is assumed to serve visual WM not only when attention
is directed to diﬀerent objects but also when one has to selectively attend to only some of the
features of a single object. For example, one may see a large red star and a small blue circle.
Remembering the conjunction of multiple features places larger demands on visual WM than when
simpler (single-feature) objects are maintained [17–19], and this ability is also subjected to large
age-related cognitive decline [20,21]. How ﬁltering and ignoring are used when irrelevant information
steams from the same (attended) object has been less investigated and, to the best of our knowledge,
no study has investigated how it changes in aging.
Research with younger adults have provided mixed answers regarding the question of whether
people are able to ﬁlter irrelevant features of an object. This question has been examined by comparing
conditions in which participants store single-feature objects vs. multifeature objects when (a) only one of
the features of the multifeature object is relevant (ﬁltering condition) or (b) all features of the objects are
relevant. One of the ﬁrst studies to address this issue was done by Luck and Vogel [22]. They observed
that memory was not aﬀected by the number of visual features within an object, suggesting that
participants always encoded all features to visual WM irrespectively of their relevance, and storing more
features was not detrimental. More recent studies have provided evidence contradicting these results,
showing that storing multiple features consumes more WM capacity [11,17,19,23]. Whether people
can ﬁlter irrelevant features when they have foreknowledge of which features are relevant has yielded
mixed results. Some studies [11,24,25] observed that younger participants could not voluntarily ﬁlter
irrelevant features, however, other studies have found nearly perfect ﬁltering [26–28].
These studies pertain to ﬁltering of irrelevant features at encoding. Information regarding the
relevance of some features over others may become available, however, only after the objects were
already encoded to WM. A handful of recent studies have also investigated whether people can
selectively weight features already encoded to WM, or in other words, whether they can “ignore”
irrelevant features in WM [10,29,30]. In these studies, participants encoded a set of multifeatured
objects (e.g., colored and oriented gratings). During the retention interval, a cue indicated which
feature was relevant for the upcoming test (either color or orientation) or one of the features was tested
with no prior warning (no-cue baseline). Compared to the no-cue baseline, cueing the relevant feature
during the retention interval yielded better performance.
As reviewed above, only a handful of studies have investigated the ability to ﬁlter and ignore
features, and these studies were done with younger adults. To the best of our knowledge, no study
investigated these abilities in aging. The goal of Experiment 2, therefore, was to assess age-related
decline in ﬁltering and ignoring irrelevant features.
1.3. The Present Study
Our research questions and hypotheses were preregistered (https://osf.io/jmhwv). As stated in the
preregistration, we aimed to investigate age diﬀerences in the ability to ﬁlter and ignore information
in visual WM. In Experiment 1, we investigated the ability to ﬁlter and ignore distractor objects.
We followed-up on the study of McNab et al. [9], which showed evidence for the greater age-related
decline on the ability to ignore distractor objects during maintenance compared to ﬁltering distractors
at encoding. In Experiment 1, we tested two hypotheses regarding this age deﬁcit in ignoring. The ﬁrst
possibility is that the sudden onset of the distractors during the retention interval grabs the attention of
older adults, leading them to fully or partially encode the distractors to WM. Younger adults, however,
can fully ignore the distractors. The second possibility is that both younger and older adults encode
the distractors to WM, but younger adults are faster to remove the distractors from WM compared
to the older adults. We addressed these possibilities by including conditions that require people to
fully encode the distractors to WM (high-load baselines) and conditions that vary the available time to
remove distractors from WM (ignore-delay condition).
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Experiment 2 extended the investigation of ﬁltering and ignoring abilities to situations pertaining
to the encoding and maintenance of multifeature objects. The investigation of the selective weighting
of features stored in visual WM is quite recent. Only a few studies have assessed this ability and only
among younger adults. Hence, it is not clear whether the ability to ignore irrelevant features would
be subjected to more age-related decline than the ability to ﬁlter features, similar to the observed for
ﬁltering and ignoring of whole objects.
In summary, the current study allows us to investigate four main research issues concerning
age-diﬀerences in visual WM: (1) Is the inability to ignore distractions in older adults due to their
complete or partial encoding? (2) Do older adults take longer to disengage from the information they
should ignore? (3) Is there an age diﬀerence in the ability to ﬁlter irrelevant features in visual WM?
and (4) Is there an age diﬀerence in the ability to ignore irrelevant features in visual WM?
2. Materials and Methods
2.1. Participants
Thirty younger students (19–32 years old, M = 25.7; 17 women) and thirty older adults (65–79 years
old; M = 72.6; 14 women) participated in the study. Younger adults were students from the University of
Zurich and older adults were Zurich community-dwelling individuals. Participation was compensated
with CHF 15 per h or extra course credit (in case of students), and the experimental session lasted
between 2 and 3 h. All participants signed the informed consent at the beginning of the experiment.
The study protocol was in line with the ethical guidelines of the Institutional Review Board of the
University of Zurich and did not require special approval.
All participants conﬁrmed that they have normal or corrected-to-normal visual acuity and color
vision. Older adults were assessed with the Mini-Mental Status Exam (MMSE) and all scored higher
than 28 (M = 29.3).
2.2. Materials and Apparatus
Participants were tested in a group laboratory containing four desks, each with a computer. Up to
four people could be tested simultaneously. The experimental session was composed of four tasks.
The tasks were programmed in MATLAB using the Psychophysics toolbox [31,32]. The experimental
tasks proceeded in the following order. First, participants completed two perceptual control tasks
measuring their ability to match the color and orientation of visual objects. Next, participants completed
the task for Experiment 1 (ﬁlter and ignore objects). At the end of this experiment, participants were
allowed a 10-min break. Finally, participants completed the task of Experiment 2 (ﬁlter and ignore
features).
2.3. Procedure
2.3.1. Perceptual Matching Tasks
These tasks assessed the motor and perceptual abilities of the participants, and they provided
older adults the possibility to practice the continuous adjustment scale used in the memory tasks.
In the color version of the task, two colored dots appeared side-by-side against a grey background
(RGB 128 128 128). The dot on the left was colored and served as a target. The dot on the right was
dark grey (RGB 90 90 90) and served as the probe. Both dots were surrounded by a color wheel,
which was deﬁned in the CIELAB color space with L = 70, a = 20, b = 38, and radius = 60 [33]. The task
was to adjust the color of the probe dot to match, as precisely as possible, the color of the target dot.
Participants adjusted the probe’s color by moving the mouse around the color wheel, which caused the
color of the probe dot to change to the same color as currently selected by the mouse. A mouse-click
served to conﬁrm a response, upon which a feedback screen was showed indicating the response of
the participant and the correct response.
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In the orientation version of the task, the target and the probe were white isosceles triangles
presented against a grey background (RGB 128 128 128). Participants had to adjust the orientation of
the probe triangle (on the right) to match the orientation of the target triangle (on the left) by moving
the mouse around. The tip of the triangle pointed in the same direction as the mouse cursor. As for the
other task, a mouse click locked the response and was followed by the presentation of a feedback screen.
Participants completed 4 practice trials and 50 test trials in each task. In both tasks, stimuli were
randomly selected from the 360 values of the color wheel or of orientation with the constrain that the
selected values for each trial were at least 5◦ apart from each other. The dependent variable in these
tasks was the distance between the reported feature value and the true feature value of the target.
2.3.2. Experiment 1
The experimental task was modeled after the one used by McNab et al. [9]: the position of colored
dots on a 10 × 10 grid had to be remembered (see example in Figure 1). The grid was shown in white
(RGB 255 255 255) against a uniform grey background (RGB 128 128 128). Participants were told to
remember the positions of blue (RGB 0 0 255) and green (RGB 0 255 0) dots, and to ignore any red (RGB
255 0 0) dots that appeared. At test, participants were asked, ﬁrst, to reconstruct the positions of the
blue dots by clicking on the corresponding cells of the grid, followed by reconstruction of the position
of the green dots (in case these were presented). The recall of the diﬀerent types of dots was indicated
by the color of the outer frame of the grid. Participants had to click on as many dots as presented in
that color before the next recall prompt or the end of the trial was presented. There was no time limit
for the recall.
The task was completed across two blocks. In the baseline block, participants were instructed to
remember the positions of only blue dots (Low-Load condition) or blue and green dots (High-Load
conditions) as detailed below. The number of blue dots was seven for younger and ﬁve for older
adults. The number of green dots presented in the High-Load conditions was always three for both
groups. Diﬀerent levels of load were presented for each age group because previous research [9]
indicated that older adults can store, on average, one-and-half objects less than younger adults do.
By reducing the memory load for older adults, we hoped to test the ﬁltering and ignoring abilities at
similar levels of diﬃculty for both age groups. In all conditions, blue dots were tested ﬁrst, and in the
case of the High-Load conditions, this was followed by the test of the green dots. This is because our
main question pertains to how well the blue dots can be maintained across all experimental conditions.
There were three types of conditions in this block. In the Low-Load condition (Figure 1A), only blue
dots were showed on the screen for 1000 ms, followed by 1000 ms retention and the recall test. In the
High-Simultaneous Load condition (Figure 1B), blue and green dots were presented simultaneously on
screen for 1000 ms, followed by 1000 ms retention and, lastly, by the recall tests. In the High-Sequential
Load condition (Figure 1C), blue dots were shown for 1000 ms, followed by the presentation of the
green dots for 1000 ms, and then the recall tests. These three conditions serve as the low and high
memory-load baseline conditions that allowed us to assess how well participants can ﬁlter and ignore
distracting information in the main experimental conditions.
In the experimental block, participants were instructed to remember the positions of the blue
dots and ignore the red dots. This block again composed of three conditions. In the Filter condition
(Figure 1D), blue and red dots were presented simultaneously on the screen for 1000 ms, followed by
1000 ms retention, and then the recall test. In the Ignore condition (Figure 1E), blue dots were presented
ﬁrst for 1000 ms, followed by the red dots for 1000 ms. The recall test was presented immediately
after the oﬀset of the red dots. In Ignore+Delay condition (Figure 1F), the recall test was presented after
an additional delay of 1000 ms. The inclusion of the postdistraction delay allows us to test for the
possibility that older adults need more time to remove the red dots from their WM.
Participants completed 120 trials, divided into the two blocks (whose order was counterbalanced
across participants).
Given that there were six experimental conditions (i.e., Low-Load,
High-Simultaneous Load, High-Sequential Load, Filter, Ignore, and Ignore+Delay), there were
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20 trials per design cell. Trials of each condition were randomly intermixed within each block. Six
practice trials before each block were done. Opportunities for short breaks were provided every
10 trials.

Figure 1. Example of conditions in Experiment 1. In the Low-Load condition (A) participants encoded
blue dots and later reproduced them by clicking on the corresponding grid cells. In High-Simultaneous
Load (B) and High-Sequential Load (C) conditions, participants encoded both blue and green dots. In the
Filter condition (D), participants encoded the blue dots while ignoring the red dots presented at encoding.
In the Ignore condition (E), participants encoded ﬁrst the blue dots and ignored the red dots presented
during the maintenance phase. In the Ignore+Delay condition (F) the recall test was presented after an
additional delay of 1000 ms.

2.3.3. Experiment 2
The task in Experiment 2 consisted of remembering visual objects that vary in one or two
continuous feature dimensions (i.e., color and orientation), and at test they reproduced one of these
dimensions on a continuous scale (see Figure 2).
In the Single-Feature baseline conditions, the memory array consisted either of colored dots (which
do not contain orientation information; see Figure 2A) or white triangles (which do not contain color
information; see Figure 2B). In the test, participants reproduced the single feature of one of the objects
in the memory array. In the Dual-Feature baseline condition (Figure 2C), participants were presented
with colored isosceles triangles, and they remembered both the color and the orientation of these
objects. In the test, one object was randomly selected and participants reproduced either its color or its
orientation (with equal probability). In the Filter condition (see Figure 2D), a precue was presented before
the onset of the memory array and indicated with 100% validity whether the color or the orientation
of one of the objects would be tested at the end of the trial. The precue allowed participants to only
10
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encode the relevant feature to WM. In the Ignore condition (see Figure 2E), a retrocue was presented
during the retention interval indicating with 100% certainty whether color or orientation would be
tested later in the trial. The retrocue allowed participants to ignore, at the test, the uncued feature.

Figure 2. Example of conditions in Experiment 2. In Single-Feature baseline conditions, participants
encoded only colors (A) or the orientation of the triangles (B) and then they indicated the color of the
target by clicking on the color wheel or the correct triangle’s orientation by moving the mouse to rotate
the probe. In Dual-Feature baseline (C), participants encoded colored triangles, and then either the color
or the orientation of an item was probed. In Filter condition (D), a cue was shown in the middle of the
screen indicating the to-be-tested feature (C = color; O = orientation) before the onset of the memory
array, allowing participants to only encode the relevant feature to WM. In Ignore condition (E), a cue was
shown during the retention interval, thereby allowing participants to ignore one of the features already
stored in WM.

In all conditions, the trial started with a white ﬁxation cross presented against a grey background
(RGB 128 128 128) for 500 ms. Next, the memory array (colored dots, white oriented triangles, or
colored triangles) was presented for 1000 ms. The memoranda were evenly spaced on an imaginary
circle centered on the middle of the screen. Colors were randomly selected from 360 values distributed
along with the same color wheel as deﬁned for the color perceptual task. Orientations were selected
randomly from 360◦ angles. After a brief retention interval (1000 ms), memory for one of the stimuli
was tested by presenting a dark-grey stimulus (probe) at the location of one of the memoranda. If color
was the tested feature, a color wheel was shown. Participants had to move the mouse along the color
wheel to adjust the color of the probe to the color of the memory stimulus presented in that location.
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If the orientation had to be reproduced, only the probe stimulus and the mouse cursor were presented.
Participants had to move the mouse around to rotate the probe triangle to match the orientation of the
memory triangle that was presented in the same location. Participants pressed the left mouse button to
conﬁrm their response. There was no time limit for the recall.
In precue trials (Filter condition), a letter (F for color—which is “Farbe” in German and R for
orientation—“Richtung” in German) was presented in the middle of the screen for 500 ms indicating
which feature (color or orientation) was relevant for the test. The memory array was presented 1500 ms
after the oﬀset of the precue. In retrocue trials (Ignore condition), the letter F or R was presented 1000 ms
after the oﬀset of the memory array. The cue was on screen for 500 ms, and 1500 ms thereafter, the
test-array appeared.
The number of objects in the memory array was 6 for younger adults and 4 for older adults. Again,
our goal with the presentation of diﬀerent memory loads between age groups was to present tasks of
equivalent diﬃculty for these groups. Experiment 2 consisted of 400 trials divided into 2 blocks of 200
trials each: a baseline block consisting of the Single- vs. Dual-Feature trials; and an experimental block
consisting of the Filter and Ignore trials. There were 4 training trials before each block. Within each
block, the type of trial (Dual-Feature vs. Single-Feature; or precue vs. retrocue) was randomized with
the constrain that each design cell had an equal number of trials (note that the dual-feature condition
had 100 trials, with 50 trials ending in a color test and 50 trials in an orientation test). The order of
blocks was counterbalanced across participants. A short break was provided between blocks.
3. Data Analysis
The practice trials were excluded from all analyses. In Experiment 1, the dependent variable was
the proportion of correctly recalled blue dots across conditions. In Experiment 2, our main dependent
variable was the error in reporting the cued feature (either color or orientation) of the tested item
across conditions. In the perceptual matching tasks, the dependent variable was the error in matching
the feature of the perceptually visible target item. Recall error is the absolute value of the deviation
between the true feature value of the tested item and the participants reported feature value.
We analyzed the data using two approaches: Bayesian model comparison and Bayesian parameter
estimation. The ﬁrst approach compares the likelihood of a stated model given the data. This analysis
yields an odds ratio, denominated Bayes factor (BF10 ), which quantiﬁes the evidence for supporting
the stated model against the null model. Evidence for the null model over the stated model can be
obtained by computing 1/BF10 (BF01 ) [34,35]. By comparing models that include diﬀerent predictors,
this procedure allows gathering evidence for or against the presence of main eﬀects and interactions
between predictors. Here, we used Bayesian ANOVAs (hereafter BANOVA) and Bayesian t-tests to
gather evidence for and against our hypotheses.
The second approach computes the relative credibility of all candidate parameter values that
can describe the data given the speciﬁed model, which yields distributions of the parameter values
known as the posterior. To assess the credibility of the parameter, we consider the interval that covers
95% of its posterior (hereafter, the highest density interval–HDI). If the HDI of a parameter does not
include 0, or if it is outside of a region around the null, namely, a Region of Practical Equivalence
(ROPE; which here was deﬁned around an eﬀect size between −0.1 and 0.1), then the estimated value
is considered credibly diﬀerent from 0. Both analyses were implemented in R [36]: BANOVAs and
t-tests used the BayesFactor package [37], and parameter estimation used the BEST functions [38].
In our preregistration, we indicated that our main interest in both experiments was in comparing
performance in the Filtering and Ignoring conditions concerning both the Low-Load and their respective
matched High-Load conditions (High-Simultaneous and High-Sequential, respectively) and to assess
age-related change on these. We proposed to compare them using a relative scoring that would combine
both comparisons (e.g., (Filtering–High-Simultaneous)/(Low–High-Simultaneous)). However, given
the performance levels, we observed in the experiments, this computation yielded uninterpretable
values. This happened because some scores in the Filtering and Ignoring conditions were even better
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than in the Low-Load condition (In our preregistration, we only considered that performance in these
distractor conditions would be in-between the Low-Load condition and the High-Load condition.
It turns out that performance tended to be even better in these conditions than in the Low-Load
baseline). Therefore, we decided to report separate comparisons with each of these load baselines to
allow for proper testing of our stated hypotheses. For these comparisons, we used a two-tailed t-test.
For comparisons between age-groups, however, we used a one-tailed t-test to more speciﬁcally test the
hypothesis that older adults perform more poorly than younger adults.
4. Results
The study materials, data, and analysis scripts are available at the Open Science Framework at
https://osf.io/ezr3m/.
4.1. Experiment 1
For one participant in the younger group, data of 10 trials was lost due to a computer crash.
Figure 3 shows performance in Experiment 1 as a function of the experimental condition for the
two age groups. Overall, younger adults performed better in the task than older adults, even though
we provided younger participants with a higher memory load (7 blue items) than older adults (5 blue
items). Figure 3 also shows that there is no sign of interactions between experimental condition and age.
Accordingly, a BANOVA including age (younger vs. old) and condition (Low, High-Simu, High-Seq,
Filter Ignore, and Ignore+Delay) showed that the best model of this data included only the main
eﬀects of condition and age (BF10 = 2.90 × 1058 ). This model was substantially preferred to the model
including the interaction term (BF10 = 0.27). There was substantial evidence to include the main eﬀects
of age (BF10 = 3.56 × 1053 ) and condition (BF10 = 6.93 × 104 ) in the best model. We also assessed age
eﬀect only on the conditions involving distraction (Filter, Ignore, and Ignore+Delay). The best model
of this data only included the main eﬀects of age and condition (BF10 = 2.96 × 109 ), and there was
substantial evidence to exclude the interaction term (BF10 = 0.17). These results indicate that although
older adults were able to recall fewer positions correctly, the performance of older and younger adults
was similarly aﬀected by memory load and distraction presence.

Figure 3. Proportion of correctly recalled blue dots in Experiment 1 for each age group (YA = younger
adults, OA = older adults) across the experimental conditions that varied in memory load (Low,
High-Simultaneous, and High-Sequential) and distractor presence (Filter, Ignore, and Ignore+Delay).
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4.1.1. Filtering Ability
Table 1 shows contrasts between the Filter condition and the Low- and High-Load conditions,
respectively. As indicated in Table 1, the Filter condition tended to yield better performance than the
Low-Load condition, and this improvement was credible for older adults. This result is the opposite of
what is predicted by a deﬁcit in ﬁltering irrelevant objects. We tested for the directional hypothesis
that this ﬁltering score was lower for the older adults than for the younger adults with a one-sided
t-test, which our results show clear evidence against.
The comparison against the High-Simultaneous condition indicated that the Filter condition
produced better performance in both age groups. We tested for an age diﬀerence in ﬁltering against
this baseline assuming that older adults performed worse than younger, but our results showed strong
evidence against this diﬀerence. If anything, the older adults had a larger ﬁltering beneﬁt than the
younger adults.
4.1.2. Ignoring Ability
Table 1 also presents the contrast between the Ignore condition and the Low- and High-Load
conditions, respectively. The contrast of the Ignore condition to the Low-Load condition indicated the
absence of credible changes in performance for both younger and older adults. Critically, there was
substantial evidence against age diﬀerences, indicating that older adults were as able as younger adults
to ignore irrelevant objects.
Comparison to the High-Sequential Load condition revealed better performance in the Ignore
condition for both older and younger adults. This outcome indicates that the older adults did not
encode the items that they should ignore; indeed, encoding additional items overloads WM capacity
leading to worse performance in the High-Sequential condition, which was not the case for the Ignore
condition. Again, there was no evidence for an age-related diﬀerence in ignoring ability.
4.1.3. Delay Eﬀect: More Time to Ignore Distractors?
Our last question was whether providing a delay after the presentation of the distractors could
improve the ignoring of the distractors. Our data showed, unexpectedly, that neither younger nor
older adults had problems ignoring the distractors as presented in the previous section. Indeed, as
shown in Table 1, the presentation of a longer delay after the distractors was associated with worse
performance in the Ignore+Delay condition compared to the Ignore condition. There was no age-related
diﬀerence in this eﬀect.
4.2. Perceptual Matching Tasks
Before Experiment 2, participants completed two perceptual matching tasks that allowed us to
assess their motor and perceptual abilities with regards to the reproduction of colors and orientations.
Younger adults (M = 2.80, SD = 0.85) tended to reproduced the colors with smaller error compared to
older adults (M = 3.19, SD = 1.33), but this diﬀerence was not credible, BF10 = 0.5, with 14% of the
credible eﬀect size (M = −0.32) values within the ROPE (i.e., eﬀect size between −0.1 and 0.1). For
orientation reproduction, younger adults (M = 3.90, SD = 2.70) showed similar performance to older
adults (M = 3.57, SD = 1.64), and for this comparison, the null hypothesis was preferred by a factor of
about 3, BF10 = 0.30, with evidence of 25% of the credible eﬀect size values (M = 0.06) within the ROPE.
These results indicate that any diﬀerences in performance between younger and older adults in terms
of memory performance in Experiment 2 cannot be attributed to worse perceptual-motor abilities.
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Table 1. Analysis of the data of Experiment 1. Mean recall error and 95% highest density interval (HDI) estimated from Bayesian t-tests assessing (1) the age eﬀect in
each condition, (2) the ﬁlter, ignore, and delay eﬀect within each age group, and (3) the age eﬀect on the size of the ﬁlter, ignore, and delay eﬀects.
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4.3. Experiment 2
Figure 4 presents the recall error for reproducing the colors and orientations in Experiment 2.
Overall, performance was best when participants encoded single-feature objects (colored dots or
oriented triangles) and worse when they encoded dual-feature objects (colored triangles). The Filter
conditions yielded performance similar to the Single-Feature conditions. The Ignore conditions, in
contrast, yielded performance similar to the Dual-Feature conditions.

Figure 4. Mean recall error in Experiment 2 for each age group (YA = younger adults, OA = older
adults), recall (color and orientation), and baseline condition (Single and Dual) and cueing condition (Filter
and Ignore).

We ran a BANOVA on these data having conditions (Single, Filter, Ignore, Dual), recalled feature
(color vs. orientation), and age group (younger vs. older) as ﬁxed predictors, and participant as
a random eﬀect. The best model included only the main eﬀect of condition (BF10 = 1.42 × 1031 ).
The evidence against including the main eﬀect of the recalled feature was ambiguous (BF10 = 0.70) as
well as of including the main eﬀect of age group (BF10 = 0.63). These results suggest that performance
in Experiment 2 mainly varied with the condition.
To facilitate gathering evidence for age diﬀerences, we also ran two separate BANOVAs, one
for recall of colors and one for recall of orientations. For color recall, the best model of the data only
included the main eﬀect of condition (BF10 = 1.76 × 1022 ). There was ambiguous evidence against
excluding the main eﬀect of age group (BF10 = 0.48). Critically, there was strong evidence against
including the interaction of age group and condition (BF10 = 0.10). For orientation recall, the best
model of the data also only included the main eﬀect of condition (BF10 = 9.99 × 1011 ). There was
ambiguous evidence against excluding the main eﬀect of age group (BF10 = 0.78) and for excluding
the age group × condition interaction (BF10 = 0.74). Notice that this is probably because the younger
group tended to perform worse in the Ignore condition than the Dual-Feature condition.
As there was no credible main eﬀect of recalled feature in the BANOVA (presented above),
the analyses of the main eﬀects of Bayesian Estimation (Table 2) were calculated from the average
performance across recall of color and orientation.
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17

[−2.93,5.17]
[−0.27,0.49]

[6.40,12.10]
[0.58,1.70]

1.2
0.11
0.34
0.22

9.92
1.08
0
4776

[46.9,56.8]
[45.4,56.2]
[47.0,58.5]
[55.7,65.5]
[58.9,68.3]
[51.4,63.6]
[44.1,57.1]
[43.4,55.4]
[44.7,59.8]
[58.6,68.6]
[58.1,68.4]
[57.9,70.0]

[4.91,12.1]
[0.47,1.37]

51.8
50.8
52.8
60.6
63.7
57.4
50.7
49.4
52.1
63.4
63.2
63.8

Single-Feature
Color
Orientation
Dual-Feature
Color
Orientation
Filter
Color
Orientation
Ignore
Color
Orientation
Contrasts
Dual > Single
Raw score
Eﬀect size
p(ROPE)
BF10
Single = Filter
Raw score
Eﬀect size
p(ROPE)
BF10
Dual = Filter
Raw score
Eﬀect size
p(ROPE)
BF10

95% HDI

13.2
1.17
0
1.7 × 105

[8.93,17.40]
[0.66,1.85]

[−4.09,2.55]
[−0.48,0.28]

−0.80
−0.11
0.36
0.22

[39.8,49.8]
[39.7,50.3]
[39.4,50.4]
[54.8,63.5]
[57.0,65.0]
[51.2,63.2]
[40.0,51.0]
[42.0,52.5]
[37.0,51.0]
[54.6,63.6]
[56.0,65.6]
[51.2,62.6]

95% HDI

[9.45,18.0]
[0.74,1.76]

45.0
45.2
44.9
59.1
60.9
57.3
45.6
47.4
44.0
58.9
61.0
56.8

M

Older

13.7
1.21
0
1.6 × 105

Age Group

8.51
0.90
0
2402

M

Condition

Younger
[−0.15,13.7]
[−1.81,13.3]
[0.06,16.0]
[−4.81,7.95]
[−3.31,8.83]
[−8.7,8.23]
[−3.79,13.2]
[−5.93,9.94]
[−2.02,18.5]
[−2.04,11.4]
[−5.11,9.1]
[−1.10,15.3]

95% HDI

0.19

−0.32

−3.20 [−8.57,2.24]

−0.47

[−0.86,0.21]

[−0.33,0.73]

[−1.04,0.03]

[−0.02,1.06]
[−0.14,0.93]
[−0.02,1.10]
[−0.39,0.67]
[−0.28,0.77]
[−0.52,0.52]
[−0.22,0.85]
[−0.41,0.66]
[−0.12,0.95]
[−0.19,0.89]
[−0.37,0.72]
[−0.09,1.01]

95% HDI

Eﬀect Size
0.51
0.40
0.52
0.07
0.26
−0.02
0.32
0.14
0.37
0.35
0.19
0.45

M

[−3.04,7.40]

2.01

−5.15 [−10.7,0.42]

6.84
5.66
7.92
1.54
2.73
0.12
5.06
1.98
8.07
4.47
2.22
7.00

M

Raw Score

Age Eﬀect (Younger < Older)

0.15

0.22

0.06

0.05
0.10
0.05
0.26
0.20
0.30
0.15
0.25
0.09
0.13
0.23
0.07

ROPE

0.80

0.16

2.29

0.10
0.11
0.10
0.20
0.15
0.26
0.14
0.20
0.12
0.13
0.18
0.11

BF10

Table 2. Analysis of recall error in Experiment 2. Mean recall error and 95% highest density interval (HDI) estimated from Bayesian t-tests assessing (1) the age eﬀect
in each condition, (2) the load (single/dual), ﬁlter, and ignore beneﬁt in each age group, and (3) the age eﬀect on the condition eﬀect.
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[−14.8,−8.02]
[−1.91,−0.84]

[−6.34,0.17]
[−0.78,0.02]

−3.14
−0.40
0.08
0.97

95% HDI

−11.4
−1.35
0
4.9 × 105

M

M

−0.22
−0.00
0.40
0.19

−14.0
−1.49
0
2.5 × 106

Age Group

95% HDI

[−3.54,3.03]
[−0.40,0.35]

[−17.7,−10.6]
[−2.17,−0.94]

Older

[−2.19,7.41]

95% HDI

−2.88 [−7.57,1.72]

2.57

M

−0.32
[−0.86,0.20]

[−0.24,0.84]

95% HDI

Eﬀect Size

0.33

M

Age Eﬀect (Younger < Older)
Raw Score

0.14

0.18

ROPE

0.87

0.64

BF10

Note: For each eﬀect, the evidence (BF) for the alternative hypothesis over the null is presented (BF10 ) for a one-sided test. ROPE = probability of values within a region of practical
equivalence (eﬀect size between –0.1 and 0.1). For most within-subject condition comparisons (e.g., Single = Filter), we performed two-tailed t-tests, except for the comparison of Dual >
Single, for which a substantial body of research creates the expectation of worse performance in the Dual than the Single condition. For between-subject comparisons (e.g., younger <
older), we performed a one-tailed t-test.

Single = Ignore
Raw score
Eﬀect size
p(ROPE)
BF10
Dual = Ignore
Raw score
Eﬀect size
p(ROPE)
BF10

Condition

Younger

Table 2. Cont.
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4.3.1. Filtering Ability
Table 2 presents the comparison of the Filter condition against the Single-Feature and Dual-Feature
conditions. The contrast of Filter vs. Single-Feature provided evidence against credible diﬀerences for
both age groups, and there was also substantial evidence against an age reduction in ﬁltering eﬃciency.
This is pattern of results expected given perfect ﬁltering of the irrelevant feature at encoding.
The contrast of Filter vs. Dual-Feature showed smaller recall error in the Filter condition. There was
substantial evidence that storing both features yielded worse recall error for both age groups (i.e.,
Single vs. Dual contrast). Older adults tended to show a larger cost in the Dual-Feature condition, but
this eﬀect was not credible.
Overall, the results are consistent with the hypothesis that feature ﬁltering eﬃciency was unaﬀected
by age.
4.3.2. Ignoring Ability
Table 2 presents the comparison of the Ignore condition against the Single-Feature and Dual-Feature
conditions. The contrast Ignore vs. Single-Feature showed larger recall error in Ignore condition for both
age groups, indicating that participants were unable to ignore the irrelevant feature in WM.
The contrast Ignore vs. Dual-Feature condition showed worse recall in the Ignore condition, particularly
for the younger group. There was, however, no credible evidence for an age eﬀect on ignoring ability.
5. General Discussion
The current study investigated age-related diﬀerences in the eﬃciency of using attention to
manage the contents of WM, speciﬁcally in ﬁltering and ignoring irrelevant objects (Exp. 1) and in
ﬁltering and ignoring irrelevant features of the object (Exp. 2).
Our experiments revealed the following main ﬁndings: older adults were as able as younger
adults to eﬃciently ﬁlter and ignore distractor objects (Exp. 1). Furthermore, older and younger adults
performed similarly in ﬁltering distractor features (Exp. 2). This experiment also showed no evidence
that younger and older adults could ignore a feature they already encoded to visual WM. Overall,
Experiment 2 also pointed to a lack of evidence that older adults have deﬁcits in managing the contents
of visual WM in comparison to younger adults.
Next, we will discuss the implications of these ﬁndings in terms of attention to objects and features.
5.1. Attentional Modulation of Objects
McNab and colleagues [9] showed evidence that ﬁltering of irrelevant objects would be relatively
preserved in aging, but ignoring irrelevant objects would be impaired. Here, we were interested in
investigating whether the inability to ignore distractions in older age was due to the full or partial
encoding of the distractors. The results provide evidence of eﬃcient ignoring of distractor objects in
both age groups. Although we set up to test explanations of an ignoring deﬁcit in aging [9], we failed
to observe an age-related cognitive decline in ignoring as revealed by three ﬁndings: (1) there was
no interaction between age and distractor condition, indicating that both age groups were similarly
aﬀected by the presence of distractors at encoding and during the delay; (2) comparison of performance
in the Filter and Ignore conditions against our Low-Load baseline showed no evidence of a drop in
performance, and (3) the better performance observed in the Filter and Ignore conditions compared to
the High-Load baselines provided evidence against the hypothesis that distractors were encoded to WM.
Our results stand in opposition to the results from the study of McNab et al. [9]. There are
several diﬀerences between our experiments that may explain these discrepant ﬁndings, which we will
discuss below.
The ﬁrst refers to the task setup. Our experiment involved a larger grid of spatial locations
(10 × 10) than used by McNab et al. (4 × 4). We decided against a small grid because in such a grid,
participants can use the strategy to remember the empty cells instead of the ﬁlled ones. Our decision
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to increase the grid was also related to the fact that in the study of McNab et al., younger adults were
at ceiling performance in their baseline (no-distraction) condition, whereas this was not the case for the
older adults. This potentially precluded them from properly measuring the impact of distraction in the
younger group, because the impact of ignoring was assessed relative to this baseline.
A second diﬀerence between our studies refers to the memory load between age groups. Based on
the McNab et al.’s data, we estimated that older adults could store, on average, 1.5 items less than
younger adults, so we provided a load of 2-items less to the older adults in an attempt to keep task
diﬃculty at a similar level between age groups. We note that this load diﬀerence cannot explain age
diﬀerences in Experiment 1. On the one hand, although increasing memory load improves the chance
of getting a response correctly, our grid had 100 locations, and hence chance probabilities were of 5%
and 7% for older and younger adults, respectively. This gives younger adults an advantage of 2% over
older adults; nonetheless, age diﬀerences between conditions were of, at least, 10% in average as shown
in Table 1. On the other hand, we relied on a within-subjects comparison to determine the eﬃciency of
ﬁltering and ignoring, and for this comparison, guessing probability is constant. Despite this load
manipulation, our results showed that older adults still performed more poorly overall than younger
adults, suggesting that age diﬀerences might have been underestimated in McNab et al. due to the
ceiling performance of younger adults. Critically, the memory load selected for the younger adults
(7 items) was eﬀective to bring performance of the younger adults below ceiling, permitting us to attest
that the younger participants were performing at their maximal WM capacity even at our Low-Load
(no-distraction) baseline.
A third diﬀerence refers to the fact that our Low-Load condition was randomly intermixed with
the High-Load conditions. Arguably, the Low-Load (no-distraction) condition may produce even
better performance if participants are not exposed to a situation in which they are constantly required
to process the color of the dots in order to determine their category (blue vs. green). This requirement
may have forced participants to remember not only the spatial locations of the dots, but also their
color. Maintenance of color-location bindings is arguably more demanding than maintenance of only
locations. This could have created a more diﬃcult baseline than the one used by McNab et al., which
did not involve this additional requirement. This may have led our study to underestimate the impact
of distraction in the Filter and Ignore conditions. Future studies are needed to properly disentangle
whether there are costs associated with Filtering and Ignoring when these conditions are contrasted
to a baseline in which only location needs to be remembered vs. a baseline in which color-location
bindings may need to be remembered. This will help to establish whether the costs of distraction
are associated with the need to form bindings when distraction is presented. That said, we believe
this does not undermine our main ﬁnding that age was not associated with impairments in ignoring
information, because we still did not observe an interaction between age and distraction (Filter vs.
Ignore), a contrast that is not confounded by baseline comparisons.
A fourth diﬀerence is that McNab et al. ran a span procedure, whereas our experiment consisted
of a ﬁxed memory load for several trials. In a span procedure, participants are exposed to trials with
increasing memory load (in their study this ranged from 2 to 10 items). If the participant responds
correctly in a number of trials (e.g., 2) with a given load, the load is increased in the next trial by one
unit. When participants make a mistake, the trial is repeated, and if they repeatedly fail to recall all
items correctly, the task ends. The last memory load in which perfect recall was observed is deﬁned as
the memory span of the participant. In such a procedure, memory span is measured within a couple of
trials. This procedure, however, is probably disadvantageous for older adults because they are not
provided enough trials to develop a proper strategy to manage the task. Younger adults might be faster
in ﬁguring out the best strategy to deal with the increasing memory load giving them an advantage in
this type of procedure.
Overall, our study supports the conclusion that older adults are not impaired relative to younger
adults in ignoring distractor objects when we provide them with a suﬃciently large number of trials
with the task and guarantee that younger and older adults were performing at maximal capacity.
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In Experiment 1, we also wanted to determine whether older adults needed more time to ignore
irrelevant objects. Aging is well-known to be associated with a decline in cognitive processing
speed [39]. This age-related slowing also inﬂuences WM processes, e.g., the time required to encode
a stimulus [40,41]. Contrary to our expectations, our attempt to provide more time to ignore the
distractors in the Ignore+Delay condition did not help performance. Instead, performance decrements
were observed indicating that there was time-based forgetting of the spatial representations of the
to-be-remembered items due to the prolongation of the retention interval [42]. Importantly, this was
observed for both age groups.
Regarding the ability to ﬁlter distractors, our ﬁndings replicate previous results that showed
similar ﬁltering performance between younger and older adults [9,16]. This suggests that older
adults can maintain similar performance levels compared to their younger counterparts. Whether
the mechanisms associated with this preserved performance are the same between age groups is still
unclear. Some neurophysiological studies have observed age-related impairment in the degree of
activity suppression in areas processing distractor information [40] and on the timing of onset of ERPs
associated with suppression of distractors [16]. Together, these results suggest that older adults might
need more time to eﬃciently deploy attention, but otherwise have intact attentional processing abilities,
and hence, they can also manage their WM contents eﬃciently.
5.2. Attentional Modulation of Features
Experiment 2 examined the ability to selectively attend to only some of the features of a single
object during encoding (also known as ﬁltering) and during the maintenance period (also known as
ignoring). Our results demonstrated similar performance in the Filter and Single-Feature conditions and
strong evidence for better performance in the Filter than the Dual-Feature condition in both age groups.
These results are in line with the hypothesis that participants used the precue to only encode the
relevant feature to visual WM, eﬃciently ﬁltering the irrelevant feature dimension. Encoding of this
feature yielded a cost to performance as demonstrated by the Dual-Feature condition and replicating
other studies showing WM capacity limitations in storing multifeature objects [17,18]. The evidence
of a ﬁltering feature beneﬁt provides support for the initial encoding process that can be biased
by feature-based selective attention [43,44]. Selectively encoding of relevant features can provide
advantages to WM performance. Relevant features may be encoded faster and even more robustly in
visual WM. This may also make the retrieval process less costly, considering that the more features
are encoded, the more decision processes will be needed, increasing the probability of errors [44].
Critically, there was no age diﬀerence in ﬁltering irrelevant features: younger and older adults were
equally able to use the precue to select only the relevant feature for encoding into visual WM.
To determine whether it is possible to ignore a feature after it has been encoded into visual
WM, we presented a retrocue during the retention interval indicating the relevant feature for the test.
Performance in the Ignore condition was similar to the one in the Dual-Feature condition, indicating
that the multifeature object was maintained intact until tested, and the irrelevant feature could not
be ignored. If feature-based attention could modulate the selection of a single feature for recall, then
we would expect similar performance in the Ignore and Single-Feature conditions or at least better
performance than in the Dual-Feature condition, which our data clearly shows evidence against.
There are not many studies addressing the ability to ignore irrelevant features. Two previous
studies compared a Dual-Feature condition to a feature retrocue condition and reported feature retrocue
beneﬁts [10,29]. It is unclear why we could not replicate these results here. We can rule out the
possibility that the participants did not understand the meaning of the cue: the same cues were used in
the Filter and the Ignore conditions, which were randomly intermixed across trials. Participants were
extremely eﬃcient in using the cue if it appeared before the memory array, thereby yielding ﬁltering
beneﬁts, but not if it appeared after the memory array, which did not produce an ignoring eﬀect.
We can only speculate on why feature retrocue beneﬁts were not observed. One diﬀerence that could be
relevant is that studies obtaining feature retrocue beneﬁts had a lower memory load (2 or 3 items) than
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used here (6 items) with younger participants, and somewhat longer postcue times (2000–5000 ms),
whereas in our study, this delay was of 1500 ms. Future studies are needed to understand under which
conditions participants are able to use feature-based attention to prioritize relevant features of objects
already stored in visual WM.
In summary, Experiment 2 provided evidence against the hypothesis that older adults have a
deﬁcit in directing feature-based attention to representations in visual WM compared to younger adults.
5.3. Aging Deﬁcits in the Control of Attention?
A deﬁcit in using visual attention to control visual WM contents has been proposed as one
of the main contender explanations for visual WM impairments in aging [45]. This hypothesis
predicts that older adults exhausts their WM capacity with irrelevant information, thereby performing
more poorly for tests of the relevant information. What is the evidence supporting this hypothesis?
Some neurophysiological studies have pointed to an age-related deﬁcit in selective attention as revealed
by comparison of brain activations vs. deactivations in face of requirements to attend vs. ﬁlter/ignore
information [4,46–48] or time for onset of suppression markers in ERP components [16]. Behaviorally,
however, the evidence is more challenging for the inhibition hypothesis. Selective attention is beneﬁcial
for encoding and maintaining relevant content in visual WM as revealed by precue and retrocue
beneﬁts, respectively (for a review see [49]). Studies investigating age-related deﬁcits in the use
of selective attention through attentional cues provide challenging results to this inhibition-deﬁcit
hypothesis. Some studies showed no age-related deﬁcits in precue performance [50,51], which is akin
to the ﬁltering ability investigated in the present study (Exp. 1) and in the study of McNab et al. [9].
In conjunction, these studies and ours show that older adults do not have diﬃculties in focusing their
attention in perceptually available relevant visual information, thereby gating them access to visual
WM, and hindering access to distractor information. These results resonate with ﬁndings questioning
age-related deﬁcits in executive control more generally, which use visual perceptual tasks coupled
with distraction manipulations, such as Stroop, Flanker, or Simon tasks [52–54]. This literature has
revealed that patterns of age-related decline can be fully explained by reductions in processing speed.
Results from retrocue paradigms, conversely, are akin to the use of attention to ignore an irrelevant
content maintained in visual WM [55]. Although some initial studies pointed to age-deﬁcits in using
retrocues [56,57], subsequent studies have consistently obtained retrocue beneﬁts of similar magnitude
between younger and older adults [50,58–61]. Together with the present ﬁndings, more and more
behavioral evidence indicates that the source of the robust age-related decline observed in visual WM
is unlikely to be explained by deﬁcits in inhibiting irrelevant information.
5.4. Limitations
In the present study, we only investigated the contribution of visual attention to visual WM
performance. Our results therefore may not generalize to verbal working memory tasks, which may
involve diﬀerent brain areas and diﬀerent mechanisms to gate and maintain information in mind [62].
Another limitation is that we only investigated healthy aging. Filtering and ignoring distractors
in visual WM may be impaired in nonhealthy aging (e.g., dementia) in addition to the visual WM
deﬁcits that have been found in several neurodegenerative diseases [63,64]. Our results may serve as a
benchmark, however, when assessing the impact of nonhealthy changes that can occur in aging.
Lastly, our sample size (N = 30 per group) was modest, and our age range limited to elderly
between 65 and 79 years old (M = 72.6), hence not covering old-old age. Future studies may include
larger sample sizes and broad age ranges to more fully understand the impact of aging on the relation
between attention and visual WM.
6. Conclusions
The current study investigated age-related diﬀerences in ﬁltering and ignoring irrelevant objects
and irrelevant features of an object. Although ineﬃcient control of attention is usually assumed
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to underlie age diﬀerences in WM capacity, across two experiments, we found no support for the
assumption that the older adults are less able than younger adults to ﬁlter and ignore distraction in
visual WM when selecting diﬀerent objects or features within an object. Hence, their lower visual WM
capacity cannot be explained by the ineﬃcient use of attention to control the contents of visual WM.
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Abstract: Visual working memory (VWM) resources have been shown to be ﬂexibly distributed
according to item priority. This ﬂexible allocation of resources may depend on attentional control,
an executive function known to decline with age. In this study, we sought to determine how age
diﬀerences in attentional control aﬀect VWM performance when attention is ﬂexibly allocated amongst
targets of varying priority. Participants performed a delayed-recall task wherein item priority was
varied. Error was modelled using a three-component mixture model to probe diﬀerent aspects of
performance (precision, guess-rate, and non-target errors). The ﬂexible resource model oﬀered a good
ﬁt to the data from both age groups, but older adults showed consistently lower precision and higher
guess rates. Importantly, when demands on ﬂexible resource allocation were highest, older adults
showed more non-target errors, often swapping in the item that had a higher priority at encoding.
Taken together, these results suggest that the ability to ﬂexibly allocate attention in VWM is largely
maintained with age, but older adults are less precise overall and sometimes swap in salient, but no
longer relevant, items possibly due to their lessened ability to inhibit previously attended information.
Keywords: aging; working memory; visual working memory; attentional control

1. Introduction
The ability to maintain visual representations in working memory is critical in our dynamic
environment, enabling the integration of events and information over time to facilitate decision-making
and other higher-order executive processes. Unfortunately, working memory performance tends to
decline with age [1–3], which may be attributed to age-related deﬁcits in attentional control [4,5].
Recent models of visual working memory (VWM) suggest that attentional resources are ﬂexibly
allocated across stimuli according to their relative priority [6] rather than assigned to a set number of
slots in working memory. Further, the ability to ﬂexibly prioritize certain items in memory appears to
rely on attentional control [7]. Thus, we might expect older adults to be less ﬂexible in their allocation
of attention, but this has yet to be explored in visual working memory.
1.1. VWM Resources Are Flexibly Allocated
The amount of information that can be held in working memory is limited [8]; as storage
demands increase, either the ﬁdelity of the representations in memory, or the number of maintained
representations, decreases [9,10]. Two major theories are often used to explain the limits of working
memory capacity: the discrete-capacity [9] and continuous-resource models [11]. The discrete-capacity
model argues that there exist a ﬁxed number of items that can be encoded with high ﬁdelity in
Brain Sci. 2020, 10, 542; doi:10.3390/brainsci10080542
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storage “slots”, with any items beyond that number failing to be encoded [12]. In opposition to this
model is the continuous-resource model, which posits that working memory is not constrained by
the number of representations that can be maintained, but rather by a limited pool of resources that
can be distributed across items, such that lesser resource allocation per item results in lower-ﬁdelity
representations [11,13]. Thus, the continuous-resource model predicts that there is greater ﬂexibility in
the allocation of resources in working memory. However, most of this work has examined changes
in performance by manipulating memory load, assuming equal division of resources between items,
and largely ignoring the possibility that some items may be prioritized over others in accordance with
one’s goals.
The ﬂexible nature of working memory has been illustrated through work suggesting that the
resources allocated to each item in working memory may not always be constant. Factors such as random
ﬂuctuations in attention at encoding [14], attentional cuing [12], rewards [15], and voluntary control
(at least when load is low) [16] have all been shown to allow for between-item variability in quality of
representation. Recent models of visual working memory have applied the continuous-resource model
with the aim of assessing the ﬂexibility of VWM resources more directly. Emrich and colleagues [6] used
cues to manipulate the relative priority of diﬀerent memoranda to examine whether spatial attention
divided between items could account for error in VWM. Performance was found to be better predicted
by the prioritization assigned to each item than by memory load alone. This relationship between
attentional priority and memory performance followed a power law, suggesting that memory resources
can be ﬂexibly and continuously allocated to visual stimuli depending on attentional prioritization
and, importantly, providing evidence that working memory performance can be improved through
appropriate allocation of VWM resources [6,17].
1.2. Flexible Allocation Relies on Attentional Control
A ﬂexible allocation of attention account of VWM is consistent with numerous models of VWM
that identify attention as a critical factor in determining the information that is successfully encoded
in working memory stores [18–21]. There are two distinct mechanisms through which attentional
control may inﬂuence working memory encoding: through ﬁltering/inhibiting distractors [22] and
through biasing attention towards target items independent of ﬁltering [6,15]. Filtering eﬃciency can be
quantiﬁed using contralateral delay activity (CDA)—an event-related electrophysiological measure of
sustained activity observed during the delay period of a memory task [9,23]. Increases in the number or
complexity of items stored in VWM are associated with increased CDA amplitude, which saturates and
appears to plateau when memory load reaches a few items [24]. However, low-capacity individuals
show greater CDA amplitude than high-capacity individuals when distractors are present [25],
reﬂecting storage of irrelevant items (i.e., poor ﬁltering eﬃciency), and this relates to poorer target
recall. Further, the association between poor attentional control and low VWM capacity has been
linked to diﬃculty in overriding attentional capture, where low-capacity individuals have greater
diﬃculty controlling spatial attention in the presence of distractors [26]. Thus, ﬁltering eﬃciency
appears to be a critical determinant of VWM performance [25] (although see [27]).
Similarly, the ﬂexible prioritization of resources in working memory through attentional biasing
can be tracked by a separate earlier electrophysiological component, the N2pc. Greater negativity
of the N2pc is thought to reﬂect enhancement of task-relevant information prior to memory
maintenance [28,29]. A larger N2pc has been observed for memory items prioritized by probabilistic
cues with greater negative amplitude associated with higher-probability cues suggesting greater
attentional enhancement of more probable items [7]. Thus, the ﬂexible allocation of attention relies on
both the suppression of distractors and the enhancement of task-relevant stimuli.
1.3. Aging, VWM, and Attentional Control
Consistent with attentional accounts of VWM performance, it has been established that VWM
performance declines with age [3,30–32], and this is thought to be caused by concomitant declines
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in attentional control [4]. While older adults can sometimes use valid spatial cues to improve
VWM performance in a manner similar to younger adults, they still display worse working memory
overall [33]. This is particularly the case when distracting information is present. Past work suggests
that older adults show impaired suppression of distracting information and are, thus, more likely to let
that information into VWM, which in turn aﬀects target recall [31,34,35]. Indeed, age-related increases
in susceptibility to distraction have been linked to prolonged processing of distracting information [36].
This is the case even when distracting information is completely irrelevant to the task, as when auditory
distractors were shown to have deleterious eﬀects on visual working memory in older but not younger
adults [37]. This work suggests that deﬁcits in ﬁltering eﬃciency or inhibition of irrelevant information
can at least partially explain age diﬀerences in VWM [38–40] (although see [41]).
Recent work using mixture models to characterize VWM performance has provided further
insight into the nature of age-related declines in VWM. These mixture models can identify the speciﬁc
types of errors that participants make in a memory recall task, as well as deﬁne the precision or ﬁdelity
of visual representations in working memory. Using continuous response to measure memory for
colour and orientation, Peich and colleagues [3] reported an age-related decline in VWM precision.
They also showed an age-related increase in non-target errors or a greater tendency to report unprobed
items from the original memory array, suggesting an age-related deﬁcit in feature binding [42–44].
Similar ﬁndings were observed in a large, population-based sample who showed age-related declines
in the ﬁdelity and quantity of remembered items (coloured circles) [45]. Taken together, this work
suggests that working memory representations become less precise with age, at least when attention is
allocated equally across memoranda. It remains to be seen, however, whether older adults can ﬂexibly
allocate their attention when some items are prioritized over others in VWM.
1.4. Current Study
In this study, we aimed to examine whether older adults can ﬂexibly allocate attentional resources
in VWM in response to probabilistic cues. Using a delayed-recall paradigm, participants viewed
coloured squares with probabilistic spatial cues that indicated the likelihood that each item would
be probed (and thus, its priority), and then reported one of the squares using a continuous response
(see Figure 1). The cues varied in number and validity across conditions such that the attentional
resources to be allocated to each item would vary between 16.7% and 100% while maintaining a constant
set size (except in a baseline single-item condition). We hypothesized that: (1) a ﬂexible-allocation
account would explain response error in younger adults [6] and that this pattern would largely hold
for older adults; (2) older adults would show greater error overall reﬂecting a general decline in visual
working memory (ﬁdelity and capacity) [3]; and (3) older adults would have particular diﬃculty
ﬂexibly allocating attention when demands on attentional control are high (i.e., in the highest ﬂexible
attention prioritization condition) due to reduced attentional control [4,34,35].
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Figure 1. (A) Example trial from the delayed-recall task. Participants were shown a sample array for
500 ms with either one (in the 0 cue condition) or 4 squares (with 1, 2, or 4 line cues), which were
blocked according to cue number and validity (conditions described in Table 1). Following a 1000 ms
retention interval, a dark outline surrounded the square required to be recalled. Participants were
required to select a colour on the colour wheel that matched the probed location in the sample array.
(B) Sample arrays of all the trial conditions.
Table 1. Condition parameters and trial information.
Condition

Number
of Items

Number
of Cues

Memory
Load

Cue
Validity
(%)

Probability of
Cued Item
Probed (%)

Probability of
Uncued Item
Probed (%)

Number
of Trials
Day 1

Number
of Trials
Day 2

0 cues–100%
1 cue–100%
1 cue–50%
2 cues–100%
4 cues–100%

1
4
4
4
4

0
1
1
2
4

1
1
4
2
4

–
100
50
100
100

–
100
50
50
25

–
0
16.67
0
0

33
33
33
33
66

67
67
67
67
134

2. Material and Methods
2.1. Participants
Participants included 20 older and 20 younger adults. One older adult was replaced because they
scored less than 23 on the Montreal Cognitive Assessment (MoCA) [46,47] and two younger adults
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were replaced for not completing the second session. Older adults were recruited from a community
participant pool and paid $10/h. Younger adults were recruited through a psychology student pool
and received course credit for their time. Sample sizes were chosen in line with previous work from
which the present study was adapted [6].
Older adults scored higher on the Shipley Vocabulary Test than younger adults, t(38) = 3.62,
p < 0.001, in line with previous work [48]. There was no age diﬀerence in years of education (see Table 2
for all demographics). No participants reported being colour blind, and all participants met the criteria
for normal colour vision after completing the Ishihara Test of Colour Vision.
Table 2. Demographics.
Age (Years)

Group
Younger
Older

Education (Years)

Vocabulary

MoCA

M

Range

SD

M

Range

SD

M

Range

SD

M

Range

SD

21.10
73.32

18–26
65–85

2.34
4.92

15.65
15.25

12–20
9–40

1.87
6.38

0.74
0.87

0.60–0.98
0.45–1

0.12
0.12

25.75

23–29

1.71

MoCA: Montreal Cognitive Assessment. Vocabulary is reported as proportion correct. Age for one older adult
participant was missing.

2.2. Procedure and Stimuli
The study was approved by the Research Ethics Board at Brock University. The experiment was
split into two, 1 h sessions (1.5 h for older adults) to reduce fatigue. All sessions took place in the
afternoon with a maximum of seven days between sessions. All computer tasks were administered with
PsychoPy (v.3.0.4) [49] on a 20 inch Dell CRT monitor (1024 × 768 px) with participants approximately
60 cm away from the monitor. In Session 1, after providing informed consent, participants were tested
for colour blindness, and then completed three separate computer tasks: change detection (10 min),
psychological distance triad (10 min) [50], and delayed recall (1/3 trials). In Session 2, participants
completed the rest of the delayed-recall task (2/3 trials), followed by the MoCA, Shipley Vocabulary
Test, and a demographics questionnaire (i.e., age, sex, education). Data from the change detection and
psychological distance triad tasks are not reported here.
2.3. Delayed-Recall Task
This task was adapted from Emrich and colleagues [6]. Participants viewed four squares (1.8◦ × 1.8◦ )
around a ﬁxation dot (0.3◦ diameter) for 500 ms on a grey background. The squares were evenly
spaced in four quadrants of the screen with 1, 2, or 4 line cues (see Figure 1). The line cues varied in
their validity, and participants were explicitly told the validity of the cues at the start of each block.
A total of four cued conditions were presented in separate blocks: 4 cues–100% valid (meaning one of
those 4 squares would be tested); 2 cues–100% valid (meaning one of those 2 squares would be tested);
1 cue–50% valid (meaning there is a 50% chance that the cued square will be tested, and a 16.67% chance
that each of the other squares will be tested); 1 cue–100% valid. There was also a no-distractor condition
(0 cues–100% valid) in which participants viewed a single square that appeared randomly in one of
the four quadrants with no cue (see Table 1). In all conditions except the 1 cue–50% valid condition,
the uncued items would never be tested and thus could be ignored. For clarity, the probability of
a cued item being probed has been termed “probe likelihood”.
Following a 1000 ms retention period, the test array appeared. The test array contained four
square outlines in the same four locations as the sample array. One of the square outlines had a thicker
border than the others indicating that participants had to recall the colour of the square that was in
that location in the sample array. Participants selected the colours via a continuous-response colour
wheel (14◦ radius) that appeared around the square outlines and contained all possible colours used in
the experiment (see Figure 1). As participants moved a black probe around the colour wheel using
the “c” (clockwise) and “m” (counterclockwise) keys, the tested square inﬁlled with the colour of the
wheel. When participants felt that the colour in the square was as close as possible to the correct colour,
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they pressed “space” to lock in their answer. Following participants’ decision, there was a 500 ms
intertrial interval, then the next trial began. The no-distractor condition was presented in the same
way, except that the test array had only one square outline in the same location as the sample array,
which only included one square. Participants performed a total of 198 trials during Session 1 and 402
trials in Session 2. During each session, participants saw all ﬁve conditions in blocks (a breakdown of
the number of trials per condition per day is provided in Table 1).
Sample colours were selected randomly from one of 360 unique colours obtained from a circular
wheel on the CIE L*a*b* colour space with coordinates of a = −6 and b = 14 with a radius of 49,
calibrated to the monitor, with a minimum distance of 30 degrees between sample colours.
2.4. Analysis
Responses in the delayed-recall task from Session 1 and Session 2 were merged using R. Due to
a programming error, the 1 cue–50% valid condition only contained 100 trials, meaning that the
uncued locations were only probed on 50 trials, providing fewer opportunities for participants
to respond correctly to these trials than in the other conditions. To correct for this, these data
were bootstrapped up to 200 trials (100 cued and 100 uncued) in R using the boot package [51,52].
Additionally, the 4 cue–100% trials accidentally included 100 extra trials, so only the ﬁrst 100 were
analysed in order to equate this condition to the other conditions. All reported analyses are based on the
corrected data; however, it should be noted that the same pattern of results is observed when analyses
are limited to the original (uncorrected) data (see Supplementary Figure S1 and Supplementary Table
for uncorrected results).
2.4.1. Response Error
Power law vs. Linear ﬁt. Response error was calculated as the circular distance between the
target value and the reported value on each trial, then the standard deviation of response error was
calculated for each condition for each participant. The standard deviation of response error was
chosen because it captures the precision of responses and is the statistic calculated by the mixture
model [13]. A linear mixed-eﬀects model was used to assess whether the relationship between probe
likelihood and response error is better explained by a power law [6] relative to a simpler linear ﬁt.
This analysis was completed in R using the packages lme4 [53], lmerTest [54], car [55], and sjPlot [56].
For the linear ﬁt, response error was predicted by a ﬁxed eﬀect of probe likelihood with a random
intercept for each participant. This is analogous to a repeated-measures ANOVA, which allows each
participant to vary from each other, but the eﬀect of the predictor (probe likelihood) is the same for
each participant. Because a power-law function is linear when both the predictor (x) and outcome
(y) are log transformed, the log of SD response error was predicted by a ﬁxed eﬀect of the log of
probe likelihood with a random intercept for each participant. Degrees of freedom were estimated
using the Kenward–Roger approximation, which is known to reduce bias in small-sample parameter
estimation in linear models [57]. Model ﬁt is reﬂected by AIC values (with lower values indicating
better ﬁt) and these were compared between models. After ﬁnding the best ﬁtting model for each group,
the marginal R-squared values were compared between groups using Fisher’s Z test for independent
sample comparison.
Key comparisons. The hypothesis that attentional resources are ﬂexibly allocated across
memoranda leads to two speciﬁc predictions. First, items of equivalent probe likelihood (i.e., similar
priority) should receive similar amounts of attention and, thus, have similar response error.
Speciﬁcally, cued items from the 1 cue–50% valid condition should receive the same amount of
attention as 2 items in the 2 cues–100% valid condition. To test the hypothesis of no diﬀerence
between these conditions, response error was submitted to a Bayesian repeated-measures ANOVA
with condition (1 cue–50% valid vs. 2 cues–100% valid) as a within-subjects factor and age group
(young vs. old) as a between-subjects factor. The second key prediction is that items with diﬀerent
probe likelihood, but which are similarly cued (i.e., diﬀerent cue validity and thus diﬀerent priority),
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will not receive similar amounts of attention and should show diﬀerences in response error. To test this
hypothesis, response error was submitted to a Bayesian repeated-measures ANOVA with cue validity
condition (1 cue–100% valid vs. 1 cue–50% valid) as a within-subjects factor and age group (young vs.
old) as a between-subjects factor.
For ease of reading, the BF01 is reported when the prediction was in favour of the null hypothesis
and BF10 when the prediction was against the null hypothesis. These analyses were run in JASP [58].
For reference, a BF01 > 3 (equivalent of BF10 < 0.33) suggests moderate evidence for the null hypothesis
and BF10 > 3 suggests moderate evidence for the alternative hypothesis; values greater than 10 are
considered strong evidence in the respective directions [59]. Additionally, BFincl refers to the posterior
probability that the inclusion of the model term or interaction would produce a model that explains the
observed data. Models that include the interaction term always include the lower-order terms, so where
inclusion of the interaction term is justiﬁed, only the interaction BFincl is reported. Evidence for the
exclusion of the condition term (BFincl < 0.33) suggests no diﬀerence between conditions and in these
cases, the best supported model does not include the condition term.
Spatial Cue Utilization. Although not a prediction of the ﬂexible-allocation account of memory
and attention resources, we included a no-distractor condition that could verify whether any observed
age diﬀerences were due to a catastrophic failure to use the spatial cues. The 0-cue and 1-cue–100%
conditions both require a single item to be remembered, but the 1 cue–100% condition also includes
3 distracting items that should be ignored. By comparing the 1 cue–100% valid to the no-distractor
condition, we can determine whether both groups are able to use spatial cues to eﬀectively ﬁlter
distractors under low ﬂexible-allocation demands. Response error from these conditions was submitted
to a Bayesian repeated-measures ANOVA with condition (1 cue–100% valid vs. no-distractor) as
a within-subjects factor and age group (young vs. old) as a between-subjects factor. Performance
should be high and equivalent in both conditions if participants are able to use a highly predictive cue
to direct attention.
2.4.2. Mixture Model
Response error in the delayed-recall task was split by condition and modelled using the
three-component mixture model [13] in MemToolbox for MATLAB R2017a [60]. This mixture model
gives output parameters for guess rate (proportion of random responses), non-target rate (proportion of
responses centred around one of the non-target items), and response precision (the standard deviation
of the circular von Mises distribution, centred around the target value) in degrees. The approximate
number of trials used to estimate the precision parameter (correct trials) can be calculated according
to the following formula: trials = (total trials) × (1-guess rate + non-target rate). Since precision is
based on the circular normal (von Mises) distribution of response error after accounting for a uniform
distribution containing guesses and non-target responses, this method means precision is calculated
on correct trials only, but because of the continuous-response method, correct/incorrect is not a binary
decision and is independent for each participant. If there were under 10 trials used to calculate
a participant’s precision in any condition, the modelled precision output for that condition was
removed from the analysis. This criterion was determined so that the precision parameter would be
a reliable estimate while retaining as many older participants as possible. This criterion resulted in the
removal of the uncued response data from the 1 cue–50% valid condition in 1 young adult and 5 older
adults. After excluding these participants, the average number of correct trials in young adults was
60.1 with a mean precision of 26.6 for this condition, while older adults had an average of 40.9 correct
trials with a mean precision of 31.6.
Parameter estimates (guess rate, non-target rate, and precision) were submitted to separate
Bayesian repeated-measures ANOVAs with probe likelihood (100%, 50%, 25%, 16.67%) as
a within-subjects factor and age group (young vs. old) as a between-subjects factor. Models for each
factor and the interactions were compared to a null model. These analyses were run in JASP [58].
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3. Results
3.1. Response Error
We ﬁrst examined raw response error to compare whether older and younger adults could
ﬂexibly allocate VWM resources in a similar way. Previous work with younger adults has shown that
response error is aﬀected by probe likelihood in a continuous fashion according to a power law [6,7,17];
thus, our ﬁrst question was whether older adults’ response error could similarly be characterized
by a power law. To this end, a linear mixed-eﬀect model was run on the log-transformed response
error data with log-transformed probe likelihood as a predictor, and this was compared to a simpler
linear ﬁt (i.e., untransformed variables). The analysis was ﬁrst run on the whole sample with group as
a predictor and then run on each group independently. The whole-group analysis revealed a signiﬁcant
group diﬀerence such that older adults had greater error overall, (t(42.11) = 5.40, p < 0.001). The power
law oﬀered a better ﬁt to the data than the linear ﬁt (AICpower law = −11.11 vs. AIClineaar = 7450.42)
in the sample as a whole and also in the younger (AICpower law = 5.63 vs. AIClinear = 3511.97) and
older groups alone (AICpower law = 7.29 vs. AIClinear = 3857.24). To test whether the power law oﬀered
a better ﬁt to the data in either group, a Fisher’s Z test compared the marginal R-squared values
between groups. While the ﬁt was numerically better in young adults, the diﬀerence was not signiﬁcant
(R2 Older Adults = 0.388, R2 Young Adults = 0.429, Z = 0.158, p = 0.437). Thus, both younger and older adults
appear to use the attentional cues to ﬂexibly allocate VWM resources.
3.1.1. Key Comparisons
Supporting a ﬂexible-allocation account, both groups reported items of equal priority with
equal error (i.e., 1 cue–50% valid vs. 2 cues–100% valid; see Supplementary Figure S1). A Bayesian
repeated-measures ANOVA only found support for the inclusion of group (BFincl = 695.69) and
moderate support for the exclusion of condition (1 cue–50% valid vs. 2 cues–100% valid; BFincl = 0.32),
with no support either way for the interaction term (BFincl = 0.77); thus, there was strong evidence
that the best model was a group-only model (Model BF10 = 868.85). Analysis of the group diﬀerence
showed strong evidence that older adults reported more error overall (BF10 > 1000). In other words,
although older adults were worse overall, they showed a similar ability to ﬂexibly allocate their
attention according to the cue validity.
Further, both groups seem to diﬀerentiate a single-cued item by cue validity (i.e., 1 cue–100% valid
vs. 1 cue–50% valid; see Supplementary Figure S1). A Bayesian repeated-measures ANOVA found strong
evidence for the inclusion of the interaction of age group and cue validity (interaction BFincl = 25.20);
there was strong support for a model that included group, cue validity, and their interaction
(Model BF10 > 1000). Analysis of the group diﬀerence showed there was strong evidence that
older adults report greater error overall (BF10 > 1000), and that there was greater error in the
1 cue–50% valid condition than in the 100% valid condition (BF10 >1000). To follow-up the interaction,
Bayesian independent samples t-tests showed a larger group diﬀerence in the 50% valid (BF10 = 319.37)
than the 100% valid (BF10 = 109.74) single-cue condition. Taken together, these key comparison
results suggest that participants were using cue validity to appropriately allocate memory and
attentional resources.
3.1.2. Spatial Cue Utilization
Although the previous analyses suggest both groups were able to use spatial cues to allocate
attention and memory resources, we further examined older adults’ ability to use spatial cues by
comparing the 0-cue (no-distractor) condition to the 1 cue–100% valid condition. The no-distractor and
1 cue–100% both require a single item to be remembered, but the 1 cue–100% condition also includes 3
distracting items that should be ignored. Distributions of the response errors for each condition by
older and young adults can be seen in Figure 2A. A Bayesian repeated-measures ANOVA found best
support for a group-only model (Model BF10 = 438.36). There was moderate support for no eﬀect of
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condition, given the evidence for exclusion of condition term (BFincl = 0.32). Additionally, there was no
support either way for the inclusion of the interaction between age group and condition (BFincl = 0.42).
Follow-up Bayesian paired sample t-tests within each group found moderate evidence of no diﬀerence
between conditions (Older Adults, BF01 = 8.414; Young Adults, BF01 = 4.341). This suggests that both
groups were able to eﬀectively use the spatial cues to direct attention and ignore distractors when
a single item was cued with 100% validity. While analysis of the group diﬀerence again showed strong
evidence that older adults had higher error overall (BF10 > 1000).

Figure 2. (A) Density plots of response error (distance from the target colour in degrees) by condition
with box plots and all data points shown for older and young adults (based on raincloud-plots [61]).
(B) Response error (SD) by probe likelihood. (C) Mixture model precision (error in degrees from probed
colour) by probe likelihood. (D) Mixture model guess rate by probe likelihood. (E) Mixture model
non-target response rate by probe likelihood.

3.2. Mixture Model
The three-component mixture model enables the assessment of age-related changes in separate
aspects of working memory performance using parameter estimates of guess rate, non-target error
rate, and precision. Flexible allocation of attention predicts that precision will decrease as attention
allocated to the probed stimuli decreases [6]. Further, older adults were expected to have lower
precision overall [3]. A Bayesian repeated-measures ANOVA found the best support for a model
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including probe likelihood and group (both BFincl > 6) but excluding the interaction term (BFincl = 0.11),
Model BF10 > 1000. Analysis of the group diﬀerence showed strong evidence that older adults were less
precise (BF10 = 187.89; see Figure 2C), and this was consistent across the probe likelihood conditions.
Guess rate was expected to increase as probe likelihood decreased, reﬂecting poorer memory for
less attended items across both age groups. Additionally, older adults were expected to show higher
guess rates overall, reﬂecting lower visual working memory abilities. A Bayesian repeated-measures
ANOVA found the strongest support for the model including a probe likelihood × group interaction
(BFincl = 54.09), Model BF10 > 1000 (see Figure 2D). Analysis of the group diﬀerence showed strong
evidence that older adults generally had higher guess rates (BF10 = 19.44). To investigate the interaction,
Bayesian independent sample t-tests were performed. There was no evidence of a group diﬀerence
at either the highest probe likelihood (1 cue–100% valid) or the lowest probe likelihood (1 cue–50%
uncued); however, there was a pattern of increasingly larger diﬀerences between groups as probe
likelihood decreased from the 0 cue–100% valid condition (BF10 = 3.61) to 1 cue–50% valid cued
(BF10 = 5.92), 2 cues–100% valid (BF10 = 15.64), and as probe likelihood further decreased there is
strongest evidence for a diﬀerence in 4 cues–100% valid (BF10 = 139.98).
Finally, non-target error rate (or “swap rate”) was expected to increase in older but not younger
adults when ﬂexible prioritization demands increased, but memory load remained constant.
A Bayesian repeated-measures ANOVA found the strongest support for the model including
a probe likelihood × group interaction (interaction BFincl = 126.884), Model BF10 > 1000 (see Figure 2E).
To investigate the interaction, Bayesian independent sample t-tests were performed. Only the 1 cue–50%
uncued condition showed moderate evidence for a diﬀerence between age groups (BF10 = 4.03),
all other conditions showed inconclusive evidence (BF10 s < 0.48) except the 1 cue–100% valid condition
(BF01 = 3.02) and the 4 cue–100% condition (BF01 = 3.235), for which there was moderate evidence of
no diﬀerence.
We tested whether older adults’ higher non-target error rate on 1 cue–50% uncued trials was due
to them swapping in the cued item or whether were they equally likely to report the other uncued items.
This potential bias towards the cued item can be graphically depicted in a scatter plot of responses by
having the cued colour on the x-axis and the reported colour on the y-axis, where responses to the cued
item colour should fall on the diagonal. Thus, a linear trend would suggest a tendency to report the
cued item in place of the uncued probe, as is apparent in older adults’ responses in Figure 3. To quantify
this relationship, a linear mixed-eﬀect model was performed separately in young and older adults
predicting the response colour from the target (probed, lower priority) colour, and secondly the cued
(unprobed, higher priority) colour as ﬁxed eﬀects (random intercepts for participants). Target colour
should be predictive of response colour if participants are responding correctly; however, in this case,
we were primarily interested in whether the remaining error could be explained by the high-priority
cued item. Table 3 shows that in young adults, the target colour is a signiﬁcant predictor of response
colour, but the cued colour is not. In contrast, older adults’ responses were predicted by both the target
colour and the cued colour, suggesting that they often reported the unprobed, higher-priority item
when they were probed to respond with one of the low-priority items.
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Figure 3. Uncued responses made towards the cued colour for young and older adults. Erroneous
responses to the cued item should fall on the diagonal, and a linear trend would suggest a tendency to
report the cued item in place of the uncued probe, as is apparent in the older group.
Table 3. Linear mixed-eﬀects model.
Young Adult

Predictors
(Intercept)
Target Colour
Cued Colour
Marginal R2
Conditional R2

Older Adult

B

CI

p

df

B

CI

p

df

91.09
0.45
0.00
0.233
0.258

77.78–104.40
0.42–0.49
−0.04–0.04

<0.001
<0.001
0.882

126.16
1996.40
1991.04

98.67
0.22
0.17
0.067
0.084

85.09–112.25
0.17–0.26
0.13–0.21

<0.001
<0.001
<0.001

205.80
1996.72
1996.82

4. Discussion
The goal of the present study was to determine how age diﬀerences in attentional control
aﬀect VWM performance when attention is ﬂexibly allocated amongst targets of varying priority.
Replicating previous work with younger adults, we show that item priority predicts VWM performance
according to a power law, and we extend this ﬁnding to older adults. This suggests that despite
age-related declines in attentional control, both younger and older adults can ﬂexibly allocate attentional
resources according to item priority. Further evidence of this can be taken from our key comparisons:
both groups showed equivalent error for items with equivalent probe likelihood and diﬀerences in
error when the number of cues was the same but probe likelihood diﬀered, suggesting that attention
was allocated to items based on priority. A three-part mixture model was used to assess distinct aspects
of working memory, revealing that older adults had overall lower precision and higher guess rates.
Critically, older adults made more non-target errors when demands on attentional control were highest
(i.e., when uncued items in the 1 cue–50% valid condition were tested), and these errors were often the
result of swapping in the cued item. This may be because older adults had diﬃculty inhibiting the
more salient (50% likely) item when it was no longer relevant at retrieval (e.g., [62]).
We replicate previous ﬁndings in younger adults by showing that the proportion of resources
allocated to an item is a useful predictor of VWM performance. A power law where response error
was predicted by probe likelihood in a continuous fashion was found to ﬁt the raw error of VWM
performance in younger adults and oﬀered a better ﬁt than a simpler linear model. Thus, our data
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support the long-standing proposal that top–down attentional control and VWM performance are
closely intertwined [63,64] and ﬁt with recent models of VWM as a continuous and ﬂexible resource
relying on the allocation of spatial attention [6,7].
Importantly, we sought to determine whether this ﬂexible allocation of attention account of
working memory performance could similarly explain older adults’ response error data. We found
that older adults’ VWM performance was well ﬁt by a power law where probe likelihood predicts
performance. In further support of this model, both older and younger adults reported items of equal
priority with equal error (1 cue–50% valid vs. 2 cues–100% valid), and diﬀerentiated a single-cued
item by its validity (1 cue–100% valid vs. 1 cue–50% valid), suggesting that item priority, rather than
the number of cues, determined the allocation of attentional resources. Finally, we also examined
older adults’ ability to use spatial cues to shift their attention and ignore irrelevant distractors.
We compared a no-distractor condition (one item only) to the 1 cue–100% condition, which includes
additional distractor items that should be ignored. Previous work has shown that older adults show
a greater distractor-related deﬁcit in working memory performance when memory load is high,
thus, we may expect both groups to show equivalent performance across conditions wherein the
memory load is one item [65]. Indeed, both groups showed no diﬀerence between these conditions,
suggesting that older adults can use highly predictive cues to direct spatial attention and improve
VWM performance [33,66–68]. Taken together, these results suggest that similar to younger adults,
older adults allocate attention in a ﬂexible manner according to item priority (albeit with less accuracy),
which inﬂuences what information is encoded in short-term memory.
Previous work has applied a three-part mixture model of working memory to investigate older
adults’ VWM in terms of guess rate, precision, and non-target guess rate revealing that age diﬀerentially
aﬀects these parameters [3,33]. We therefore applied this method to allow for more speciﬁc assessments
of age-related diﬀerences in VWM performance at diﬀerent attentional priority levels. In terms of
precision, we found that older adults have lower precision than younger adults overall and that the
ﬁdelity of visual representations in working memory was similarly aﬀected by probe likelihood in
both groups [6]. This is in line with previous work showing an age-related decline in the precision of
VWM [3].
For guess rate, lower-priority items had a higher guess rate and older adults made more guesses
overall, likely reﬂecting an age-related decrease in working memory resources [30]. Further, the eﬀect
of decreasing priority had a steeper eﬀect on older adults’ guess rate, who guessed more than younger
adults particularly at lower levels of priority. There were no age diﬀerences observed in guess rate
for the lowest priority condition (1 cue–50% uncued), however, this reﬂected an increased proportion
of non-target errors made by older adults whose cumulative error rate remained signiﬁcantly higher
(Supplemental Figure S2). This likely reﬂects that as fewer resources are allocated to an item, older adults
reach the limit of their available resources [69] and, thus, fail to adequately encode and/or recall some
items of lower priority.
Non-target guess rate or swap rate was expected to increase with age, particularly when ﬂexible
prioritization demands were high, and we found evidence to this eﬀect. Older adults made more swap
errors only when they needed to report an uncued item in the 1 cue–50% condition (i.e., when another
item was more highly prioritized). This appeared to be due to older, but not younger, adults reporting
the (higher-priority) cued item when the (lower-priority) uncued item was probed. Older adults’
tendency to report the salient, but no longer relevant, cued item may reﬂect their lessened ability to
inhibit previously attended information when it becomes task irrelevant, a process that is sometimes
referred to as deletion or working memory updating [39,40,62,70,71]. In line with this proposal,
older adults have recently been shown to display greater neural activation for no-longer-relevant items
during working memory maintenance, an eﬀect that predicts worse recall performance for relevant
items [72]. Thus, older adults may have diﬃculty inhibiting irrelevant items especially when they
were once assigned higher priority.
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Alternatively, higher reporting of the cued item could reﬂect a diﬀerence in strategy between
the groups, such that older adults may have limited their attention to the higher-priority cued item
and ignored the lower-priority uncued items (i.e., giving 100% of their attention to the 50% likely
item). Refuting this possibility, older adults showed equivalent performance in the 1 cue–50% and 2
cue–100% conditions, when cued items should have received 50% of attentional resources (suggesting
that they only gave 50% of their attention to the cued item in the 1 cue–50% condition). Further, if older
adults were focusing all their attention on the cued item in the 50% valid condition, we would instead
expect performance in this condition to be similar to the other single-cue condition (1 cue–100% valid
condition), but error was markedly lower in the 1 cue–100% condition (see Supplementary Figure
S1, lower panel). Thus, the swap errors observed in older adults are more likely a product of poor
inhibitory control, rather than an ill-adapted strategy.
This work has implications for other populations with poor attentional control, such as children [73]
and those diagnosed with ADHD [74], depression [75], and anxiety [76]. For example, deﬁcits in
attentional control in ADHD have been linked to deﬁcits in working memory [74]. Recent work
investigating VWM in those with ADHD has revealed that performance deﬁcits relate to reduced N2pc
amplitude, an EEG component known to be associated with ﬂexible allocation of attention through
attentional control [7]. However, these studies have largely focused on memory load and thus, the
potential role of attentional control in ﬂexibly allocating attention has been left largely unexplored.
Future work may beneﬁt from applying this ﬂexible-attention account of VWM and using mixture
models to elucidate the mechanisms through which poor attentional control may inﬂuence VWM.
In conclusion, we show that similar to younger adults, older adults’ VWM performance relies on
the ﬂexible allocation of attention. Older adults show lower precision overall, potentially reﬂecting
lower ﬁdelity of visual representations in working memory and higher guess rates. When demands on
ﬂexible resource allocation were highest (on 1 cue–50% uncued item trials), older adults often reported
the higher priority (but no longer relevant) cued item, possibly reﬂecting an age-related inhibitory
deﬁcit. The current data elucidates the relationship between ﬂexible allocation of attention models
of visual working memory, and the age-related inhibitory deﬁcit by showing that the deletion of
no-longer-relevant information is impaired in older adults when attention must be ﬂexibly divided
amongst items and task demands are high. Future work should incorporate additional ﬂexible
prioritization conditions to further disentangle the relationship between load and probe likelihood and
assess potential diﬀerences in strategy use between older and younger adults.
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Figure S1: Key comparison of error for conditions with equal priority and equal cue number, Figure S2:
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uncorrected data.
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Abstract: Background: Visual hallucinations (VH) are a common symptom in dementia with Lewy
bodies (DLB); however, their cognitive underpinnings remain unclear. Hallucinations have been
related to cognitive slowing in DLB and may arise due to impaired sensory input, dysregulation
in top-down inﬂuences over perception, or an imbalance between the two, resulting in false visual
inferences. Methods: Here we employed a drift diﬀusion model yielding estimates of perceptual
encoding time, decision threshold, and drift rate of evidence accumulation to (i) investigate the nature
of DLB-related slowing of responses and (ii) their relationship to visuospatial performance and visual
hallucinations. The EZ drift diﬀusion model was ﬁtted to mean reaction time (RT), accuracy and
RT variance from two-choice reaction time (CRT) tasks and data were compared between groups of
mild cognitive impairment (MCI-LB) LB patients (n = 49) and healthy older adults (n = 25). Results:
No diﬀerence was detected in drift rate between patients and controls, but MCI-LB patients showed
slower non-decision times and boundary separation values than control participants. Furthermore,
non-decision time was negatively correlated with visuospatial performance in MCI-LB, and score on
visual hallucinations inventory. However, only boundary separation was related to clinical incidence
of visual hallucinations. Conclusions: These results suggest that a primary impairment in perceptual
encoding may contribute to the visuospatial performance, however a more cautious response strategy
may be related to visual hallucinations in Lewy body disease. Interestingly, MCI-LB patients showed
no impairment in information processing ability, suggesting that, when perceptual encoding was
successful, patients were able to normally process information, potentially explaining the variability
of hallucination incidence.
Keywords: Lewy body disease; mild cognitive impairment; attention; visual hallucinations;
perception; drift diﬀusion; vision

1. Introduction
Dementia with Lewy bodies (DLB) is clinically characterized by four core clinical features, frequent
cognitive ﬂuctuations, complex visual hallucinations, rapid eye movement sleep behavior disorder
(RBD), and Parkinsonism [1]. Cognitively, DLB patients also experience disproportionate impairment
in attention and visual perceptual abilities in comparison to both older adults and patients with
Brain Sci. 2020, 10, 540; doi:10.3390/brainsci10080540
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Alzheimer’s disease (AD) [1–4]. The question arises how these cognitive and perceptual impairments
relate to clinical symptoms in DLB. For instance, visual hallucinations may arise from bottom up
visuoperceptual and top-down attentional impairments [5], and similarly, cognitive ﬂuctuations may
be related to attentional deﬁcits [6].
Mild cognitive impairment with Lewy bodies (MCI-LB) refers to individuals experiencing mild
cognitive impairment which is likely to progress to DLB [7]. MCI refers to the stage between normal
aging and dementia, in which cognitive decline occurs, but activities of daily living are relatively
preserved [8]. Patients may be diagnosed with possible MCI-LB if one core clinical feature or
biomarker is present, or patients may be diagnosed with probable MCI-LB if two or more clinical
features are present, or one clinical feature plus one biomarker according to the proposed MCI-LB
criteria [7]. Cognitively, MCI-LB patients experience marked impairments in processing speed,
executive dysfunction and visuospatial functions [3]. A greater slowing of response times (RT) in
DLB compared with AD patients and healthy older controls, particularly in tasks with increasing
complexity of cognitive processing has been frequently reported (i.e., in choice reaction task; CRT) [9,10].
For instance, DLB patients show disproportional slowing in ﬂanker performance, but can exhibit
the ﬂanker eﬀect when alerted to the trial [11]. Moreover, DLB patients exhibit large intraindividual
ﬂuctuation in RT performance, that may underpin cognitive ﬂuctuation [10,12]. However, not all
studies have found variability in CRT performance to be related to visual or attentional performance,
thus this link remains unclear [13]. Currently, the nature of RT slowing and variability in DLB and
their relationship to clinical symptoms is not well understood. To address this, the present study
adopted the diﬀusion drift model (DDM) to gain a better understanding of the nature of RT slowing in
DLB patients.
Based on the assumptions that decisions occur over time and are prone to errors, the DDM can be
applied to CRTs. The drift diﬀusion model [14,15] is a sequential-sampling model, which assumes
that information driving a decision is accumulated over time, until it reaches one of two response
boundaries (denoted by “upper” and “lower” response boundaries in Figure 1) and forms the ultimate
response (for example, a “left” or “right” response would be the upper or lower response boundaries
in a model as depicted in Figure 1). According to the diﬀusion model, overall processing is segmented
into several components that contribute to ultimate performance: (1) ﬁrst, components of processing
that do not include active decision-making, i.e., such as perceptual encoding and response execution
which are represented by the “non-decision time (t)”, (2) second, a criterion threshold that information
accumulates to, which is represented by the “boundary separation (a)”, and ﬁnally, (3) the rate that
information accumulates towards a decision, estimated by the “drift rate (v)”. The DDM assumes that
the accumulation of information (drift rate) during a decision process is not constant but varies over
time, represented by (s). This variability also contributes to error responses, where the accumulation of
information can reach the incorrect boundary. For example, in the context of a ﬂanker task in which
stimuli are either congruent and thus “easy”, or incongruent and thus “harder”, drift rates will tend to
be more prone to variation in harder conditions, and therefore response times are slower and have a
higher probability of reaching an incorrect response boundary.

46

Brain Sci. 2020, 10, 540

Figure 1. The drift diﬀusion model. Red and blue denote the information being accumulated during
one trial towards one of two responses in a 2-choice task (for example, left or right). Lines in the center
of the ﬁgure represent the noisy accumulation of evidence for either decision during a trial. In this
instance, more evidence is accumulated toward a blue (upper) response. Reaction times from each
trial are ﬁt to this model to return an average estimate of non-decision time (t), boundary separation or
threshold (a), and drift rate (v). Adapted from Wiecki et al. [16].

The DDM has been extensively applied in aging research due to the eﬀect of aging on the speed
accuracy trade oﬀ. Most consistent ﬁndings from drift diﬀusion modelling in older adults show
increased boundary separation values and lengthening of non-decision times despite no diﬀerence in
accuracy between older and younger adults [17,18]. Drift rate remains relatively preserved in older
adults, indicating a shift in response strategy to a more cautious decision-making approach.
The DDM was applied to CRT performance of Parkinson’s (PD) patients with hallucinations
relative to PD without hallucinations and healthy controls. Slower drift rates were found in PD
patients with hallucinations, and shorter perceptual encoding times were found in all PD patients
compared to controls, suggesting that the accumulation of evidence was hindered by perceptual
encoding problems [19]. The authors proposed that impaired sensory evidence accumulation may
lead to reduced information processing quality and an over-reliance on top down processing in PD,
which in turn may underpin visual hallucinations.
The question arises whether DLB patients share similar impairments in perceptual and evidence
accumulation as PD patients and whether these can be detected at the MCI-LB stage. By employing
a variation of the DDM—the EZ model [20] to assess elements of CRT that may indicate a primary
perceptual or attentional impairment, we may be able to narrow down those cognitive processes that
underpin visual impairments, cognitive slowing and visual hallucinations in MCI-LB patients. This is of
importance, as hallucinations in Lewy body disorders have been proposed to be the product of impaired
sensory input and dysfunctional attentional in terms of faulty top-down attentional control [21,22],
but the relative contribution of these processes remains unclear. Moreover, visual hallucinations
are a predictor of cognitive decline in PD and have a signiﬁcant eﬀect on the quality of life and
treatment of patients and caregivers in both PD and DLB [23], therefore there is a clear clinical need in
understanding this symptom. As both DLB and PD patients often experience visual hallucinations,
and share pathological features, it was hypothesized that MCI-LB patients would show similar
impairments in drift rate and perceptual encoding times as those previously reported for PD patients
with hallucinations.
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2. Materials and Methods
2.1. Participants
Patients were part of the Lewy-Pro cohort [24]. Participants have been described in detail
previously [24,25]. Brieﬂy, individuals were recruited from memory clinics in the North East of England
and Cumbria, were over 60 years of age and met NIA-AA criteria for MCI. All participants were
clinically assessed for core features of DLB by an experienced psychiatrist (PD). Additional assessments
included neuropsychological assessment and dopaminergic imaging using 123I-N-ﬂuoropropyl2β-carbomethoxy-3β-(4-iodophenyl) single-photon emission computed tomography (FP-CIT SPECT),
which were rated normal/abnormal blind to clinical information by an expert panel.
Diagnosis was made by a consensus panel of old age psychiatrists, and participants were
categorized into one of two groups; probable MCI-LB in which patients had two or more of the core
diagnostic features of DLB or one feature and an abnormal FP-CIT scan, and possible MCI-DLB in
which patients had one core feature or an abnormal FP-CIT scan. These diagnoses match the categories
of probable MCI-LB and possible MCI-LB in the recently published international consensus criteria [7].
Patients were excluded if they had dementia, an MMSE score <20, a CDR score of >0.5, Parkinsonism
which developed more than one year prior to cognitive impairment, or evidence of stroke, neurological
or medical conditions which would aﬀect performance in assessments. For this investigation, data from
a subset of 50 participants described previously by Donaghy et al., [24] were accessed, including
CRT data, and clinical assessments. One participant (probable MCI-LB) was excluded due to limited
CRT data.
Healthy controls were recruited from the School of Psychology volunteer’s panel at Cardiﬀ
University, local age interest groups and the Join Dementia Research community in Cardiﬀ, South Wales,
UK. Controls had no visual disturbances, no history of psychiatric illness, no current diagnosis of
dementia or cognitive impairment, and were over the age of 60 years. A group of younger control
participants was also included in the analysis, which allowed us to contrast disease and normal
aging-related diﬀerences in the drift diﬀusion parameters. These participants were recruited from a
School of Psychology undergraduate student database at Cardiﬀ University, and were subject to the
same exclusion criteria as the older control participants. Table 1 shows demographic information of
the cohort.
Table 1. Demographic information of Lewy-Pro cohort and control participants. ACE = Addenbrooke’s
Cognitive Examination, NEVHI = North East Visual Hallucinations Inventory, UPDRS = Uniﬁed
Parkinson’s Disease Rating Scale, CAF = Clinical Assessment of Fluctuations.

Age
Sex
Education
ACE
Visual Hallucinations
NEVHI
UPDRS
CAF
Cholinesterase Inhibitor
Levodopa

Probable MCI- LB
(n = 37)

Possible MCI- LB
(n = 12)

Older Controls
(n = 25)

Younger Controls
(n = 25)

72.86 (15.51)
Female = 13
11.57 (2.85)
78.34 (8.88)
20
3.66 (4.47)
25.21 (15.71)
2.70 (3.03)
18
8

75.25 (7.3)
Female = 3
10.75 (2.09)
79.33 (14.09)
2
1 (3.316)
15.36 (7.75)
2.16 (2.48)
0
0

68.36 (6.11)
Female = 13
15.12 (2.40)
93.52 (4.18)
0
0.32 (0.63)
-

21.69 (2.85)
Female = 15
14.95 (1.89)
92.38 (3.12)
0
0
-

2.2. Materials
Lewy-Pro participants’ general cognitive performance was assessed with the Addenbrooke’s
Cognitive Exam (ACE-R; [26], verbal ﬂuency with the FAS Verbal Fluency and Graded Naming
Tests [27], attention-switching with the Trail-making test parts A and B and verbal memory with the
Rey Auditory Verbal learning test (RAVLT) [28]. Participants completed computerized assessments of
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CRT, digit vigilance and visuoperceptual functions, in addition to clinical assessments including the
Geriatric Depression Scale (GDS) [29], Clinician Assessment of Fluctuations [30], Dementia Cognitive
Fluctuations Scale (DCFS) [31], Neuropsychiatric Inventory (NPI) [32], North East Visual Hallucinations
Interview (NEVHI) [33], Uniﬁed Parkinson’s Disease Rating Scale (UPDRS) [34], and the Instrumental
Activities of Daily Living scale (ADL) [35]. Control participants were also assessed using a computerized
assessment of choice reaction time, the ACE-R, CAF and NEVHI.
2.3. Procedure
MCI-LB participants completed a simple CRT ‘left or right’ arrow response task (30 trials) as
described in Donaghy et al. [24]. RT data for each control participant were collected using a CRT
ﬂanker task [36]. The task consisted of ﬁve horizontal arrows presented on the screen. Participants
were instructed to attend to the central arrow and respond to the direction the target arrow pointed to,
using either left or right arrow keys. Central arrows were ﬂanked either by lines (neutral condition)
or by arrows that either pointed in the same direction as the central arrow (congruent condition) or
in its opposite direction (incongruent condition). Targets were presented on the screen for 1700 ms,
and participants were asked to respond as quickly and as accurately as possible. Participants completed
96 trials in each block, for a duration of 5 blocks, with a rest of 30 s between each block, totaling 480 trials.
For the purposes of the DDM analyses and to account for diﬀerences in complexity of tasks between
groups, EZ model parameters for the control participants were calculated only from the RT data of the
“neutral” condition in the CRT ﬂanker task (number trials =160).
The means of RT, accuracy and RT variance were generated for each participant across all
completed trials. Participants were excluded from the analysis if they did not complete the task
(n = 1). A simpliﬁed version of the original drift diﬀusion model, the EZ DDM [20] was then used to
estimate each participants’ drift rate [v], boundary separation [a], and non-decision time [t] from mean
and variance of RTs in correct decision trials and from accuracy (proportion correct). The EZ model
outperforms other DDM in ﬁtting CRT data from limited trial numbers (<100), and thus is particularly
suitable for the modelling of data from patients with reduced cognitive abilities [37]. The EZ model
has also been shown to be sensitive to responses which may arise from sources outside the diﬀusion
process assumptions [38], although also see Ratcliﬀ et al. for further information [39].
2.4. Statistical Analyses
Group diﬀerences in mean RT, accuracy, RT variance, and the three EZ DDM parameters
(non-decision time, boundary separation, and drift rate) were tested between young and older
participants to assess age-related eﬀects, and between older participants and possible MCI-LB and
probable MCI-LB groups respectively, to assess disease-related eﬀects. Variance was assessed using
Levene’s test for homogeneity of variance. Due to the high variance in patient data, non-parametric
Kruskall–Wallis tests, with post-hoc Mann–Whitney U tests were employed for all group comparisons.
All multiplicity of post-hoc testing was corrected with 5% False Discover Rate (FDR) using the
Benjamini–Hochberg procedure [40] where pcor is reported as FDR corrected p-values.
Following this, linear hierarchical stepwise regression models were ﬁt to demographic and DDM
data in order to determine the best predictors of clinical measures in both possible and probable
MCI-LB groups. Spearman rho correlations were calculated between signiﬁcant predictors and clinical
measures to assess the direction of eﬀects.
Patient groups were also categorized on the basis of their NEVHI score, with a high NEVHI
indicating greater incidence of visual disturbances. This allowed us to compare drift parameters
between those patients who experienced symptoms without visual hallucinations, (NEVHI score = 0;
NEVHI−, n = 29) and those who experienced symptoms with visual hallucinations (NEVHI score > 1;
NEVHI+, n = 20), see [19]. In addition, these comparisons were also conducted between patients with
clinically rated absence (n = 37) or presence (n = 12) of complex visual hallucinations. Mann–Whitney
U tests were used to assess group diﬀerences in DDM parameters.

49

Brain Sci. 2020, 10, 540

3. Results
3.1. Demographics
Kruskal–Wallis H tests revealed group diﬀerences in age (χ2 (2) = 12.558, p = 0.002) and education
(χ2 (2) = 22.280, <0.001). Both probable and possible MCI-LB groups were signiﬁcantly older than
healthy control participants (probable: U = 189, pcor < 0.001; possible: U = 65, pcor = 0.02). In addition,
control participants had signiﬁcantly more years of education than possible (U = 241.5, pcor < 0.001)
and probable MCI-LB groups (U = 661.5, pcor = 0.001).
3.2. Mean RT, Accuracy and Variance Diﬀerences between Older Versys Younger Controls and between Older
Controls and MCI-LB Groups
Kruskal–Wallis H tests showed group diﬀerences in mean RT (χ2 (2) = 15.747, p < 0.001),
mean accuracy (χ2 (2) = 16.927, p < 0.001), mean RT variance (χ2 (2) = 7.589, p = 0.022) and standard
deviation in RT (χ2 (2) = 26.503, p < 0.001). Younger participants had signiﬁcantly lower RTs than older
controls (U = 499, pcor < 0.001) (Figure 2A); however, younger and older adults did not signiﬁcantly
diﬀer in accuracy (p = 0.17) (Figure 2B). Both RT variance (p = 0.25) and RT standard deviation (p = 0.621)
did not diﬀer between younger and older adults.

Figure 2. (A) Diagnostic group diﬀerences in mean reaction time (RT) (B) Group diﬀerences in mean
Old = older healthy controls, young = younger healthy controls, Poss. LB = possible MCI-LB, Prob.
LB = probable MCI-LB. (C) Standard deviation of RT is signiﬁcantly greater in possible and probable
MCI-LB than older adults. ** pcor = 0.01, *** pcor < 0.001.

Mean RTs were signiﬁcantly lower in the older control relative to the probable MCI-LB group
(U = 157, pcor < 0.001) (Figure 2A). Healthy older controls also had higher accuracy scores than possible
(U = 46, pcor < 0.001) and probable MCI-LB patients (U = 215, pcor < 0.001) (Figure 2B). Reaction time
variance did not diﬀer between healthy older controls and possible MCI-LB (pcor = 0.82), or probable
MCI-LB (pcor = 0.64). Standard deviation was signiﬁcantly greater in possible MCI-LB (pcor = 0.0015)
and probable MCI-LB (pcor < 0.001) in comparison to healthy older controls.
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3.3. Group Diﬀerences in DDM Parameters
Kruskal–Wallis H tests showed signiﬁcant diﬀerences between all groups in non-decision time
(χ2 (2) = 20.429, p < 0.001) and boundary separation values (χ2 (2) = 9.808, p = 0.007), but not drift rates
(χ2 (2) = 0.174, p = 0.917). Post-hoc Mann–Whitney U tests revealed that older adults had signiﬁcantly
longer boundary separation values than younger adults (U = 415, pcor = 0.04). No signiﬁcant diﬀerence
in non-decision time (p = 0.11) between older and younger adults were observed.
Post-hoc Mann–Whitney U tests showed signiﬁcantly lower boundary separation values in both
possible MCI-LB (U = 53, pcor = 0.004), and probable MCI-LB (U = 240, pcor = 0.009) in comparison
to older adults. Moreover, greater non-decision times were observed in possible MCI-LB (U = 56,
pcor = 0.005), and probable MCI-LB (U = 125, pcor ≤ 0 0.001) in comparison to older adults. In addition,
no signiﬁcant diﬀerences in boundary separation value (pcor = 0.61) and non-decision time (pcor = 0.40)
were observed between possible and probable MCI-LB. Mann–Whitney U tests also showed signiﬁcant
diﬀerences in variances between drift rate, non-decision time and boundary separation values between
older adults, possible MCI-LB and probable MCI-LB groups (drift: U = 23.5, pcor < 0.001; non-decision:
U = 444, pcor ≤ 0.001; boundary: U = 420, pcor < 0.001). Additionally, Levene’s test of variance showed
signiﬁcantly greater variation in non-decision time (F (2, 69) = 8.41, p < 0.001), boundary separation
(F (2, 68) = 3.26, p = 0.041), and drift rate (F (2, 71) = 9.809, p < 0.001) between control participants and
the probable MCI-LB group (Figure 3).

Figure 3. Diagnostic group diﬀerences in (A) non-decision time (t) and (B) boundary separation (a)
and (C) drift rate DDM values. ** pcor = 0.01, *** pcor ≤ 0.001.

3.4. Eﬀect of Age and Education on Group Diﬀerences
The potential inﬂuence of age and education on group diﬀerences was assessed given that the
participants with possible and probable MCI-LB were older and less educated compared to the older
control group. This was done by repeating the patient-control comparisons for a subset of control
participants aged over 70 (n = 11), in which age (χ2 (2) = 1.387, p = 0.50) and education (χ2 (2) = 5.980,
p = 0.06) did not signiﬁcantly diﬀer from the patient groups. The same pattern of results was observed
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for these sub-group comparisons, in which mean RT was signiﬁcantly lower (χ2 (2) = 11.059, p = 0.004)
and mean accuracy signiﬁcantly higher in older adults (χ2 (2) = 12.139, p = 0.002) than both patient
groups. Similarly, mean non-decision time was signiﬁcantly lower in older adults (χ2 (2) = 12.844,
p = 0.002) and boundary separation greater in older adults (χ2 (2) = 6.253, p = 0.044), with no signiﬁcant
diﬀerence in drift rate (χ2 (2) = 0.082, p = 0.960). Thus, age and education did not appear to signiﬁcantly
aﬀect the diﬀerences between patients and older control participants.
3.5. DDM Parameters Are Predicted by Clinical Assessments of Visual Perception
Data from both possible and probable MCI-LB patients were entered into a series of hierarchical
stepwise linear regressions. First, demographic information including education, gender, age, and
MCI-LB group (probable, possible) were entered as predictors of either ACE subscales, NEVHI, CAF,
or DCFS scores. Following this, DDM parameters were added to the models as predictors.
A diagnosis of probable MCI-LB (adj R2 = 0.12, beta = −0.30, p = 0.035) along with years of
education (adj R2 = 0.05, beta = 0.31, p = 0.028) were signiﬁcant predictors for the ACE visuospatial
score. The addition of DDM parameters to the model revealed that non-decision time (F (3, 45) = 5.413,
R2 = 0.265, adj R2 = 0.129, beta = −0.333, p = 0.014) signiﬁcantly predicted ACE visuospatial performance
in the patient groups. The addition of non-decision time as a predictor in the model was also signiﬁcant
(Delta R2 = 0.148, F change (1, 47) = 8.136, p = 0.006).
Moreover, male gender (adj R2 = 0.06, beta = −0.295, =0.036) to signiﬁcantly predicted NEVHI
score. The addition of DDM parameters to the model showed that non-decision time approached
signiﬁcance but did not survive corrections for multiple comparisons (adj R2 = 0.062, beta = 0.249,
p = 0.06). Non-decision time was returned as a predictor of DCFS score but did not reach statistical
signiﬁcance (p = 0.072). Moreover, drift rate was returned as a predictor of CAF score, but did not
reach statistical signiﬁcance (p = 0.321).
Spearman’s Rho correlational analysis showed that non-decision time was negatively correlated
with ACE Visuo-spatial subscale (rho = −0.38, p < 0.001), but drift rate (p = 0.55) and boundary
separation value (p = 0.92) were not (Figure 4). Mean non-decision time was associated with NEVHI
score but this was not signiﬁcant after correction for multiple comparisons (p = 0.06). Drift rate (p = 0.32)
and boundary separation value (p = 0.45) did not show a signiﬁcant relationship with NEVHI score.
Importantly, UPDRS total motor impairment score did not signiﬁcantly correlate with non-decision
time (p = 0.23). This indicates that non-decision time is more strongly related to perceptual measures,
rather than measures of motor impairments in this instance.

Figure 4. Non-decision time (t) is negatively related to scores on the Addenbrooke’s Cognitive
Exam (ACE) Visuospatial subscale in mild cognitive impairment (MCI-LB) groups (adj R2 = 0.129,
beta = −0.333, p = 0.014).
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3.6. Clinical Measure of Visual Hallucinations Is Related to Non-Decision Time
To further investigate the relationship between visual hallucinations (VH) and drift diﬀusion
parameters, group comparisons between those patients with a higher NEVHI score (NEVHI+),
and those with a low NEVHI score (NEVHI−) were carried out. There was a signiﬁcant diﬀerence
in non-decision time between the NEVHI+ and NEVHI− group (U = 183, p = 0.024). Boundary
separation (p = 0.416) and drift rate (p = 0.476) did not diﬀer between groups. Finally, Spearman’s
Rho correlation showed a signiﬁcant positive relationship between NEVHI score and non-decision
time in MCI-LB patients in the NEVHI+ (rho = 5.412, p = 0.013) (Figure 5). However, as the NEVHI
score is not a direct indicator of the presence of visual hallucinations, we also carried out a comparison
between those patients with the presence of complex VH (VH+), as rated by a clinical panel—as per
Donaghy et al. [24]—in accordance with 2017 DLB criteria [41], and patients with absence of complex
VH (VH−). VH+ and VH− patients did not show any signiﬁcant diﬀerence in non-decision time
(p = 0.625) or drift rate (p = 0.659), but VH+ patients had signiﬁcantly higher boundary separation
values (U = 90, p = 0.002).

Figure 5. (A) Non-decision time (t) comparisons between NEVHI+ and NEVHI− MCI-LB patients
(U = 183, p = 0.024). (B) Relationship between visual hallucinations score (NEVHI) and non-decision
time in VH group (rho = 5.412, p = 0.013). (C) Boundary separation (a) comparisons between VH+ and
VH− MCI-LB patients (U = 90, p = 0.002).

4. Discussion
Our results showed that mean RT were longer in the Lewy body groups than in the controls,
however RT did not diﬀer between possible and probable Lewy body groups, though group numbers
were modest. Moreover, accuracy was lower in both Lewy body groups in comparison to controls.
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These ﬁndings are consistent with previous reports of lengthened RTs and reduced accuracy in CRT
for Lewy body patients [41,42]. Moreover, previously reported DDM proﬁles of healthy older adults
were characterized by higher boundary separation values with preserved drift rate and non-decision
times relative to younger adults. Our ﬁndings are consistent with previous ﬁndings in that drift rate,
and therefore information processing ability, was unaﬀected by age, while older adults appear to wait
to collate more information about the stimuli to ensure an accurate response [17]. This pattern reﬂects
a more cautious strategy to decision making.
In addition, we found that MCI-LB patients had longer non-decision times and lower boundary
separation values than healthy older controls but did not diﬀer with regards to drift rate. We propose
that this pattern of results suggests that patients had diﬃculties at perceptual encoding (non-decision)
stages of decision making. This suggests that, rather than having impaired overall processing,
Lewy body patients have more speciﬁc processing deﬁcits in non-decision time, leading to longer
RT. Moreover, patients also experienced shorter boundary separation values, suggesting that they
adopted a less cautious approach than healthy older adults in their decision making in response to
impaired perceptual encoding. This in turn may contribute to lower accuracy. However, no diﬀerences
were observed in mean drift rates, although it is worthwhile mentioning that patients as a group
exhibited increased variability in all DDM parameters. Thus, despite the null eﬀect for mean drift rates,
MCI-LB patients drift rate values were more heterogenous, suggesting that perceptual encoding and
shorter boundary separation values also aﬀected the rate of information accumulation and hence the
quality of the decision-making process. Previous ﬁndings in hallucinating PD patients have reported
lower drift rates, which indicated less eﬀective sensory accumulation of evidence [19]. Here we did
not ﬁnd any diﬀerences in mean but in the variance of the drift rate which suggests that MCI-LB
was associated with a greater variability of evidence accumulation. This may mean that MCI-LB
patients experienced ﬂuctuations in their ability to eﬀectively process information, in part as a result of
perceptual encoding problems, or in part as a result of impairments in alerting and focusing attention.
Greater trial-to-trial variability in drift rates would result in slower RT and reduced accuracy, therefore
investigating this further may be valuable in future research. As we employed a simple drift diﬀusion
model due to limited trial numbers, this is diﬃcult to recover, therefore future investigations should
employ more complex models to examine the relationship between trial-by-trial variability in drift
rates and ﬂuctuation in attention. In addition, correlations between DDM variance and cognitive
ﬂuctuations may also be of interest, given the transient and variable nature of cognition in MCI-LB and
DLB. Moreover, this may further illustrate the variability of cognitive impairment, and its relationship
with subsequent clinical presentation in mild cognitive impairment stages of DLB [7].
Approximately 80% of DLB patients experience visual hallucinations [23] that are known to be
related to impairments in visuospatial performance (Hamilton et al., 2012). Consistent with a previous
study in PD [19] we observed diﬀerences between MCI-LB and control groups in non-decision time,
a parameter that reﬂects both perceptual encoding and motor aspects. However, in contrast to the
MCI-LB patients in the present study, PD patients had shorter, not longer, non-decision times in
comparison to older adults [19]. As non-decision time is comprised of both perceptual and motor
aspects, the authors proposed that shorter non-decision times may be partly due to impulsivity-related
reductions in response latencies in PD. In the present study, non-decision times were not related to
motor impairments, as measured by UPDRS score, but did relate to ACE visuospatial scores, suggesting
that diﬀerences in MCI-LB patients were most likely due to impaired perceptual encoding. Together,
these results suggest that, while the precise mechanisms may diﬀer, both PD and MCI-LB patients
experience perceptual encoding impairment that make sensory evidence less informative to them.
The results from our hierarchical stepwise regression ﬁtting revealed that mean non-decision
values predicted visuo-spatial performance but not NEVHI score. However, further analyses showed
that patients in the NEVHI+ had longer non-decision times than NEVHI− and non-decision time
correlated positively with higher NEVHI score in this group. As a positive NEVHI score does not
necessarily reﬂect the incidence of visual hallucinations but can be due to other visual problems [43],
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we also classiﬁed patients on the basis of clinical ratings into those with a history of visual hallucinations
and those without. This comparison revealed that individuals with visual hallucinations showed wider
boundary separation than those without. Our ﬁnding of signiﬁcantly longer non-decision times in the
NEVHI+ versus the NEVHI− group suggests that patients who experience visual diﬃculties including
visual hallucinations are prone to diﬃculties in perceptual encoding and that these encoding problems
may contribute to their experience of visual hallucinations. The additional ﬁnding that individuals
with a history of visual hallucinations showed larger boundary separation than those without, suggests
that these individuals experience additional decision-making problems and adopt a more cautious
response strategy in light of noisy perceptual input, that may contribute to and/or reﬂect the experience
of visual hallucinations. Thus, perceptual encoding diﬃculties appear to be a necessary but not a
suﬃcient condition for the occurrence of visual hallucinations. Such an interpretation is consistent with
current theories of visual hallucinations in DLB [21,22] proposing that hallucinations occur as a product
of impaired perceptual encoding or bottom-up processing, and subsequent over activation of top
down processes, which may result in incorrect objects being inserted into the visual scene, i.e., visual
hallucinations. In this context, our results may demonstrate that the processing of sensory stimuli is
slower and potentially less informative in all MCI-LB patients but that in patients who hallucinate
such impaired sensory processing is accompanied by additional top-down decision-making problems.
In contrast to our ﬁndings, O’Callaghan et al. [19] reported that all PD patients showed wider
decision boundaries, but only hallucinating patients showed slower drift rates than those patients who
did not hallucinate. While this pattern of results also supports the view that impaired sensory evidence
accumulation may lead to reduced information processing quality and an over-reliance on top down
processing in PD, which in turn may underpin visual hallucinations, the mechanisms leading to these
impairments seem to diﬀer between PD and MCI-LB.
There were limitations of the present study. Due to practicalities in recruitment, healthy control
participants were signiﬁcantly younger on average than probable and possible Lewy body patients,
which may have aﬀected some drift diﬀusion estimates. However, age was not a signiﬁcant
predictor in the linear regression analyses. In addition, due to recruitment from a University panel,
control participants had signiﬁcantly more years of education than Lewy body groups, which may also
have inﬂuenced performance in some cognitive tests. We assessed the potential inﬂuence of age and
education on our results by comparing patients with a subgroup of controls that were closely matched
for these variables. These additional analyses resulted in the same pattern of results, suggesting that
the group diﬀerences in age and education did not drive our ﬁndings.
Moreover, although tasks were similar in nature between healthy control and patient groups,
there were some notable diﬀerences in both trial number and stimuli which could inﬂuence RT and
accuracy and bias the DDM modelling. Firstly, trial numbers were relatively low in the CRT in MCI-LB
groups, due to practical limitations and patients’ task completion ability, which may inﬂuence the
accuracy of model ﬁtting. Secondly, there is possibility that the presence of neutral ﬂankers in the
healthy control task may produce lower drift rates due to crowding eﬀects, therefore resulting in
an under estimation of the current group diﬀerences in our results. Thirdly, as control participants
also took part in randomly presented congruent and incongruent trials, boundary separation may be
raised as older adults become more cautious in response overall, thus overestimating the boundary
separation eﬀect in this study [44]. Finally, non-decision time may be inﬂuenced by a more complex
stimuli, resulting in an under-estimation of the observed perceptual encoding group diﬀerences in
the present study. This does pose some limitation to the conclusions which can be drawn, therefore
replication in a larger sample, and with identical task conditions is vital to clarify these eﬀects. Despite
this, employing the same task between patients and control subjects is also challenging, as those tasks
which are accessible for patients in terms of trial number or stimuli may be very simple for controls to
complete, resulting in a ceiling eﬀect, and vice versa.
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To conclude, the present ﬁndings suggest that impaired perceptual encoding, as estimated by the
DDM, contributes to NEVHI score in MCI-LB, and altered boundary separation may be related to the
presence of visual hallucinations [19,45].
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Abstract: The role of attention allocation in object-location memory has been widely studied through
incidental and intentional encoding conditions. However, the relation between sustained attention
and memory encoding processes has scarcely been studied. The present study aimed to investigate
performance diﬀerences across incidental and intentional encoding conditions using a divided
attention paradigm. Furthermore, the study aimed to examine the relation between sustained
attention and incidental and intentional object-location memory performance. Based on previous
ﬁndings, an all women sample was recruited in order to best illuminate the potential eﬀects of
interest. Forty-nine women participated in the study and completed the psychomotor vigilance test,
as well as object-location memory tests, under both incidental and intentional encoding divided
attention conditions. Performance was higher in the incidental encoding condition than in the
intentional encoding condition. Furthermore, sustained attention correlated with incidental, but
not with intentional memory performance. These ﬁndings are discussed in light of the automaticity
hypothesis, speciﬁcally as it regards the role of attention allocation in encoding object-location memory.
Furthermore, the role of sustained attention in incidental memory performance is discussed in light of
previous animal and human studies that have examined the brain regions involved in these cognitive
processes. We conclude that under conditions of increased mental demand, executive attention is
associated with incidental, but not with intentional encoding, thus identifying the exact conditions
under which executive attention inﬂuence memory performance.
Keywords: object-location memory; sustained attention; incidental encoding; intentional encoding

1. Introduction
Object-location memory is a complex neurocognitive ability that presents a challenge for our
cognitive system. It involves three components: (1) object-processing, (2) spatial-location processing,
and (3) object-location binding [1]. Object-location memory is a fundamental ability that is needed
in our daily lives. Given its adaptive value for both humans and animals, it has been suggested that
object-location memory is not only driven by conscious recollections of objects’ locations, but rather
that it is an automatic process and possibly inﬂuenced by unconscious memory [2].
The automaticity hypothesis [2], in regard to the role of attention allocation in encoding
object-location memory, has been widely studied by comparing memory performance across incidental
and intentional encoding conditions. In intentional encoding conditions, participants are explicitly
instructed about a required subsequent retrieval phase, whereas in incidental encoding conditions,
participants are shown an array of stimuli without awareness of a subsequent retrieval phase. Findings
regarding memory performance are inconsistent; some studies have shown that the locations of
objects are learned without participants receiving explicit instruction to remember the locations
(e.g., [3]), thus supporting the automaticity hypothesis. Other studies have shown that intention to
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remember locations improves memory performance (e.g., [4]). Postma and colleagues [1] speculated
that each component of object-location memory diﬀers in its processing automaticity, with the
spatial-location component operating more automatically than the object identity and object-location
binding processing components.
Other attention allocation tasks involve diﬀerentiating between divided versus full attention.
In divided attention tasks, participants are required to respond to both target and distractor stimuli,
whereas in full attention tasks, participants are required to direct their attention to the target stimulus
only [5]. Studies investigating memory have typically demonstrated that in various memory tasks,
divided attention during incidental or intentional encoding reduces performance (e.g., [5–8]). However,
more recently, it has been suggested that under speciﬁc conditions, divided attention may facilitate
memory performance. For example, Nussenbaum, Amso, and Markant [9] have shown that increasing
the number of distractors in a divided attention condition did not impair memory for the target content.
Furthermore, when distractors contained information that conﬂicted with the target content, increasing
the number of distractors actually enhanced participants’ memory.
The eﬀects of attention during object-location memory encoding have been studied in the realm
of visual working memory. Visual working memory is mainly characterized by its limited capacity,
therefore the maintenance of attention to visual items is important in our daily behavior [10]. Previous
studies investigated whether features and locations are represented as integrated objects in our
visual working memory under various attention conditions. For example, Treisman and Zhang [11]
demonstrated that attended objects are bound to their locations, however visual memory for binding
is not disrupted when attention is directed to irrelevant stimuli. As opposed to working memory,
long term memory requires diﬀerent cognitive mechanisms at encoding, storage, and retrieval. The
role of attention during object-location long-term memory encoding has been scarcely studied. To
our knowledge, only two studies have examined the role of attention during object-location memory
encoding under divided and full attention conditions. One study presented participants with an array
of actual objects, and incorporated a verbal arithmetic task as a distraction in the divided attention
condition [12]. The second study used a paper-and-pencil task and a tone discrimination task as
an auditory distraction [13]. Both studies demonstrated that, with intentional encoding instruction,
participants performed better in the full attention condition than the divided attention condition.
However, under the incidental encoding conditions, this ﬁnding was replicated only in the study that
used the actual array of objects, and not in the paper-and-pencil paradigm study. Furthermore, in the
paper-and-pencil study women performed better in incidental than in intentional memory. Ecuyer-Dab
and Robert [14] suggest that women might employ diﬀerent strategies for incidental and intentional
encoding. While under incidental encoding conditions, women spontaneously encode the surrounding
elements, under intentional encoding with explicit instructions to memorize objects, women use
an alternative strategy. In other words, females and males diﬀer in the attentional and perceptual
mechanisms that they employ in memorizing objects locations. Under incidental conditions, females
unintentionally encode detailed features of their surroundings, and later are able to retrieve a precise
representation of it. In contrast, under intentional conditions females employ a diﬀerent strategy,
such as verbal labeling of stimuli. For example, Lewin and colleagues [15] failed to demonstrate sex
diﬀerences in location memory for uncommon objects and speculated that the absence of the familiar
female superiority was due to females’ diﬃculty in assigning verbal labels to the objects. In accordance
with previous studies examining the role of attention in various memory tasks, these ﬁndings suggest
that the inﬂuence of attention allocation on memory performance is not uniform, but rather that it is
aﬀected by the nature of the distractors—including the modality and the relatedness of the distractor
to the target—as well as the nature and the modality of the target.
Studies investigating the neural correlates of object-location memory have demonstrated the
involvement of the right hippocampus in spatial binding [1]. Only a few studies have examined
the neural correlates of implicit and explicit spatial memory. Whereas some studies have shown the
importance of the medial temporal lobes [16] and the striatum [17] for implicit spatial memory, others
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have demonstrated the importance of the diencephalic and frontal regions for explicit object-location
memory [18].
The role of attention in memory performance has been also studied through a central component of
executive function: executive attention or attention control. Attention control refers to attentional processes
that support the ability to sustain information in the presence of internal or external distractions [16].
There are several attention control abilities, including, attention restraint, attention constraint [17], and
sustained attention [16]. Sustained attention refers to attention control processes needed to preserve
attention and task engagement over time (also referred to as vigilant attention; [18–20]). Studies that
have addressed the relation between sustained attention, measured by the psychomotor vigilance task,
and working memory capacity revealed that sustained attention was positively correlated with working
memory capacity (e.g., [21]). Unsworth and Robison [16] recently proposed a cognitive-energetic
model to explain the relation between sustained attention and various cognitive constructs, including
memory. The underlying notion of the model is that intensity of attention varies within and between
individuals. The intensity of attention is inﬂuenced by both intrinsic and extrinsic motivation levels,
overall arousal levels, and intrinsic alertness. When attention intensity levels are high, task engagement
is high and control levels are optimal. In four experiments examining the relation between sustained
attention and working memory capacity, Unsworth and Robison [16] showed that this relationship is
mediated by variation in intrinsic alertness—the ability to voluntarily control the intensity of attention
on a continuous basis.
In the search for the underlying cause of reduced sustained attention, a phenomenon called
vigilance decrement, two theories have been suggested: the under-load theory and the over-load
theory [22–24]. In the under-load theory, the decrement is deemed to be due to boredom, mindlessness,
or goal habituation [25], whereas in the over-load theory, vigilance decrement is considered to be due to
mental fatigue and resource depletion. In order to examine these two theories, a few studies sought to
investigate the inﬂuence of various working memory demands on vigilance decrement. For example,
in Helton and Russell’s [26] study, participants performed a vigilance task while simultaneously
performing either a verbal or spatial working memory task. The researchers found that the concurrent
verbal and spatial working memory load impacted the vigilance decrement among the participants.
They concluded that vigilance decrement was caused by high cognitive resource demands, thus
supporting the over-load theory.
The role of executive attention has also been examined in relation to incidental and intentional
memory. Kontaxopoulou and colleagues [27] assessed participants’ episodic memory performance via
virtual reality stimuli, both incidentally and intentionally, using both verbal and visuospatial tests.
Additionally, participants completed a neuropsychological battery assessing attention and executive
functioning. The researchers found that almost all attentional and executive functioning measures
were associated with participants’ incidental, but not intentional, memory performance. They further
reported that aging aﬀected incidental (but not intentional) encoding processes. Given these two
ﬁndings, Kontaxopoulou and colleagues [27] proposed that the ability to eﬀectively execute incidental
memory processes is more strongly connected with the overall cognitive system than is the ability
to carry out intentional memory processes, as indicated by the association found with attention and
executive functions. Indeed, memory studies among aging populations have shown that low scores on
memory tasks were correlated with reduced activation in the frontal lobes (e.g., [28]). Furthermore,
imaging studies have shown that there is a positive correlation between executive functioning and
prefrontal cortex volume (for a meta-analysis, [29]). Therefore, it is suggested that incidental encoding
processes, which hold a more prominent function in our daily lives, are perhaps more inﬂuenced by
executive attention than intentional encoding processes
The role of attentional resources in memory performance has been previously investigated,
especially among aging populations. The search for the source of memory decline in some memory
functions, but not in others, led researchers to examine several hypotheses to explain the underlying
mechanisms in memory decline [30]. One of the hypotheses concerns the role of reduction in attentional
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resources in episodic memory (e.g., [30,31]), and the emphasis on stability of attention during encoding
of items in recall and recognition tasks [32]. Previous studies demonstrated that aging is associated
with long-term episodic memory decline, including object-location memory, and is characterized by
reduction in attentional resources in episodic memory. Therefore, the present study aims at ﬁne-tuning
the conditions under which attentional resources inﬂuence memory performance among young adults,
in order to uncover the processing mechanisms needed for executing essential functions in our daily
lives, such as object-location memory. Speciﬁcally, the present study aimed to explore the role that
executive attention, especially sustained attention, plays in incidental and intentional object-location
memory performance. In line with the over-load theory, the present study was conducted under
conditions of divided attention. Increasing mental demand among the participants enabled us to
pinpoint the exact conditions under which vigilance decrement inﬂuenced performance on incidental
and intentional memory encoding tasks. To the best of our knowledge, this study is the ﬁrst to
examine the association between these variables. Whereas a previous study [27] investigated the role
of executive attention in relation to incidental and intentional memory (verbal and visuospatial), the
present study is the ﬁrst to examine this relation with the outcome of object-location memory, and
under conditions of cognitive load.
Furthermore, previous studies have demonstrated that getting a suﬃcient amount of sleep
per night, on a regular basis, has an important inﬂuence on behavioral alertness and cognitive
performance [33]. Therefore, in the current study, the quality and quantity of sleep during the four
nights prior to the experiment were measured and used as an indicator of sleep deprivation and fatigue
on the morning of the experiment.
In summary, previous studies did not investigate object-location memory performance under
cognitive load. Furthermore, to the best of our knowledge only one study assessed the role of attentional
and executive functioning in incidental and intentional episodic memory [27]. However, it is not yet
known whether sustained attention inﬂuences incidental and intentional episodic memory under
cognitive load. Therefore, in the present study, including cognitive load allowed for an examination
of whether sustained attention inﬂuences memory performance. Furthermore, the present study
allowed us to examine whether sustained attention inﬂuences incidental as well as intentional encoding.
Moreover, the present study controlled for the quality and quantity of sleep that have been related to
cognitive performance.
Our main hypotheses are:
(1)
(2)

Memory performance would be higher under incidental encoding as compared to
intentional encoding.
Sustained attention, as measured by the psychomotor vigilance test, would be associated with
incidental, but not intentional, encoding measures.

2. Method
2.1. Participants
Forty-nine female students (mean age 24.5 ± 1.89) from a college in the north of Israel participated
in the study. Participants were recruited through advertisements at the college, and received course
credit for their participation. We chose to recruit a female sample given the extensive body of research
suggesting females’ superior performance in object-location memory tasks as compared to males (for a
meta-analysis, see [34]).
2.2. Materials
The study was approved by the institutional review boards (IRBs) of the college (no: EMEK
YVC2018-20 ). All participants arrived at the lab between 8:00 a.m. and 12:00 p.m., after four nights
with ActiGraph, to participate in the experiment. After providing informed consent, participants
completed a brief demographic questionnaire and a number of tasks. The tasks are outlined below.
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Object location memory–Incidental encoding: The study included a stimulus array of 25 black-andwhite drawings of objects, based on those used in the Eals and Silverman [35] study. The stimuli were
presented on standard-size A4 white paper. Participants were instructed to complete both a pricing
task and a distraction task within a one-minute time-frame. In the pricing task, which was designed
to manipulate incidental (non-directed) encoding, participants were asked to write a price tag for
each object directly on the paper. They were told that if they were unable to estimate a price for the
object, they should provide a guess [36]. In the distraction task, designed to increase mental load, a
pre-recorded soundtrack of piano tones, randomized by pitch (low or high), was presented in intervals
of 2 or 3 s [37]. The participants were asked to indicate the low-pitched tone by raising their left hand
and the high-pitched tone by raising their right hand. Immediately afterward, the participants were
shown another stimulus array, in which 14 of the objects were in diﬀerent locations than before. They
were given 60 s to mark which objects’ locations were unchanged and circle the ones whose positions
had changed. A manipulation check indicated that the participants were not suspicious about the
purpose of the experiment.
Object location memory–Intentional encoding: The design of the intentional encoding condition,
including all of the materials presented, was identical to the incidental encoding task phase, with a new
stimulus array. However, the one diﬀerence was that in the intentional encoding task, participants were
given one minute to “try to memorize as many objects in the array as possible and their approximate
locations” ([35], p. 100) before the distraction task was introduced.
In the present study, the paper-and-pencil format was chosen due to task requirements of the
incidental encoding condition (participants were asked to write a price estimation per each item).
Given the limited timeframe (60 s) and the potential variation in computer skills across participants,
a paper-and-pencil format (previously used for the same study purposes, e.g., [37]) was utilized.
2.3. Psychomotor Vigilance Test (PVT):
Participants completed a visual psychomotor vigilance task (PVT). This task is sensitive to sleep
loss and circadian phase [38,39]. The psychomotor vigilance task (PVT) has been employed for the last
30 years as a sensitive test of sustained attention [40]. This simple measure of reaction time (RT) to
repetitive stimuli has become recognized as a highly sensitive eﬀective tool for measuring degradation
of sustained attention performance under sleep deprivation or change in circadian phase [38,39]. The
PVT is the most widely used measure of behavioral alertness. The standard duration of the PVT
is 10 min; however, the optimal duration of the PVT is shorter than 10 min. Most studies use PVT
outcomes to monitor sensitivity to total and partial sleep loss [41,42], and to diﬀerentiate sleep-deprived
subjects from alert subjects [43].
However, in the present study the use of the PVT was for a diﬀerent purpose (besides evaluating
sensitivity to sleep loss; [22]); the PVT was used to explore the role that sustained attention plays in
incidental and intentional object location memory performance. The PVT-B is a validated measure
of sustained attention, with high test–retest reliability and low learning eﬀects [19]. Previous studies
validated the PVT as sensitive in diﬀerentiating dementia patients from healthy controls, and has been
used among aging and MCI populations [44,45].
The PVT-B (Joggle Research Program, Seattle, WA, USA) is a sustained attention reaction time
task, and it was performed on an iPad in the current study. Participants were instructed to maintain
vigilant attention on a target box and respond as quickly as possible to the appearance of a stimulus,
while avoiding responding prematurely. The outcome measure of the current study was the Aggregate
Score. A score metric that penalized participants based on the percentage of responses that were lapses
and the percentage of responses that were considered to be early response errors was calculated. The
calculation was as follows: Aggregate Score = (1 − (Lapses/Responses) − (Errors/Responses)) × 100.
With regard to executive attention, it is important to emphasize that there is extensive evidence
that the neurobehavioral consequences of sleep loss can be measured through certain aspects of
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cognitive functioning [46–48]. Among the most reliable eﬀects of sleep deprivation is degradation of
attention [38,49], including vigilant attention [38,50].
For each trial, an empty box was presented on an iPad screen, triggering a millisecond counter.
Participants were requested to press on the screen to stop the counter. Participants were instructed to
respond as quickly as possible, but to avoid pressing on the screen when the counter was not displayed
(i.e., false starts). The inter-stimulus interval, deﬁned as the period between the last response and the
appearance of the next stimulus, varied randomly from 2–10 s [49].
Sleep patterns–The purpose of the objective sleep test was to control the quality and quantity of
sleep, and to ensure that subjects did not suﬀer from sleep deprivation during the four days prior to
the study.
Objective sleep patterns were measured using an actigraph (AMI, NY). This small device measures
sleep patterns in one’s natural environment and provides objective data of one’s sleep patterns.
Participants wore the actigraph in the four nights preceding the experiment. Actigraph recordings
provided an estimation of participants’ sleep onset, wake time, sleep latency, sleep duration, true sleep
minutes, wake after sleep onset (WASO), and sleep eﬃciency.
2.4. Procedure
Prior to arriving to the lab for the experiment, participants’ objective sleep patterns were measured
for four consecutive nights. Participants were then individually invited to the lab. All participants
completed the study in the same room, The experiment utilized a crossover design, such that half of
the participants performed the PVT-B task ﬁrst, followed by the memory tasks, and the other half of
the participants performed the tasks in the opposite order. Due to the study design (which included an
incidental encoding condition), all participants performed the memory tasks (under incidental and
intentional conditions) in the same order.
2.5. Power Analyses
G Power 3 (Heinrich Heine University, Düsseldorf, Germany) was used to determine the sample
size required to ﬁnd a signiﬁcant diﬀerence in object-location memory performance between incidental
and intentional encoding. The power analysis indicated that 47 participants would be needed to detect
a medium eﬀect size (dz = 0.5) with an alpha level of 0.05 and 90% power.
3. Results
3.1. Sleep Measures
Participants’ objective sleep patterns were characterized by sleep measures that fell within the
typical ranges, a sleep duration that matched the recommended duration, and a high quality of sleep
(i.e., sleep eﬃciency was high; see Table 1).
Table 1. Actigraphic sleep pattern.
Mean ± SD
00:22 ± 1.09
8:47 ± 0.89
13.92 ± 12.13
445.93 ± 65.74
410.35 ± 61.97
15.83 ± 13.41
96.17 ± 3.0

Sleep Onset
Wake Time
Sleep Latency
Sleep Duration
True Sleep Minutes
Waso (min)
Sleep Eﬃciency (%)
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3.2. Incidental vs. Intentional Memory Performance
All the analyses were based on non-parametric statistics since location memory scores
(incidental and intentional) were not normally distributed. Object-location memory performance
across the incidental and intentional encoding conditions were calculated as two scores. The ﬁrst was
the total number of correct identiﬁcations of exchanged objects, as customarily used in the literature
(e.g., [35,51]). The second was calculated as the number of correct identiﬁcations minus the number
of incorrect identiﬁcations [52]. To test the diﬀerence in object-location memory performance across
the incidental and intentional encoding conditions, we performed a Wilcoxon signed-rank test and
found a signiﬁcant eﬀect, both for the total score (Z = 4.72, p < 0.001, eﬀect size = 0.67) (see Figure 1),
and for the corrected score (Z = 3.82, p < 0.001, eﬀect size = 0.61) (see Figure 2). Participants scored
higher on location memory in the incidental encoding condition as compared with the intentional
encoding condition.
9

Mean number Correct

8
7
6
5
4
3
2
1
0
Incidental encoding

Intentional Encoding

Encoding Condition

Figure 1. Mean number of correctly detected location-exchanged objects under divided attention
incidental and intentional encoding conditions for the total scores. Error bars represent standard errors
of the mean (SEM).

Figure 2. Mean number of correctly detected location-exchanged objects under divided attention
incidental and intentional encoding conditions for the corrected scores. Error bars represent standard
errors of the mean (SEM).
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3.3. PVT-B Measures
Table 2 displays the mean and standard deviations of PVT-B measures.
Table 2. PVT-B measures.
Mean ± SD
44.48 ± 2.21
2.37 ± 3.18
85.81 ± 13.77

Responses
Errors
Aggregate Score

3.4. The Role of Sustained Attention in Incidental vs. Intentional Memory Performance
First, correlation was performed between incidental and intentional memory performance. No
signiﬁcant correlation was found (r = 0.27, p > 0.05). Next, correlations were performed between
sustained attention, as measured by the psychomotor vigilance test, and incidental and intentional
memory performance for the total score and for the corrected score. Signiﬁcant correlations were found
only in the incidental encoding condition. Positive correlations were found between the aggregate score
on vigilant attention and memory performance, with higher scores on vigilant attention correlating
with higher scores on both scores of object-location memory. None of the correlations between vigilant
attention and memory performance in the intentional encoding condition were signiﬁcant (see Table 3).
The diﬀerence between these correlations was not statistically signiﬁcant (p > 0.05; see Figures 3 and 4).
Table 3. Correlations between vigilant attention (aggregate score) and location-exchanged objects
during divided attention incidental and intentional encoding conditions.
Incidental Encoding

Intentional Encoding

0.30 *
0.29 *

0.12
0.15

Total scores
Corrected scores

* p < 0.05; The total score was the total number of correct identiﬁcations in exchanged objects The corrected score
was the total number of correct identiﬁcations minus the incorrect identiﬁcations in exchanged objects.

Mean number Correct for Object
Location Memory

Incidental Encoding
14
12
10
8
6
4
2
0
0

20

40

60

80

100

120

Vigilant Attention

Figure 3. Mean number of correctly detected location-exchanged objects under the divided attention
incidental encoding condition for the total scores as a function of vigilant attention (aggregate score).
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Mean number Correct for Object
Location Memory

Intentional Encoding
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Figure 4. Mean number of correctly detected location-exchanged objects under the divided attention
intentional encoding condition for the total scores as a function of vigilant attention (aggregate score).

4. Discussion
The present study aimed to examine performance diﬀerences in incidental and intentional memory
under divided attention conditions. Furthermore, the present study sought to examine the relation
between sustained attention and incidental and intentional memory performance. With regard to
memory performance under conditions of incidental and intentional encoding, spatial memory studies
are characterized by long-lasting controversies. Whereas automaticity hypothesis supporters suggest
that the encoding of objects’ locations can occur even without attention allocation [2], other studies ﬁnd
that participants’ awareness of subsequent retrieval requests can improve performance (e.g., [4]). The
present study provides support for the automaticity hypothesis showing that participants performed
better in incidental than in intentional memory. Although previous studies that have shown that
intention to learn locations improves memory performance, participants exhibited the ability to encode
locations without explicit instruction to do so. The present study was conducted using a within-subject
design, wherein participants responded both to the incidental condition and the intentional condition.
A previous study [13] using the same paper-and-pencil format but with between-subject design, found
the same results: female subjects under the incidental condition performed better than those under
the intentional condition. Moreover, in the present study, participants memorized objects’ locations
under attention load, during which they were additionally requested to direct their attention to an
auditory task. Even though their attention resources were limited due to the need to allocate attention
to another task, the distraction task did not deplete their attention resources, as evidenced by their
ability to encode object locations to memory in incidental conditions.
The present study additionally focuses on the relation between sustained attention and incidental
and intentional memory performance. We found that sustained attention measures correlated with
incidental, but not intentional, object-location memory performance. Our ﬁndings are in line with
a recent study that examined the role of executive attention in relation to incidental and intentional
memory, on both verbal and spatial tasks [27].
Furthermore, the present study examined memory performance under attention load conditions
through a divided attention paradigm in order to uncover the role of sustained attention on wide
conditions of memory encoding. Sustained attention is one of several attentional control, or executive
attention, abilities [16]. Brain imaging studies implicate that several regions are associated with
sustained attention, especially the anterior cingulate cortex and the right prefrontal cortex [53,54].
Additionally, Smith and colleagues [55] reported greater activity in the right hemisphere during tasks
of spatial working memory, thus suggesting a coupling between memory demands and sustained
attention [56]. However, the association between sustained attention and memory performance was
found in the present study for the incidental encoding condition only. Based on Kontaxopoulou and
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colleagues’ [27] ﬁnding that aging aﬀects incidental, rather than intentional, encoding processes, they
proposed that the ability to eﬀectively execute incidental memory processes is more strongly connected
with the overall cognitive system, as indicated by the association found between incidental memory
and attention and executive functions. Indeed, memory studies conducted with elderly populations
have shown that low scores on memory tasks were associated with reduced activation in the frontal
lobes (e.g., [28]). Furthermore, imaging studies support a positive correlation between executive
functioning and prefrontal cortex volume (for a meta-analysis, see [29]). Further support comes from
animal studies. For example, Parnell, Grasby, and Talk [57] demonstrated that lesions on the medial
prefrontal cortex impacted incidental encoding for locations in rodents. The authors suggested that the
prefrontal cortex is needed for sustained attention to incidental encoding of locations.
In the realm of spatial attention, a paradigm termed contextual cueing [58] has been widely studied.
In implicit contextual cueing tasks, repeated visual context facilitates visual search for target objects.
Extensive research aimed at investigating the factors inﬂuencing spatial attention has been conducted.
Researchers found that current goals, perceptual salience, statistical learning, reward, motivation
and emotion aﬀect attention [59]. Recent studies that have examined the inﬂuence of memory load
on contextual cueing have presented conﬂicting ﬁndings. Whereas some studies have shown that
contextual cueing is impaired by memory load [60], other work has shown that contextual cueing
remains intact [61], suggesting that contextual cueing is sensitive to memory load under speciﬁc
conditions [59].
The present study has some limitations. First, the present study focused on female participants
only. Given previous results indicating sex diﬀerences in object-location memory performance and
speciﬁcally the female advantage in these tasks, we chose to focus on females. However, future studies
should expand the sampling frame to include male participants; this will allow for uncovering sex
diﬀerences in processing strategies utilized in memory encoding and sustained attention. Second,
the present study focused on divided attention conditions. The object-location memory literature
has typically explored encoding manipulations under full attention conditions. Only scarcely have
divided attention conditions been used [12,13]. In order to shed light on the role of sustained attention
in memory encoding, the present study chose to utilize an attention load paradigm using divided
attention conditions. However, to deepen our understanding on the role of attention control on memory
encoding processes, a broader examination including various attention conditions (e.g., full, selective)
is still needed. Third, the present study used a distraction task which did not appear to dilute the
attentional resources allocated for the memory task, as illustrated by the relatively high performance
of the participants. Future studies should examine various distraction modalities, including various
component numbers in order to identify the precise conditions under which attentional resource
allocation facilitates, as opposed to inhibits, memory performance. Fourth, although this has been
customary in previous studies, the use of only one measure in the present study raises the need for
replication in future studies using two measures forming sustained attention score. Fifth, due to study
requirements (in the sake of face validity), all participants performed the study tasks (under incidental
and intentional conditions) in the same order. Although the current ﬁndings replicate previous results
found using between-subject design [13], confounding factors cannot fully be ruled out. Therefore,
caution should be exercised interpreting the present ﬁndings.
5. Conclusions
In sum, the present ﬁndings demonstrated that in incidental encoding conditions, the distraction
task did not completely diminish participants’ attentional resources, as they exhibited high memory
performance. Furthermore, the present ﬁndings suggest that memory encoding also beneﬁts from
explicit instructions to memorize locations under divided attention conditions, but to a lesser extent.
Therefore, the present study supports the notion that object-location memory possesses several
components that diﬀer in processing automaticity. Furthermore, to the best of our knowledge, the
present study is the ﬁrst to examine the relation between sustained attention and object-location
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memory. We found that sustained attention plays an important role in incidental, but not in intentional,
encoding, thus supporting previous ﬁndings which have examined other memory tasks. In addition,
in line with the over-load theory, the present study was conducted under conditions of increased
mental load. We found that under conditions of divided attention, executive attention was associated
with incidental, but not with intentional encoding. These ﬁndings enable us to identify the exact
conditions under which executive attention inﬂuences memory performance. Studying object-location
memory through specifying the conditions by which performance declines is essential regarding aging
inﬂuences on memory performance. Moreover, previous ﬁndings in animal and human imagery
studies have shown that executive attention and incidental memory performance are connected with
the same brain regions, including the prefrontal cortex in particular. Future studies should focus on
other incidental memory tasks prominent in our daily lives and their relation to executive attention.
A large body of research has demonstrated that object-location memory is even more susceptible to
age-related declines than target memory [62,63]. Further examination of the role of executive attention
on object-location memory, and the corresponding neural infrastructure, will shed light on the potential
deleterious eﬀects of aging on memory.
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Abstract: Various studies have shown that Alzheimer’s disease (AD) is associated with an impairment
of inhibitory control, although we do not have a comprehensive understanding of the associated
cognitive processes. The ability to engage and disengage attention is a crucial cognitive operation of
inhibitory control and can be readily investigated using the “gap eﬀect” in a saccadic eye movement
paradigm. In previous work, various demographic factors were confounded; therefore, here,
we examine separately the eﬀects of cognitive impairment in Alzheimer’s disease, ethnicity/culture
and age. This study included young (N = 44) and old (N = 96) European participants, AD (N = 32),
mildly cognitively impaired participants (MCI: N = 47) and South Asian older adults (N = 94). A clear
reduction in the mean reaction times was detected in all the participant groups in the gap condition
compared to the overlap condition, conﬁrming the eﬀect. Importantly, this eﬀect was also preserved
in participants with MCI and AD. A strong eﬀect of age was also evident, revealing a slowing in the
disengagement of attention during the natural process of ageing.
Keywords: cognitive impairment; disengagement; attention; inhibition; “gap eﬀect”; overlap; saccade

1. Introduction
Alzheimer’s disease (AD) is a neurodegenerative disease that leads to profound cognitive
impairment that includes changes in working memory [1,2]. AD is often diagnosed relatively late in the
neuropathology of the disease, due to the lengthy and subjective assessments for the clinical diagnosis
that are currently used. Subtle early impairments in executive function, attentional disengagement
and other cognitive processes have been reported in people with AD [3,4]. Various attempts have
been made to develop speciﬁc measures of attentional control in patients with AD [5–8]. However,
these have included multiple cognitive operations or have not been grounded in neurophysiological
research that has provided insights into the attentional disengagement. An exception is the work by
Parasuraman and colleagues [9,10] using the Posner task. Posner [11] stated that orienting of attention
comprised three distinct stages: (1) disengagement from the current stimulus; (2) movement to the
new location; and (3) re-engagement with the target at the new location. According to the Posner
model, attention must be disengaged from the current visual target, in order to facilitate an attentional
shift from the old to the new target; just as in driving a car where you disengage from one gear,
before moving the gear stick to a new gear. These distinct operations require multiple brain processes,
with each contributing to the cost in terms of the overall processing time [12]. Parasuraman and
colleagues [9,10] reported that the reaction times to a “valid” cue (that summoned automatic attention
towards the target) was equivalent in the AD and control participants. In contrast, the reaction times
to an “invalid” cue (that required disengagement of attention away from the cue) was substantially
Brain Sci. 2020, 10, 461; doi:10.3390/brainsci10070461
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increased in the AD group. This suggested that the automatic orientation of attention was preserved in
AD, but the ability to disengage attention was impaired. However, these results failed to be replicated
in several laboratories [13,14].
Mounting research has demonstrated that the attentional operations used in eye tracking tasks
can provide an early marker of neurodegenerative disease [15–20]. Importantly, eye movement
abnormalities occur earlier than the more noticeable changes in memory, which present relatively late
in the progression of the disease [21]. A dual saccadic paradigm is often used to evaluate attentional
disengagement [22–25]. In the so-called “gap” condition, the ﬁxation point is removed 200 ms prior to
the presentation of the display target, resulting in a temporal “gap” between the oﬀset of the ﬁxation
point and the presentation of the new target. This condition yields relatively fast reaction times due to
the facilitation of the disengagement operation by the prior removal of the ﬁxation point. In contrast,
in the “overlap” condition, the ﬁxation point remains for a period of time while the new target is
displayed (see Figure 1a,b). Therefore, in this condition, there is a temporal overlap between the oﬀset
of the central ﬁxation point and the onset of the target. The “gap eﬀect” is measured by the diﬀerence
in the mean saccadic reaction times between the gap and overlap conditions and yields an operational
index of attentional disengagement [26,27]. A saccadic eye movement is triggered relatively early in
comparison to situations where the ﬁxation point remains visible with the peripheral target, as in the
step or overlap conditions [18,25,28,29].

(a)

(b)
Figure 1. Gap and Overlap Displays (a) Timings and sequence of the prosaccade task gap condition.
The gap condition facilitates the disengagement of visual attention prior to the target’s presentation
due to the removal of the central ﬁxation point. (b) Timings and sequence of the pro-saccade task
overlap condition. The central ﬁxation point remains on for a short period when the target is displayed.
This results in a delay in the disengagement of attention, resulting in longer mean saccade reaction times.
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There has been relatively little research on the “gap eﬀect” in patients with neurodegenerative
disease.
Prosaccades have the potential to assess attentional ﬂuctuation in patients with
neurodegenerative disease and oﬀer an alternative to more traditional paper-based tests. The few
studies that have been reported have yielded conﬂicting ﬁndings. For example, Yang et al. [30] reported
in a sample of Chinese AD and mildly cognitively impaired (MCI) participants a substantially larger
“gap eﬀect” in comparison to healthy age-matched controls. In contrast, a recent study with Iranian
participants revealed no diﬀerence in the prosaccade gap eﬀect between AD participants and healthy
controls [31]. Crawford et al. [17] found using a longitudinal design with European U.K. participants
that the “gap eﬀect” in AD was similar to that of the controls after a 12 month period. These diﬀerences
could be due to a combination of methodological factors, including the participant populations, since to
our knowledge, no study has contrasted diﬀerent ethnicity groups within a single study design. It is
important to examine the eﬀect in various populations to determine the cultural validity of the gap
eﬀect. Restricting study populations to Western, educated, industrialized, rich and democratic (WEIRD)
samples has contributed to the replicability crisis [32]. Eye movement characteristics have previously
diﬀered across ethnicity/cultural groups [33,34], therefore, comparisons across cultures is important.
In summary, this work is an exploration of attentional disengagement, to determine the potential
mediating eﬀects of: (a) cognitive impairment (contrasting European participants with AD, MCI and
European healthy older participants); (b) healthy ageing (contrasting healthy young and older European
participants); and (c) ethnicity/culture (contrasting older European older participants and older South
Asian participants).
2. Materials and Methods
2.1. Participants
The study included 32 participants with dementia caused by Alzheimer’s disease
(AD: mean age = 74.32, SD = 7.57, age range = 59–86 years), 47 participants with mild cognitive
impairment (MCI: mean age = 70.83, SD = 8.17, age range = 56–84 years), 96 typically ageing older
European participants (mean age = 66.18, SD = 7.94, age range = 55–83 years), 44 younger European
adults (mean age = 21.13, SD = 2.87, age range = 18–26 years), and 94 South Asian older adults (mean
age = 67.25, SD = 6.13, age range = 55–79 years). Older and younger European participants were white
British or European ﬂuent English speakers with a minimum of 11 years in formal education. The older
European participants were recruited from the local community, with the younger adults recruited via
Lancaster University’s Research Participant System. The Asian participants were recruited from local
Hindu temples located in the northwest of England, who were born in India or East Africa, but had
resided in the U.K. for an average of 46.66 years (SD = 5.94).
The AD and MCI participants were recruited via various NHS sites and memory clinics across
the U.K. Participants had received a clinical diagnosis following a full assessment from a dementia
specialist. AD participants had a formal diagnosis of dementia due to AD and met the requirements for
the American Psychiatric Association’s Diagnostic and Statistical Manual of Mental Disorders (DSM
IV) and the National Institute of Neurological and Communicative Disorders and Stroke (NINCDS)
for AD. MCI participants met the following criteria [35] and had a diagnosis of dementia due to
mild cognitive impairment: (1) subjective reports of memory decline (reported by the individual
or caregiver/informant); (2) memory and/or cognitive impairment (scores on standard cognitive
tests were >1.5 SDs below age norms); (3) activities of daily living were preserved. The following
exclusion criteria were applied: patients with acute physical symptoms, focal cerebral lesions, history of
neurological disease (e.g., Parkinson’s disease, multiple sclerosis, epilepsy, amyotrophic lateral sclerosis,
muscular dystrophy), cerebrovascular disorders (including ischemic stroke, haemorrhagic stroke,
atherosclerosis), psychosis, active or past alcohol or substance misuse/dependence or any physical or
mental condition severe enough to interfere with their ability to participate in the study.

75

Brain Sci. 2020, 10, 461

All participants retained the capacity to consent to participation in the study and provided written
informed consent. Ethical approval was granted by the Lancaster University Ethics committee and by
the NHS Health Research Authority, Greater Manchester West Research Ethics Committee.
2.2. Neuropsychological Assessments
The Montreal Cognitive Assessment (MoCA) [36] was administered as an indicator of probable
dementia with a score of 26/30 or higher considered normal. The digit [37] and spatial span [37],
forward and reverse, were used to estimate short-term memory span and working memory.
2.3. Eye Tracking Tasks
2.3.1. Apparatus
Eye movements were recorded using SR EyeLink Desktop 1000 with a sampling rate of 500 Hz.
A chin rest was used to minimise head movements, and participants were seated 55 cm away from
the computer screen. Prior to the start of each eye tracking task, a 9 point calibration was used.
The stimulus was controlled and created via the use of Experiment Builder Software Version 1.10.1630.
2.3.2. Prosaccade Task
Participants were presented with 36 gap trials followed by 12 overlap trials. A white central
ﬁxation point was displayed for 1000 ms, followed by a red target presented randomly at 4◦ to the
left or right for 1200 ms. Participants were instructed to look towards the central ﬁxation point and
then when the red target appeared to move their gaze towards it as quickly and accurately as possible.
Between trials, a black interval screen was displayed for 3500 ms.
The gap condition included a blank interval screen displayed for 200 ms between the initial
appearance of the red target and the extinguishment of the central ﬁxation target. For this condition,
the red and white target never appeared on the screen simultaneously (Figure 1). In the overlap
condition, the target was presented while the central ﬁxation remained present on the screen for a
short period. There was a 200 ms “overlap” in which the target and ﬁxation point were presented
simultaneously (Figure 2). After this period, the central ﬁxation was removed, and the target presented
singularly for 1200 ms. Previous research [16,18] found that this format works well for patients with
neurodegenerative diseases.
2.4. Data Analysis
The raw data were analysed and extracted from the EyeLink using DataViewer Software Version 3.2.
The raw data were analysed oﬄine via the use of the software [38]. The software ﬁltered noise and
spikes by removing frames with a velocity signal greater than 1500 deg/s or an acceleration signal
greater than 100,000 deg2 /s. The ﬁxations and saccadic events were detected by the EyeLink Parser,
and the saccades were extracted alongside multiple spatial and temporal variables. Trials in which
the participants did not direct their gaze to the ﬁxation point before the target display were removed.
Anticipatory saccades made prior to 80 ms and excessively delayed saccades over 700 ms were also
ﬁltered from the data.
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Figure 2. Histograms displaying a shift in the distribution of saccade latencies in the gap
condition (blue) compared to the overlap condition (green) for the participant groups: Alzheimer’s
disease, mild cognitive impairment, older and younger European participants and older South
Asian participants.
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3. Results
Linear mixed eﬀects model analyses were carried out using RStudio Version 1.2.5033. The models
conducted an analysis of the reaction times in the gap and overlap conditions. The “gap eﬀect” value
was calculated by subtracting the individuals mean latency in the gap condition from the overlap
condition mean latency. The linear mixed eﬀects model also determined the group eﬀects of disease,
ageing, and ethnicity. Two participants in the MCI group were excluded from the subsequent analyses
due to their mean reaction times in the prosaccade gap and overlap condition being greater than two
standard deviations away from the mean.
3.1. Neuropsychological Tests
A linear mixed eﬀects model was conducted to analyse the performance on the neuropsychological
tests. Table 1 shows that there was the expected eﬀect of disease on the MoCA test, with lower scores
for the AD participants compared to older European participants, β = 6.90, t (257) = 7.25, p < 0.0001.
AD participants scored signiﬁcantly lower than the MCI participants, β = 2.83, t (257) = 2.72, p = 0.007
(see Table 2). The European older adults produced higher MoCA scores than the MCI group (β = −4.06,
t (257) = −5.13, p < 0.001) and unexpectedly the South Asian group (β = −6.89, t (257) = −7.25, p < 0.001).
This diﬀerence could be due to the combination of culturally inappropriate test items, linguistics and
other cultural factors. There were no signiﬁcant diﬀerences in the MoCA between the healthy European
older and younger adults.
Table 1. Table displaying mean reaction times and standard deviations for the neurological assessments.
MCI—mild cognitive impairment.
Older European
Participants

MoCA
Digit Span
Task
Spatial
Span Task

Older South Asian
Participants

Alzheimer’s
Disease

Young European
Participants

MCI

M

SD

M

SD

M

SD

M

SD

M

SD

27.80

2.04

22.04

4.99

20.19

5.45

22.98

5.40

28.14

1.94

17.91

4.60

13.27

3.71

15.23

4.56

15.95

4.12

19.86

4.33

13.89

2.44

12.47

2.24

11.42

3.75

12.93

3.08

17.38

2.08

Note: dependent variable: total task score.

Table 2. Table displaying post hoc comparisons for the neurological assessments.
Post Hoc Contracts (p Values)
Disease Eﬀects

MoCA
Digit Span Task
Spatial Span Task

Ageing Eﬀects

Ethnicity Eﬀects

AD vs. OEP

AD vs. MCI

MCI vs. OEP

OEP vs. YEP

OEP vs. OSP

<0.001 *
0.015 *
<0.001 *

0.007 *
0.496
0.021 *

<0.001 *
0.043
0.077

0.025
0.015 *
<0.001 *

<0.001 *
<0.001 *
0.002 *

AD—Alzheimer’s disease; MCI—mild cognitive impairment; OEP—older European participants; OSP—older South
Asian participants. YEP—young European participants. * Signiﬁcant at p < 0.05.

The digit span test (total score forward and backward) revealed that AD participants had a
signiﬁcantly lower mean score than the older European participants, β = 2.38, t (254) = 2.46, p = 0.015.
No signiﬁcant diﬀerences were found between the AD and MCI group (see Table 2). The older South
Asian participants had signiﬁcantly lower digit span than the older European participants (β = −4.45,
t (254) = −6.49, p < 0.001). A signiﬁcant diﬀerence was found between younger and older European
adults, with a higher mean digit span score for the younger adults (β = 2.25, t (254) = 2.45, p = 0.015).
Table 1 shows the results from the spatial span (forward and backward) and revealed that,
as expected, the AD participants scored signiﬁcantly lower compared to the older European participants,
β = 2.41, t (242) = 3.99, p < 0.001. The AD participants had a signiﬁcantly lower spatial span score than
MCI participants, β = 1.50, t (242) = 2.32, p = 0.021. The ﬁndings revealed an ageing eﬀect with young
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adults producing signiﬁcantly higher spatial span scores than the European older adults (β = 3.53,
t (242) = 6.15, p < 0.001). The older South Asian participants scored signiﬁcantly lower than older
European participants, β = −1.39, t (242) = −3.17, p = 0.002 (Table 2).
3.2. The “Gap” Eﬀect
Figure 2 shows the relative shift in the latency distributions in the gap and overlap trials for each
of the participant groups. A linear mixed model analysis was conducted to analyse the reaction times
in relation to the participant groups. The overlap condition yielded signiﬁcantly longer reaction times
overall, compared to the gap condition, β = 108.21, t (8881) = 57.33, p < 0.0001 (Figure 2). The “gap
eﬀect” was therefore evident in all groups, with signiﬁcantly faster reaction times in the gap condition,
compared to the overlap condition.
3.3. Attentional Disengagement: Eﬀects of Ageing
The older European participants’ and the younger European participants’ reaction times were
compared in the gap and overlap conditions to determine the eﬀects of age. Table 3 reveals that the
mean “gap eﬀect” was signiﬁcantly smaller in the younger European participants (87 ms) compared to
the older European participants (110 ms) β = −23.46, t (315) = −2.31, p = 0.022. Results showed baseline
diﬀerences in prosaccades with younger European participants having signiﬁcantly faster reaction times
in the gap (β = −8.22, t (4624) = −2.70, p = 0.007) and overlap conditions (β = −38.46, t (4257) = −6.81,
p < 0.001) compared to older European participants. This indicated that older European participants
showed a greater diﬃculty in disengaging attention from the central ﬁxation in comparison to the
younger adults in addition to a general slowing in prosaccades.
Table 3. Table displaying mean reaction times and standard deviations for the prosaccade task gap and
overlap conditions.
Older European
Participants N = 96
Gap
Overlap
Gap Eﬀect (ms)
(Overlap-Gap)

Older South Asian
Participants N = 94

Alzheimer’s
Disease N = 32

MCI
N = 45

Young European
Participants N = 44

M

SD

M

SD

M

SD

M

SD

M

SD

195
305

38.87
75.06

212
315

37.06
75.06

206
312

30.93
51.32

200
310

42.18
66.86

185
272

31.60
58.83

110

57.30

103

58.66

106

48.06

110

59.54

87

48.53

3.4. Attentional Disengagement: Eﬀects of Cognitive Impairment
Table 4 reveals that there was a signiﬁcant diﬀerence between the AD and older European
participants’ saccadic reaction times in the gap condition (β = −10.20, t (4624) = −2.92, p = 0.004).
There was no signiﬁcant diﬀerence in reaction times in the overlap (β = −2.41, t (4257) = −0.361,
p = 0.718) condition. There was also no signiﬁcant diﬀerence between the “gap eﬀect” between the
conditions (β = −4.29, t (315) = −0.376, p = 0.707). Similarly, there were no signiﬁcant diﬀerences
in reaction times in these conditions when comparing the AD group with the MCI group (Table 4).
There were no signiﬁcant diﬀerences between the MCI and European older controls in the overlap
condition; however, in the gap condition, MCI participants revealed a signiﬁcant increase in mean
saccadic reaction times compared to the European older controls. Thus, prosaccades and the “gap
eﬀect” were generally well preserved in people with AD and MCI.
3.5. Attentional Disengagement: Ethnicity/Cultural Eﬀects
The older European group was contrasted with the South Asian older adults to determine the
eﬀects of ethnicity on prosaccade reaction times and the “gap eﬀect”. The results shown in Table 4
revealed that the European older group generated faster reaction times compared to the South Asian
older group (β = 15.78, t (4624) = 6.28, p < 0.001) in the gap condition and overlap conditions (β = 9.95,
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t (4257) = 2.42, p = 0.016). There was no diﬀerence in the proportion of the “gap eﬀect” between the
groups (Table 4).
Table 4. Table displaying post hoc comparisons for the prosaccade task gap and overlap conditions.
Post Hoc Contracts
(p Values)
Disease Eﬀects

Gap
Overlap
Gap Eﬀect
(Overlap-Gap)

Ageing Eﬀects

Ethnicity Eﬀects

AD vs. OEP

AD vs. MCI

MCI vs. OEP

OEP vs. YEP

OEP vs. OSP

0.004 *
0.718

0.161
0.972

<0.001 *
0.706

0.007 *
<0.001 *

<0.001 *
0.016 *

0.707

0.885

0.803

0.022 *

0.383

AD—Alzheimer’s disease; MCI—mild cognitive impairment; OEP—older European participants; OSP—older South
Asian participants. YEP—young European participants. * Signiﬁcant at p < 0.05.

3.6. Correlations
The neuropsychological measures of memory yielded separate scores: forward, backward and
total scores for digit and spatial memory, thus six measures of memory in total. The forward recall score
yielded an index for memory span, whilst the backward recall score yielded a more direct measure of
working memory, since it relied not simply on pure recall, but also cognitive manipulation of the items in
short-term memory. Table 5 reveals that there was a signiﬁcant negative correlation for backward spatial
memory and the gap-eﬀect for the MCI group, such that people with longer attentional disengagement
reactions times were associated with lower spatial working memory. Interestingly, this relationship
was not evident for digit span, which probed verbal working memory. Curiously, this relationship
appeared to be speciﬁc to the MCI group, although it was not clear why this relationship was speciﬁc
to MCI. For many participants, MCI was an intermediate transition state between healthy cognition
and Alzheimer’s disease. A signiﬁcant proportion, but by no means all, will unfortunately go on to
develop full-blown AD, although we do not yet have a reliable predictive behavioural measure of those
people with MCI who will progress to AD. It appears that during this transition period, attentional
disengagement may provide a useful index of the decline in working memory, and the progression
from MCI to AD. Longitudinal studies will be required to determine the validity of this hypothesis.
Table 5. Correlations of prosaccade conditions and neuropsychological tests.
Variable

Gap Eﬀect
(Overlap-Gap)

AD
MCI
OEP
OSP
YEP

MoCA

Digit Span
Total

Digit Span
Forward

Digit Span
Backward

Spatial
Span Total

Spatial Span
Forward

Spatial Span
Backward

−0.063
−0.096
−0.095
0.213
0.147

0.120
−0.076
−0.004
0.153
−0.013

0.048
−0.118
−0.014
0.144
0.070

0.169
−0.015
−0.031
0.126
−0.088

0.157
−0.168
−0.014
−0.024
0.074

0.242
0.021
0.025
−0.028
0.071

0.058
−0.318 *
−0.045
−0.013
0.043

AD—Alzheimer’s disease; MCI—mild cognitive impairment; OEP—older European participants; OSP—older South
Asian participants. YEP—young European participants. * Signiﬁcant at p < 0.05.

4. Discussion
This study revealed that the “gap eﬀect” was well preserved in AD and MCI participants.
Participants produced signiﬁcantly faster reaction times when performing pro-saccadic eye movements
during the gap condition compared to the overlap condition. Moreover, the eﬀect was robust across
both ethnic/cultural groups explored in this study.
4.1. What Does the Gap Eﬀect Reveal about the Integrity of the Alzheimer Brain?
The neurophysiological networks that regulate the control of saccadic eye movements are
relatively well understood. The saccadic eye movements are generated by precise reciprocal activation
of saccade-related neurons and the inhibition of ﬁxation neurons in the superior colliculus [39,40].
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According to the Findlay and Walker [41] model, the removal of the ﬁxation target leads to a reduction
in the activation of the ﬁxation units, which releases the saccade from inhibition, and this is reﬂected
by the reduction in reaction times. When the ﬁxation point remains on, the ﬁxation units are tonically
active, and the move units are inhibited, causing a delay in the initiation of a saccade. This network
is clearly well preserved in early and late stages of the disorder. In previous work, we examined
inhibitory control saccades extensively using the antisaccade task. In contrast to the gap and overlap
task, the anti-saccade task requires that the observer looks away from the object, in the opposite
direction, and is one of the most widely used paradigms assessing inhibitory control in both healthy
individuals and clinical disorders [42,43]. These studies have shown that people with dementia
generate a high proportion of uncorrected prosaccade errors towards the target in the antisaccade task
that correlates with the severity of the dementia [16]. In contrast, when healthy participants make
errors, they are normally rapidly corrected, although both AD and MCI adhere to the principle that the
frequency of past errors predicts the probability of future errors [44]. People with amnesic MCI are at a
greater risk of progressing to dementia [45–47]. Recently, our lab has shown that these errors are also
evident in amnesic MCI to a greater extent than non-amnesic MCI participants [20]. We have argued
that this error correction implicates a neural network that includes the anterior cingulate. Together with
this work, the current evidence of the preservation of the attentional disengagement [16] will help to
increase our understanding of the speciﬁcity of oculomotor impairment in AD and undermine the
idea that the source of the uncorrected errors can be attributed to the inability to disengage attention
from the prepotent target. Rather, the inhibition appears to be directly linked to top-down inhibitory
control and working memory [16,17]. Clearly, there is a dissociation of impairment of the oculomotor
pathways in AD. Evidence from this study revealed a preservation of the superior colliculus pathway,
while converging evidence from previous and more recent work [20] indicated that other centres of
the network, including the anterior cingulate, that mediate top-down inhibitory control and error
monitoring are aﬀected early in the course of the disease [21].
4.2. Ageing
Another key ﬁnding was a strong ageing eﬀect on the saccadic reaction times. Although all
participant groups displayed the gap eﬀect, the younger adults revealed a signiﬁcantly faster mean
reaction times in the overlap and gap conditions than the older adults. Previous research has reported
that eye movements are susceptible to ageing eﬀects, in particular reductions in processing speed,
spatial memory and inhibitory control [48–51]. Crawford et al. [17] reported that the “gap eﬀect”
increased in older adults compared to younger adults, suggesting that the changes in the attentional
engagement are associated with normal ageing, rather than AD. The older adults are apparently more
dependent on the removal of the central stimulus to facilitate the shift of attention from ﬁxation and
therefore showed a larger beneﬁt following the removal of the ﬁxation point in the gap condition
compared to the younger adults. One possible explanation is that may be due to an age-related decrease
in the reciprocal inhibitory activity of the ﬁxation and move units [41].
4.3. Ethnicity
As outlined above, the European and the South Asian older adults both demonstrated the gap
eﬀect, with signiﬁcantly faster prosaccades in the gap condition compared to the overlap condition.
Clear diﬀerences between the groups emerged in the saccade reaction times, speciﬁcally for the
saccade gap and overlap conditions, with South Asian adults presenting slower saccade reaction
times. This raises the possibility that the south Asian group may have a lower proportion of fast and
express saccades in the gap and overlap tasks. Express saccades [52,53] are fast reaction time saccades
(80 ms−130 ms) with frequencies that vary across cultural groups. The frequency of express saccades
was reduced in the overlap task, because the temporal overlap of the ﬁxation-point and the target
often inhibited the prosaccade, which may have reduced the diﬀerence in the overlap condition. Knox,
Amatya, Jiang and Gong [33] demonstrated that Chinese participants showed a higher proportion
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of express saccades compared to U.K. participants. Clearly, saccade performance can diﬀer across
diﬀerent cultural groups. If express saccades were a contributory factor to the faster saccade latencies
of the European group in the gap condition, this would explain the convergence of saccade latencies
for the groups in the overlap condition. However, the combined group latency distributions in Figure 2
suggests that this hypothesis may be ﬂawed and cannot account for the group diﬀerences in the gap
task and overlap task, although this would be best examined within a design with a larger number of
trials, with the distributions of individual participants.
Previous research has also shown diﬀerences in eye movements across diﬀerent cultural and ethnic
groups [33,54,55]. Chua, Boland and Nisbett [56] found diﬀerences in scan patterns between native
Chinese and native English-speaking participants when assessing visual scenes. English participants
tended to look ﬁrst at the foreground object and had an increased number of ﬁxations then Chinese
participants, predominantly focused on the background visual areas of the scene. Eye movements
are clearly not homogeneous; culture and ethnicity factors can inﬂuence speciﬁc features of eye
movement control.
Knox and Wolohan [57] examined saccades in European, Chinese and U.K.-born Chinese
participants who shared similar cultural experiences as the European group. The study investigated
whether the diﬀerences in the saccadic eye movements of the Chinese and European groups resulted
from cultural or culture-unrelated factors. The Chinese participants showed similar pattern results
irrespective of the culture exposure. Therefore, cultural diﬀerences cannot be the primary cause of the
diﬀerence in oculomotor characteristics. Although the principal explanatory factors of these diﬀerences
in oculomotor systems is unclear, they are possibly related to a combination of genetic, epigenetic
and environmental factors [58]. A recent study showing very clear diﬀerences in the post-saccadic
oscillations of Chinese-born and U.K.-born undergraduates concluded that “..genetic, racial, biological,
and/or cultural diﬀerences can aﬀect the morphology of the eye movement data recorded and should
be considered when studying eye movements and oculomotor ﬁxation and saccadic behaviors” [34].
Although there has been increasing eye-tracking research with Chinese participants, research with
South Asian populations has been sparse. We hope that this work will encourage future studies to
help redress this void.
5. Conclusions
Research scientists have tended to focus on the memory, intelligence and other mental skills that
degenerate in AD and understandably have paid less attention to those equally important cognitive
functions that may be well preserved. A better understanding of preserved functions in the disease
will help to develop potential new early intervention strategies in the treatment of the disease that
may improve mental functions and delay the progression of the disease. Patients with AD show large
individual diﬀerences in the proﬁle of scores across both traditional cognitive assessment and measures
of saccadic eye movement. Therefore, in our recent work [18,21], we developed a proﬁle measure of
z-scores for each test that captures a patient’s performance across a range of measures in relation to the
normative scores. This approach takes full advantage of the extensive range of saccadic eye movement
parameters to assess and monitor cognitive changes in the evolution of AD and will enhance speciﬁcity
and sensitivity as a diagnostic tool.
Further, this study demonstrated that prosaccades can be susceptible to disease, ageing and
ethnicity eﬀects, and therefore, future research should strive to include non-WEIRD participant groups
to create a more comprehensive understanding of the eﬀect and its robustness and generalizability.
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Abstract: Age-related decline in information processing can have a substantial impact on activities
such as driving. However, the assessment of these changes is often carried out using cognitive
tasks that do not adequately represent the dynamic process of updating environmental stimuli.
Equally, traditional tests are often static in their approach to task complexity, and do not assess
diﬃculty within the bounds of an individual’s capability. To address these limitations, we used a more
ecologically valid measure, the Swansea Test of Attentional Control (STAC), in which a threshold
for information processing speed is established at a given level of accuracy. We aimed to delineate
how older, compared to younger, adults varied in their performance of the task, while also assessing
relationships between the task outcome and gender, general cognition (MoCA), perceived memory
function (MFQ), cognitive reserve (NART), and aspects of mood (PHQ-9, GAD-7). The results indicate
that older adults were signiﬁcantly slower than younger adults but no less precise, irrespective of
gender. Age was negatively correlated with the speed of task performance. Our measure of general
cognition was positively correlated with the task speed threshold but not with age per se. Perceived
memory function, cognitive reserve, and mood were not related to task performance. The ﬁndings
indicate that while attentional control is less eﬃcient in older adulthood, age alone is not a deﬁning
factor in relation to accuracy. In a real-life context, general cognitive function, in conjunction with
dynamic measures such as STAC, may represent a far more eﬀective strategy for assessing the complex
executive functions underlying driving ability.
Keywords: reaction time; intra-individual variability; subjective memory; healthy ageing;
cognitive impairment

1. Introduction
Executive function-related reaction time (RT) and its individual variability (IIV) are regarded
as behavioural markers of central nervous system integrity [1–4]. In relation to ageing, RT slowing
and increased IIV are commonly described behavioural characteristics of normal, healthy processes [1,5],
with disproportionate levels of decline associated with functional deﬁcits and disease, such as mild
cognitive impairment (MCI), vascular cognitive impairment (VCI), and Alzheimer’s disease (AD) [6–15],
as well as conditions such as mild traumatic brain injury (mTBI) [16]. It is common, therefore, for RT
tests to be included in clinical diagnostic batteries.
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Generally, in such tests, RT is measured over multiple sequential trials in which a response
to the same given stimulus is required. Blocks of discrete trials are delivered, often with uniform
task diﬃculty, and are analysed by focusing on each separate event or averaging responses over
time [3,11,12,15]. However, the intricacies of visual perception in the real-world are far more complex
than that represented by the measurement of RT in this way. For example, mediated by attentional
control processes [17], representations are constantly updated to inform the individual of the crucial
elements in scenes of varying complexity [18,19], in driving for example [16,20]. This means that
approaches that adopt discrete trials cannot mimic the manner in which attentional control operates,
nor can they represent RT in its real-life context, thus limiting the validity of the inferences that can be
made when utilizing such methods.
1.1. Attentional Control
Attentional control processes are associated with a network involving prefrontal and parietal
regions, which govern target detection and response inhibition, under conditions of varying diﬃculty
and demand for resources [21,22], all of which in real-life would contribute to a measure of RT at
any given point. Although there is some evidence to suggest that for lower task demands older
adults can maintain relatively intact performance (as a result of an ability to increase recruitment of
available neural resources to stabilise performance), age-related decreases in activity tend to occur with
higher task demands [23–25] because available processing resources are saturated [17]. Consequently,
age-related failure to modulate activity in response to changes in task demand may indicate an inability
to dynamically allocate attentional control in response to change. Furthermore, although diﬃculty
can be varied in common attention-related RT tasks such as those examining visual search, inhibition
of return, alerting, and orienting [14,26–30], it is not typically investigated with respect to individual
capability (e.g., accommodating diﬀerences in what individual participants ﬁnd challenging), which is
an important consideration when devising tasks for use with a highly heterogeneous population, such
as older adults.
Typical RT studies also simply examine the relationship between error production and RT, in order
to determine whether a speed/accuracy trade-oﬀ is inﬂuencing the results [26,28,30,31]. In reality,
however, the interplay between speed and accuracy is likely to be far more relevant to real life
environmental processing. When responding appropriately to environmental change, a certain level
of accuracy is required as well as speed. It is likely that the ability to maintain accuracy, whilst also
maintaining speed, is a more adaptive behaviour than the ability to respond quickly to a given stimulus
that is repeatedly presented, with no change in resource requirements. Examining RT in isolation from
the integrity of attentional control, and thus the above-mentioned functions, may lead to the under- or
over- estimation of an individual’s functional ability; a factor which may be of particular relevance
to the assessment of driving ability [32] as this behaviour is highly dependent upon the integrity of
attentional control components such as selective attention, attentional switching, and the inhibition
of irrelevant visual information [33–37]. As driving cessation is widely considered to be a major life
transition which can have a signiﬁcant impact on the health and well-being of older drivers [38–40],
it is vital that such ability is assessed appropriately [32,38,41].
1.2. Study Rationale
In this study, we examined ageing-related attentional control (i.e., how much information can be
processed over a speciﬁc time period, at a given level of accuracy) using a novel task, designed to address
the outlined issues with traditional tests; namely the computer-based Swansea Test of Attentional
Control (STAC). The STAC (developed by Carter and Wood, and outlined in Hanley and Tales,
(2019) [42] comprises selective attention, task monitoring, and response inhibition components of
attentional control based on the supervisory attentional system model [22], making it ideal to simulate
the complex demands of continuous environmental monitoring and interaction, within a single test.
A ﬂexible algorithm designed to track performance (Parameter Estimation by Sequential Testing,
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PEST; [43]), calibrates the speed at which a given degree of response accuracy can be maintained.
STAC also relies on the continuous presentation of stimuli, as opposed to delivering discrete trials
in blocks that systematically vary task demands [17,44]. Therefore, compared to other attentional
control tasks in isolation, STAC has the beneﬁt of being more holistic in relation to the demands
of stimulus engagement in everyday life. Furthermore, the stability and validity of the STAC task
have previously been assessed, with good test–retest reliability and strong correspondence between
STAC ﬁnal speed and RTs from a standard Flanker task (for further insight and information about
this test, see Hanley and Tales, (2019) [42]). Unlike traditional tests, which focus on single elements of
attentional control in isolation, STAC is more holistic and integrates components of selective attention,
task monitoring, and response inhibition. Furthermore, while there is overlap in the constructs tested,
standard tasks such as the Flanker test (known for its ability to assess response inhibition) require
the researcher to set parameters (e.g., stimulus presentation speed) in advance, and often lack ﬂexibility
because such values are ﬁxed, meaning the participant is forced to struggle to respond or is not
suﬃciently challenged. Use of the PEST algorithm as part of STAC, which calibrates speed on the basis
of prior responses, has the distinct advantage of ensuring that the task is performed in accordance with
an individual’s capabilities. Therefore, the task remains diﬃcult and will challenge the participant
as speed is re-adjusted during subsequent PEST cycles (either upwards or downwards, to deﬁne their
threshold, in the event that the present speed can be exceeded or is too challenging and cannot be
sustained).
The comparison of STAC to the Flanker task corresponds to our previous pilot work.
While the Flanker task output equates to reaction time (RT), the STAC ﬁnal speed threshold
reﬂects a participants’ ability to perform well under conditions of higher stimulus presentation
speeds. Nonetheless, both measures represent eﬃciency of processing with regard to speed. Where
RT from incongruent Flanker trials (representing conditions of maximum diﬃculty) is assessed
in relation to STAC speed, there is strong correspondence between these measures (r (24) = −0.650,
p = 0.001). The correlation indicates that as STAC speed increases, Flanker RT decreases, thus signifying
performance improvement between the measures is aligned. Therefore, STAC is regarded as comparable
to Flanker in relation to outcome measures but has distinct advantages compared to such standard
tasks, as outlined above.
Adopting this novel task, the primary aim of the study was to examine attentional control in older
compared to younger adults. Within the scope of test complexity and task diﬃculty, whilst task
diﬃculty is not a factor under direct manipulation, with discrete levels of complexity, it corresponds
to the speed of performance (spm); whereby performing the task at a higher speed would increase
the demand for processing resources. Accordingly, higher speed thresholds represent the ability of
participants to successfully complete the task under conditions of increased diﬃculty.
We also aimed to determine whether attentional control varied with respect to general cognitive
function (using the Montreal Cognitive Assessment (MoCA)) [45], typically used to deﬁne an older
adult control group. For the older adults, we also examined performance with respect to subjective
feelings of memory function (using the Memory Function Questionnaire (MFQ) [46], cognitive reserve
(using the National Adult Reading Test, NART score as a proxy) and educational level [47–52]. Finally,
a mix of male and female older adult participants was included, all with depression and anxiety
within normal levels.
In relation to these aims, we predicted that attentional control would be signiﬁcantly poorer in older
compared to younger adults, as determined by speed of performance on the STAC task; and that high
levels of cognitive control would be signiﬁcantly associated with high cognitive function, high cognitive
reserve, and lower levels of perceived abnormal memory. We also investigated whether attentional
control varied with respect to gender and sub-clinical levels of depression and anxiety [13,53,54].
By obtaining this range of measurements we were well positioned to determine how, if at all,
attentional control is related to the level of objectively and subjectively measured cognitive function,
within individuals. This is a crucial consideration as older adults with ostensibly normal cognition for
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their age and educational level, and some individuals with subjective cognitive decline (SCD) [55],
can show considerable variation in RT and attention. Some individuals may even present with
levels of detrimental functional change more typical of MCI, vascular cognitive impairment (VCI),
and Alzheimer’s disease (AD) [11–14].
2. Materials and Methods
2.1. Participants
Community-dwelling older adults (n = 90; age 50–79 years; 38 males, 52 females) were recruited
through advertisements at older adult social clubs, via local newspapers, word of mouth, and via
the older adult research volunteer database (Department of Psychology, Swansea University), with no
speciﬁed upper age limit. Younger adults, aged between 18 and 30 years and thus typical of younger
control groups in ageing studies, (n = 82; age 18–27 years; 32 males, 50 females) were recruited via poster,
social networking, and email advertisements throughout Swansea University. Testing was conducted
within dedicated research rooms within the Department of Psychology at Swansea University. Ethical
approval was granted by the Swansea University Department of Psychology Research Ethics Committee
(Reference number: 01-20/2-2015-1), and the study was conducted in accordance with the principles
of the Declaration of Helsinki. Written, informed consent was given by each participant, and all
participants were debriefed after participation.
All participants self-reported to be in good general health, with no history of serious head injury,
mental health problems, or neurological impairment. None of the participants had been to see their
general practitioner (GP) or memory services about change in their cognitive function or concern
about it, and all participants had normal or corrected-to-normal vision. The groups were matched
with respect to gender distribution and educational level (Table 1). None of the participants had
signiﬁcant levels of depression or anxiety, as indicated by a score of 9 or below on the Patient Health
Questionnaire (PHQ-9) [56] and a score of 5 or below on the Generalized Anxiety Disorder 7-item
(GAD-7) [57] (using pen and paper-based versions of both of these tests) and individuals with a history
of signiﬁcant depression or anxiety were excluded from this study. Although medication use could
not be controlled, individuals taking drugs likely to aﬀect cognition (such as benzodiazepines) were
excluded from recruitment.
Table 1. Baseline group mean demographics for the younger and older adult groups. Standard
deviation in parenthesis.
Age
(Years)

Education Level
(Years)

NART

MoCA
Score

MFQ
(Total Score)

PHQ-9

GAD-7

Young Adults

20
(2.1)

14.7
(3.5)

-

27.0
(2.1)

-

6.3
(4.4)

4.8
(4.3)

Older Adults

65
(6.1)
Range 50–79

15.1
(4.8)

41.4
(5.4)

27.4
(2.2)

292.8
(48.8)

3.2
(3.1)

2.3
(2.5)

All data were analysed using SPSS version 22 (IBM Corp., Armonk, NY, USA).

2.2. Materials and Procedures
Cognitive function was assessed using the pen and paper-based Montreal Cognitive Assessment
(MoCA) [45]. For the older adults, subjective memory function was assessed by the pen and paper-based
Memory Functioning Questionnaire (MFQ) [46] (in which lower scores represent a greater degree
of perceived memory impairment). The NART was administered to the older adult participants
as a proxy for cognitive reserve [47–49]. The order of these tests was not counterbalanced, and all
tests were administered and scored according to current guidelines. The computer-based STAC test
was then administered.
Symbols are 36.2 mm across, subtending 3.6 degrees of visual angle on a 19-inch monitor at
52 cm viewing distance. A target is identiﬁed within the 3 × 3 matrix of symbols (right). When
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Brain Sci. 2020, 10, 390

a matching symbol appears amongst the three columns of the search array (left), which scroll up
the left-hand side of the screen, participants press the spacebar as the symbol crosses behind the red line.
The task is to identify the target within a 3 × 3 matrix of symbols on the right and search for matching
symbols amongst an array of three columns of symbols (Figure 1). The target changes throughout
the task such that participants must remain vigilant in order to consistently update their search criteria,
while simultaneously monitoring the search array to identify matching items and inhibit irrelevant
symbols. The target changes every 19 s but is delayed if the current target appears in the search array
(e.g., the target will not change to a diﬀerent symbol if the current target is on screen). In such instances,
the corresponding time lapse is added to the total run time (initially set to 180 s, resulting in ~9 target
changes for all participants). Speed (measured in symbols per minute per column; abbreviated to
“spm”) is adjusted to maintain accuracy around a commonly adopted 75% correct criterion [58], using
the PEST algorithm. The task begins at a speed of 60 spm. After a minimum of 4 target changes, speed
is calibrated on the basis of performance accuracy, increasing or decreasing with a step-size between 20
and 60 spm. The participants’ thresholds are the average speed at which the task is performed across
the duration of the task.

Figure 1. Swansea Test of Attentional Control. Participants view a 3 × 3 matrix of symbols (screen right)
and a continuous stream of symbols (screen left). Top: The symbols on the left scroll up the screen.
Where an oncoming symbol matches the target (highlighted in red, on the right), participants respond
when that shape crosses the red line (as opposed to before or after). Bottom: The target changes every
19 s, such that participants must remain vigilant and consistently attend to both elements of the task to
ensure successful performance.

2.3. Data Analysis and Results
With respect to demographics, Mann–Whitney analysis revealed no signiﬁcant diﬀerence in MoCA
score or mean years in education between young and older adult groups (p > 0.05). Depression level
(U = 1911.5, p < 0.001, r = 0.37) and anxiety level (U = 1638, p < 0.001, r = 0.32) were signiﬁcantly
greater for young adults compared to older adults.
Non-parametric analyses were performed as the STAC data were not normally distributed.
Mann–Whitney U analysis revealed no signiﬁcant diﬀerence in mean accuracy between the older
and younger adults (U = 3580.5, p = 0.74) and for both the younger and older groups this did not
vary signiﬁcantly with respect to gender ((male U = 785.5, p = 0.89) and (female U = 946.5, p = 0.73)).
There was, however, a signiﬁcant diﬀerence in spm, with younger adults able to process signiﬁcantly
more symbols per minute per column than the older adults, performing the task signiﬁcantly faster
(U = 2059.5, p < 0.001; Cohen’s eﬀect size = 0.884) (Table 2 and Figure 2). There was no signiﬁcant
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diﬀerence in spm between male and female participants, for both the younger (U = 602.5, p = 0.06)
and older groups (U = 978.5, p = 0.94), respectively.
Table 2. Symbols per minute per column (spm) and level of accuracy (%) for younger and older adults.
Standard deviation in parentheses.

Young Adults
Older Adults

Mean spm

% Accuracy

94.78 (29.69)
71.74 (22.26)

83.82 (9.15)
83.16 (13.63)

Figure 2. Speed (symbols per minute per column; spm) between young and older adults.

For the older adults, Spearman’s rho analyses revealed a signiﬁcant correlation between spm
and MoCA score (r = 0.25, p = 0.018), with better performance associated with higher MoCA scores
(higher levels of general cognitive function). In contrast, there was no signiﬁcant correlation between
spm and MoCA score (p > 0.05) for the younger adults.
There was also a signiﬁcant negative correlation between spm and age (r = −0.29, p = 0.005) (as age
increased, spm decreased) for the older adults (Figure 3). However, there was no signiﬁcant correlation
between age and MoCA score (p > 0.05). For the younger adults, there was no signiﬁcant correlation
between spm and age (p > 0.05), and no signiﬁcant correlation between age and MoCA score (p > 0.05).
For the older adults, spm was not signiﬁcantly correlated with MFQ or NART, and there was no
signiﬁcant correlation between MFQ and MoCA scores (all p-values > 0.05). For both the younger
and older adults, spm was not signiﬁcantly correlated with anxiety, depression, or educational level
(all p-values > 0.05).

Figure 3. Correlation between speed (spm) and MoCA score in older adults.
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3. Discussion
In this study, we used the STAC test to examine the complex interplay between the speed
and accuracy of information processing in older compared to younger adults. As predicted,
the requirement to maintain a stimulus accuracy response of at least 75% (actually achieving
approximately 84% in this study) resulted in a reduction in the amount of processing possible
within a given time period. Speciﬁcally, this was characterised by a signiﬁcant decrease in the speed at
which the symbols per minute per column could be processed, for the older compared to the younger
group. The ability to modulate activity to varying task resource demands and inhibit interference while
maintaining a high level of processing speed for a given accuracy of performance (attentional control),
therefore, appears signiﬁcantly less eﬃcient in older adulthood. This is likely a result of a reduced
ability to dynamically allocate attention, such that supply is equal to demand. These results, which
were independent of gender, are in line with well-established evidence showing that higher demand for
resources, under conditions of greater complexity, causes issues in relation to the eﬃcacy of information
processing with age [17,23–25]. Unlike previous studies, we employed methodology that allowed for
within-group variation in respect to individual capability (i.e., accommodating diﬀerences in what
participants ﬁnd challenging), thus removing a potential confounding factor present in previous studies
with variation in task diﬃculty; an important consideration when devising tasks for use with a highly
heterogeneous older adult population.
We were also interested in examining any relationship between general cognition measured using
the MoCA [45] in individuals who had not reported any cognitive changes or concerns to their general
practitioner/memory services, and STAC performance. For the older adults there was a signiﬁcant
correlation between spm and MoCA score, with higher levels of general cognition function associated
with better performance; a signiﬁcant negative correlation between spm and age with spm decreasing
as age increased, but there was no signiﬁcant correlation between age and MoCA score. This pattern of
results suggests that the reduction in speed of performance as age increases may be compensated for
(at least within the age range of the participants in this study), by higher levels of objectively measured
levels of cognitive function. The lack of a signiﬁcant correlation between spm and MFQ score indicates
that attentional control is not however associated with, or compensated for, by perceived level of
cognitive function.
Attentional control in older adults was also not a function of cognitive reserve, (using the proxy
measure of NART score), although one could argue that NART score was not representative of
the complexity of cognitive reserve, nor of all its components. In contrast to the older adults, there
was no signiﬁcant correlation between spm and age, or spm and MoCA score, for the younger adults.
For both the younger and older adults there was no signiﬁcant correlation between spm and anxiety,
depression or educational level, indicating that attentional control was not associated with such factors
at the levels or ranges encountered in the present study.
With respect to older adults, the signiﬁcant correlation between spm and MoCA score, signiﬁcant
negative correlation between spm and age, and the lack of signiﬁcant correlation between age and MoCA
score, indicates that chronological age alone is unlikely to be useful in determining real life behaviour
such as driving. This supports the idea that functional ageing, as opposed to chronological ageing,
may be a more appropriate indicator of real-life ability. The results indicate that although one gets
slower with increasing age, accuracy is still maintained. This is likely true up to a point, or certain age;
after which it may no longer be appropriate for older adults to engage in driving behaviour that is
more “resource intensive” (such as driving on motorways or at night, which requires higher speeds
and increased vigilance). Although the correlation between MoCA score and STAC performance
(spm) may provide some insight into how well an individual can manage these demands, it may
be more appropriate if lower scores were used to prompt more in-depth cognitive assessment, such
as use of STAC, to assess driving behaviour [16,20,32,38,41], particularly as driving cessation is widely
considered to be a major life transition, and can have a signiﬁcant impact on the health and well-being
of older drivers [39,40].
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3.1. Potential Study Limitations
We have previously shown that older adults (mean age 66.5 years) are able to comfortably perform
the STAC at a length of 300 s [42]. However, due to the novel nature of the task, the “optimal” duration
for both younger and older adults is yet to be determined. In this instance, the task was only run for a
short amount of time (180 s), which may have favoured performance in the younger group more so
than the older group, because for the latter it has been found to improve with continued exposure.
Therefore, the distinction between groups may be diminished at longer intervals. Furthermore,
although the PEST algorithm should naturally converge on a participant’s optimal speed, given
suﬃcient time, it would certainly be an intriguing prospect to assess performance capability where
the start speed of the experiment was founded on the basis of an individual’s threshold (established
during practice, for example).
3.2. Future Studies
Without accompanying neuroimaging data, the study is not able to make direct inferences
relating to the eﬃciency of neural processes supporting attentional control. In future, it would be of
interest to use task-based fMRI to assess the availability of processing resources in given regions or
networks (prefrontal/parietal). Use of diﬀusion-weighted imaging to assess the integrity of key tracts
related to attention (genu/forceps minor, superior longitudinal fasciculus) could also be incorporated.
Additional electroencephalographic (EEG) analysis both in the time-domain and in the time-frequency
domain would also reveal the recruitment of additional cognitive resources required for the maintenance
of the accuracy with increasing age. The examination of the variations in task diﬃculty and complexity
based on the individual threshold of a single participant (e.g., a variation of a speciﬁc % of spm), would
also provide a unique insight into the neural underpinnings of this novel task, age-related distinctions,
and individual diﬀerences.
The STAC represents a complex task that requires good attention control to optimise eﬃcient
information processing. These processes rely on sub-cortical white matter integrity for speed
and eﬃciency of processing, and the pre-frontal cortex to “supervise” the allocation of attentional
resources. These cerebral regions are vulnerable to the decelerative forces present in traumatic
brain injury and often underpin weaknesses of cognition reported by patients, even after relative
minor head trauma. However, identifying attentional failures during a clinical assessment can be
diﬃcult [58]. This probably accounts for the dislocation, often seen when a patient performs well on
clinical tests of cognition yet complains of intrusive lapses of working memory and other cognitive
failures in everyday life. This disparity is assumed to reﬂect the diﬀerent attentional loadings present
in a clinical assessment versus everyday life. As the STAC replicates the changing attentional demands
encountered in the cognitive control of everyday activities, it may also be an important tool for
the investigation of head injury with respect to the determination functional integrity and response
to intervention.
Furthermore, cognitive function was only assessed using the MoCA [45] and thus only a composite
score of performance over several cognitive domains, namely short-term memory, visuospatial ability,
executive function, attention, concentration and working memory, language, and orientation to time
and place. Future studies will involve the examination of a wider range of speciﬁc cognitive functions
in order to examine the links between cognitive function and attentional control, information processing
speed, and accuracy.
Finally, it would be of value to administer the task for a range of durations to assess age-related
diﬀerences under conditions of varying demands on sustained attention. Furthermore, the age-range
was relatively large in the present study, and although there was no speciﬁed upper age limit our older
adult group contained no-one over the age of 79 years and future studies should focus on a smaller
age range or sub-divide the older age group into diﬀerent cohorts (e.g., 50–65, 66–80) and to include
individuals above the age of 80 in order to assess age eﬀects in more detail.
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Abstract: We recently reported that refocusing attention between temporal and spatial tasks becomes
more diﬃcult with increasing age, which could impair daily activities such as driving (Callaghan
et al., 2017). Here, we investigated the extent to which diﬃculties in refocusing attention extend to
naturalistic settings such as simulated driving. A total of 118 participants in ﬁve age groups (18–30;
40–49; 50–59; 60–69; 70–91 years) were compared during continuous simulated driving, where they
repeatedly switched from braking due to traﬃc ahead (a spatially focal yet temporally complex task)
to reading a motorway road sign (a spatially more distributed task). Sequential-Task (switching)
performance was compared to Single-Task performance (road sign only) to calculate age-related
switch-costs. Electroencephalography was recorded in 34 participants (17 in the 18–30 and 17 in the
60+ years groups) to explore age-related changes in the neural oscillatory signatures of refocusing
attention while driving. We indeed observed age-related impairments in attentional refocusing,
evidenced by increased switch-costs in response times and by deﬁcient modulation of theta and alpha
frequencies. Our ﬁndings highlight virtual reality (VR) and Neuro-VR as important methodologies
for future psychological and gerontological research.
Keywords: ageing; simulated driving; attention; switching costs; neural oscillations; Neuro-VR

1. Introduction
The population of older drivers is rapidly increasing. Identifying age-related changes in cognition
that impair driving performance is important to ensure that older adults can continue to drive safely.
Although older adults have an overall reduced crash risk compared to young drivers, statistics show
that they present a disproportionate risk of at-fault collisions at intersections and collisions caused by a
failure to give-way, or to notice other objects, stop signs or signals [1–4]. Older drivers typically report
an increased subjective diﬃculty in processing signs in time [5]. Overall, the evidence suggests that
older drivers’ collisions are caused by failures in selective attention and switching [6], and that driving
skills later in life may be impaired by declines in switching or refocusing attention.
In our recent work [7], we found an age-related decline in the ability to refocus attention from
attending to temporally changing events to spatially distributed stimuli. These ﬁndings are in line
with more general declines in attention with increased age [8–15]. Furthermore, Choi et al. [16]
recently reported that reduced attentional control correlates with crash risks during simulated driving,
speciﬁcally in situations that require a fast resolution of conﬂicts among competing tasks. Diﬃculties
in switching between temporal events and spatially distributed stimuli [7] could relate to diﬃculties in
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switching from attending to the dynamic changes in traﬃc on the road ahead to attending to road
signs and other surrounding objects and events.
In addition to attentional refocusing, the work by Callaghan, Holland and Kessler [7] included an
element of goal switching. Participants switched from the goal of identifying a number in a stream of
letters to the goal of identifying a letter in a visual search display. Older adults have been shown to ﬁnd
task switching particularly diﬃcult when required to maintain more than one task goal [17]. In the
context of driving, one is required to maintain several task goals at once, for example vehicle control,
route ﬁnding and monitoring traﬃc, pedestrians and bicycles. Goal switching between diﬀerent tasks
could, therefore, be substantially more challenging for older adults while driving in a dynamically
evolving scenario (e.g., [18]).
In the current study, age groups were compared on their ability to switch from allocating attention
to dynamic events in time, where participants must attend to the fast changing traﬃc in front of
them (spatially focal), to distributing attention spatially, in order to complete a visual search of a road
sign (the target city name “Birmingham” was embedded within 11 other city names, see Figure 1).
Participants drove on a simulated dual-carriageway. To maintain immersion, driving events ran on
continuously and dynamically from one another, clustering into event pairs or single events, depending
on “trial” condition. In Sequential-Task Switch trials, the “road sign visual search” task (2nd task) was
preceded by a “braking event” task (1st task), where participants were required to brake in response
to a car suddenly driving in front of them from the over-taking lane and braking. Shortly after the
braking event, participants were required to refocus their attention spatially in order to complete the
“road sign visual search” task. In “Single-Task” trials the “road sign visual search” task (only task)
was carried out without a preceding “braking event” task. It was hypothesised that response times
(RTs) in response to the road sign would be slower when the sign was preceded by a braking event
in Sequential-Task trials, compared to when the sign appeared without a preceding braking event
task in Single-Task trials. We refer to this slowing of RTs in Sequential-Task compared to Single-Task
trials as Sequential-Task Costs. Crucially, based on our prior work and the existing literature [7,19,20],
we hypothesised that there would be an age-related decline in refocusing attention from the temporal
to the spatial task while driving, reﬂected in a greater proportional increase in RTs in Sequential-Task
compared to Single-Task trials (Sequential-Task Costs).
Electroencephalography (EEG) was recorded in a subset of 17 participants aged 18–30 and 17 aged
60+ years as a proof-of-principle pilot investigation. Although previous literature has successfully
recorded EEG in driving simulator environments [21–23], many studies investigated the eﬀects of
fatigue on EEG signals [22,24–26] and only a very limited number of studies have investigated
task-related modulations of oscillatory signatures [27–29]. To our knowledge, no study to date
has investigated changes to task-related oscillatory signatures in older drivers during naturalistic,
simulated driving. We believe this to be an important gap to ﬁll, because oscillatory signatures at
alpha, beta and theta frequency have been linked with a variety of attentional and executive functions
and their age-related decline, which could be crucial for complex daily activities such as driving.
Based on an extensive body of research on target processing, where increased alpha power is
typically thought to reﬂect inhibition, whereas an alpha desynchronization is thought to reﬂect enhanced
attention [30–36], we expected task-related (Single- vs. Sequential-Task) alpha modulations in relation
to the onset of the braking event and subsequently to the appearance of the road sign. Additionally,
it was hypothesised that EEG theta power would be modulated by Single- vs. Sequential-Task settings,
in accord with previous research linking such modulations with variations in the level of top-down
guided attentional control and target processing [37–41].
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Figure 1. (A) Illustration of the three task conditions, including (from left to right) Single-Task,
Sequential-Task Immediate Switch and Sequential-Task Delayed Switch. Curved rectangles represent
the simulated vehicles of the participant (plain) and in the braking event (with red brake lights
illustrated); (B) Example of the experimental setup, where the participant is seated in the driving
simulator wearing an EEG cap. The projector screen displays the vehicle involved in the “braking
event” (1st task; dashed red circles emphasize the brake lights), along with the road sign (2nd task,
which always appeared after the braking event) during a Sequential-Task trial. As displayed enlarged
at the top, the target word “Birmingham” is listed in the left column of the sign, requiring a speeded
left indicator response (the location of the target on the sign varied across trials).

Age-related changes in alpha and theta oscillations have been linked to poorer attention and
executive control [42–47]. We, therefore, hypothesised that the older group would show weaker
task-related theta and alpha power modulation compared to younger adults. Previous research
suggests that age diﬀerences in oscillatory patterns during selective attention originate from a
fronto-parietal network that has been associated with attentional control [11,48–52]. Indeed, in a
magnetoencephalography (MEG) study, Wiesman and Wilson [42] found age eﬀects in oscillatory
signatures in a fronto-parietal network during a visuospatial attention task.
However, older drivers may be able to increase the amount of cognitive resources applied during
a critical task such as driving, especially if they still regularly engage in this activity, which would be
consistent with reports of compensatory recruitment of top-down processes in older age [51,53,54] and
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would then be reﬂected in increased and wider-spread task-related modulation of alpha and theta
oscillations in the older compared to the younger group.
2. Methods
2.1. Participants
Data from one-hundred and eighteen participants in ﬁve age groups (18–30, 40–49, 50–59, 60–69,
and 70–91 years) were collected and analysed. A G *Power calculation revealed that a sample of
110 participants was required for detecting a medium eﬀect size (f = 0.35) with 0.9 statistical power.
An additional ten participants did not complete the experiment due to simulator sickness, including
four participants from the 50–59 years group and two participants from each of the 40–49, 60–69,
and 70–91 years groups. All participants had a full driving license, had experience driving in the
United Kingdom (UK) and had driven within the last year. Consistent with Callaghan, Holland and
Kessler [7], the 18–30 years group were used as a comparison group for age-related cognitive changes
for all other groups. The 40–49 and 50–59 years groups provided middle-aged comparison groups
for the 60–69 and 70–91 years groups. Age ranges were selected to assess performance not only in
older adults, but also in middle age. Participants with photosensitive epilepsy or uncorrected visual
impairments were excluded from participation, in addition to those who scored equal to or less than
the cut-oﬀ for possible cognitive impairment of 87 on the cognitive assessment used, the Addenbrookes
Cognitive Examination 3 (ACE-3 [55]).
Participants in the 18–30, 40–49 and 50–59 years groups were recruited from Aston University
staﬀ and students and the community. Participants aged over 60 years were recruited from the Aston
Research Centre for Healthy Ageing (ARCHA) participation panel. Participants received course
credits (students) or a standard fee towards their travel expenses. All participants provided written
informed consent before participating. The research was approved by Aston University Research
Ethics Committee (approval code #897) and complied with the Declaration of Helsinki.
Two participants from the 70–91 years group scored equal to or lower than the cut-oﬀ of 87
on the ACE-3 [55] and were therefore excluded from further analyses. The remaining participants’
demographics are presented in Table 1.
Table 1. Participant demographics.
Age Group (Years)

EEG Group

18–30
(n = 34)

40–49
(n = 20)

50–59
(n = 20)

60–69
(n = 22)

70–91
(n = 20)

18–30
(n = 17)

60+
(n = 17)

Age
(years)

Mean
SD

21.21
3.36

43.65
2.93

54.75
2.40

64.77
2.86

75.35
4.40

22.88
4.04

70.12
5.20

Sex

Male
Female

10
24

8
12

6
14

14
8

9
11

4
13

10
7

Right
Left

30
4

17
2

18
2

20
2

20
0

15
2

16
1

Mean
SD

N/A
N/A

N/A
N/A

96.60
2.50

96.18
2.44

95.21
2.49

N/A
N/A

95.29
2.64

Handedness
ACE-3

The mean age of each age group, the number of male/female participants, and the number of left/right handed
participants for each age group. Mean ACE-3 scores are presented for the 50–59, 60–69, and 70–91 years
groups. Handedness data is missing for one participant in the 40–49 years group. Electroencephalography (EEG);
Addenbrookes Cognitive Examination 3 (ACE-3); not applicable (N/A); number of participants (n); standard
deviation (SD).

102

Brain Sci. 2020, 10, 530

2.2. Materials and Procedures
2.2.1. Driving Simulator
Participants completed a driving simulator task where they switched from allocating their attention
to events changing in time (i.e., temporal attention), as they attended to the fast changing traﬃc on the
road ahead, to distributing attention spatially, in order to complete a visual search of a road sign.
An example of the experimental setup is displayed in Figure 1. Participants were seated
comfortably in an adjustable GT Omega Art Racing Simulator Cockpit (RS6 seat), complete with a
Logitech G27 Force feedback wheel and pedal set, which incorporated a steering wheel, gear stick,
clutch, brake and accelerator pedals. The indicators were paddles to the left and right of the steering
wheel that participants could pull towards them to turn on and oﬀ. A manual gearstick was to the left of
the participant and was programmed to go up to 5th gear. Driving simulator software STISIM Drive™
by Systems Technology Inc. (kernel build: Build 2.10.09) was used to record driving simulator data and
to render the driving simulations, which were projected at a resolution of 1280 × 1024 pixels onto three
1.30 × 2.27 m projection screens at a refresh rate of 75 Hz. Data were sampled at a frequency of 60 Hz.
The central projection screen was positioned facing the driving seat 2.20 m away from the participant.
To fabricate the perception of movement through 3D space, the two peripheral projection screens were
positioned adjacent to the central screen, rotated 40 degrees away from the central screen towards the
driving seat. The projection included a dashboard which contained a speedometer displaying miles
per hour (mph) and a rev counter displaying revolutions per minute. The driving seat was surrounded
by a speaker system through which engine and braking sound-eﬀects were produced.
Participants drove on a simulated dual-carriageway. To maintain immersion in the driving
simulation study “trials” ran on continuously from one another, where certain events, which occurred
either in pairs or in isolation within the ongoing driving scenario, were considered as trials.
In “Sequential-Task” trials, participants were required to brake in response to a car suddenly pulling
in front of them from the over-taking lane. Participants were instructed to brake as quickly as
possible and RTs to brake initiation were recorded (see Figure S1). Shortly after this “braking event”,
participants were required to refocus their attention spatially to complete a visual search of a road sign,
which appeared in front of the driver after they had travelled either another 3.04 m (Immediate Switch
condition: ~0.14 s, assuming they are driving at the speed limit) or another 30.48 m (Delayed Switch
condition: ~1.42 s, assuming they are driving at the speed limit) after the braking event. The Delayed
Switch condition was included to prevent participants predicting exactly when the road sign would
appear. In “Single-Task” trials the sign appeared without a preceding braking event. In Sequential-Task
trials, the delay between the braking event and the road sign was speciﬁed in distance, resulting in the
time delay between the braking event and the road sign varying with participants’ driving speeds.
Note that the Single-Task condition still involved an attention switching element, where participants
attended to the road ahead before switching to attend to the road sign. However, Sequential-Task trials
were expected to require a heightened eﬀort, both to refocus attention due to a greater enhancement of
attention towards temporal events (i.e., towards braking), and to switch from the task goals of braking
in response to the braking event to the task goals of indicating in response to the road sign.
An example of the road sign is displayed in Figure 1 (Panel B, top). When the road sign appeared,
participants were required to identify the location of the target word “Birmingham” and indicate left if
it was in the left column, to signal that they would exit the dual-carriageway, and right if it was in either
the middle column or the right hand column to signal that they would stay on the dual-carriageway.
Participants were instructed to indicate as quickly and accurately as possible and indicator RTs and
accuracy were recorded. The speed at which participants were travelling when the sign appeared was
also recorded (see Figure S2). Participants were instructed that the speed limit was 70 mph (consistent
with the speed limit on UK dual-carriageways). The maximum speed that participants could drive
was programmed at 80 mph.
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The city name “Birmingham” was chosen as a visual search target word, as this was the city where
the study took place and was therefore familiar to all participants. The target was embedded among 11
distractor names. The stimuli remained the same on all trials and only the order of the stimuli on the
sign diﬀered across trials. Distractor stimuli were UK city names. To avoid advantaging participants
who were more familiar with certain roads than others, the order of the names on the sign was random.
Participants were informed that signs did not represent realistic road signs with regards to the order of
names. On 50% of trials the target was in the left column and on 50% of the trials the target was in one
of the two right-hand columns, so that 50% of trials required a left-hand indicator response and 50%
of trials required a right-hand indicator response (see above for details). There were 36 trials in total
and trials were divided into three blocks of 12 trials to provide opportunities for breaks. There were
12 trials in each condition that were pseudorandomised throughout the three blocks. The order of trials
in each block can be found in Table S1. Each block took approximately 15 min, depending on the speed
at which participants were driving. Due to the length of the experiment (45 min), it was not plausible
to increase the number of trials due to concerns about the eﬀects of fatigue on the performance [56].
Fatigue has been shown to eﬀect neural responses recorded with EEG in the driving simulator [24].
Furthermore, a small number of trials per condition maintains the naturalistic nature of the experiment,
by preventing over-repetition and minimising the chance to develop artiﬁcial strategies that would not
be present when responding to surprising events in everyday on-road driving. There are examples
across multiple cognitive domains where increasing the number of trials weakens power due to eﬀects
of learning throughout the experiment, e.g., [57]. Minimising the number of trials prevents such
learning from taking place and better reﬂects everyday driving performance.
Prior to beginning the task participants took part in two practice driving scenarios. In the ﬁrst
scenario, participants were given the opportunity to familiarise themselves with the controls of the
driving simulator while driving around a virtual town. Participants continued driving in the town
scenario until they felt conﬁdent with the controls, particularly with changing gear, steering and braking.
The aim of the second practice scenario was to familiarise participants with the task instructions.
Participants completed six practice trials of the task; however, trials diﬀered from experimental trials
as they contained no traﬃc on the road and so there were no braking events and no Sequential-Task
switching element to the task.
2.2.2. EEG Acquisition
From the 118 participants, we recorded EEG in 17 participants aged 18–30 years (mean = 22.88 years,
SD = 4.05) and in 17 participants aged 60+ years (mean = 70.12 years, SD = 5.20) while they completed
the driving simulator task. EEG was recorded with a 64 channel eego™ sports mobile EEG system
(ANT Neuro, Enschede, The Netherlands) and digitised at a sampling rate of 500 Hz. Sensors were
Ag/AgCl electrodes arranged in accordance with the International 10–10 system. Electrode CPz was
taken as an online reference electrode and the ground electrode was positioned at AFz. Participants
were instructed to keep their face as relaxed as possible throughout the recording and to keep their
head movements to the minimum necessary while driving to minimise muscle artefacts.
3. Data Analysis
3.1. Driving Simulator Task RTs and Accuracy
In the driving simulator task, participants’ median indicator RTs on trials where they had
both braked successfully in the braking event and indicated correctly in response to the road sign
were extracted from raw driving simulator outputs. The proportion of correct indicator responses,
braking responses and participants’ braking RTs (see Figure S1) and median driving speeds (mph;
Figure S2) when passing the road sign were also recorded.
Diﬀerences in median indicator RTs between event conditions and age groups were analysed in a
3 × 5 mixed ANOVA, where event condition (Immediate Switch/Delayed Switch/Single-Task) was a
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within-subjects factor and age group (18–30/40–49/50–59/60–69/70–91 years) was a between-subjects
factor. Multiple comparisons were corrected for with Bonferroni correction.
The data were expected to violate assumptions of equality of variance due to increases in
inter-individual variability with age [58,59], yet, there is evidence to support that the ANOVA is robust
to violations to homogeneity of variance [60,61]. Where Mauchly’s Test of Sphericity was signiﬁcant,
indicating that the assumption of sphericity had been violated, Greenhouse–Geisser corrected statistics
were reported.
To interpret the age group × event condition interaction that was identiﬁed in the indicator RT
ANOVA, percentage diﬀerences from the Single-Task condition to each of the Sequential-Task conditions
were calculated as measures of “Sequential-Task Costs” for each individual, and independent t-tests
were implemented to compare age groups’ Sequential-Task Costs. As interaction eﬀects were already
shown to be statistically signiﬁcant in the ANOVA, Restricted Fisher’s Least Signiﬁcant Diﬀerence
test was applied and corrections for multiple comparisons were not conducted [62]. Where Levene’s
test for equality of variance was signiﬁcant (p < 0.05), “Equality of variance not assumed” statistics
were reported.
3.2. EEG Analysis
3.2.1. Preprocessing
EEG data were read into the Matlab2017a® toolbox Fieldtrip version 20151004 and analysed with
version 20161031 [63], bandpass ﬁltered between 0.5–36.0 Hz and epoched from −7.00–3.00 s, where
0.00 s corresponded to the onset of the road sign. Trials were visually inspected for artefacts and trials
with large artefacts were removed in addition to trials where participants failed to brake successfully
in the braking event or indicate correctly in response to the road sign (Single-Task mean = 1.35 trials,
SD = 1.25; Immediate Switch mean = 0.62 trials, SD = 0.78; Delayed Switch mean = 2.50 trials, SD = 0.86).
Prior to analysis, independent component analysis was implemented and components with eye-blink
or heartbeat signatures were omitted.
3.2.2. EEG Sensor Level Analysis
Noisy sensors were interpolated with the averaged signal from neighbouring electrodes.
Time-frequency analysis was carried out by applying a Hanning taper from 2–30 Hz (for every
1 Hz), with ﬁve cycles per time-window in steps of 50 ms. For each participant, trials were averaged
within each condition (Single-Task/Immediate Switch/Delayed Switch). No baseline correction was
applied due to potential group diﬀerences in baseline cognitive states. Instead, conditions were
compared directly.
3.2.3. Exploratory EEG Source Analysis
In order to explore possible cortical sources for the oscillatory eﬀects that were evident at the
sensor-level, and to explore oscillatory signatures while using spatial ﬁltering to suppress noise external
to the cortex, sources of theta (3–7 Hz; 0.00–0.80 s) and alpha (8–12 Hz; 1.0–2.0 s) oscillations were
localised with exact Low-Resolution Electromagnetic Tomography (eLORETA; Pascual-Marqui, 2007),
which has been shown to be less susceptible to noise than LORETA [64,65]. Time-frequency tiles were
selected based on the average of time-frequency representations (TFRs) across all conditions and groups
(see Figure S3), in order to analyse possible cortical origins of sensor level eﬀects after the onset of the
road sign. Note that the TFR in Figure S3 displays power diﬀerence in relation to a baseline that was
not used in any statistical analysis, collapsed across conditions and groups, and so does not constitute
as “double-dipping”. Noisy electrodes were excluded prior to re-referencing data to the average of
all remaining electrodes. Data were bandpass ﬁltered and epoched to selected time-frequency tiles
(detailed above). To avoid spectral leakage of the theta response (e.g. Figure S3), a time window
of 1.00–2.00 s was selected for alpha source power analysis. A generic Boundary Element Method
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head-model was created from a template T1 weighted MRI. Head-models were normalised to MNI
space (Montreal Neurological Institute template). Consistent with [66], source model voxels were 5
mm in size to improve the ﬁt near the surface. Covariance matrices (computed for data pooled across
conditions) were combined with estimated leadﬁelds to produce common spatial ﬁlters. These spatial
ﬁlters were subsequently applied to data from each condition separately.
3.2.4. Statistical Analysis
The same statistical analysis procedure was followed for sensor and source level analysis in
order to explore consistent eﬀects across participants. Two-tailed dependent t-tests were carried
out to compare each of the Sequential-Task conditions (Immediate Switch/Delayed Switch) with
the Single-Task condition separately for each age group. Multiple comparisons were corrected for
with non-parametric cluster permutations [67,68], with 2000 permutations (cluster alpha = p < 0.05).
Second level analysis was carried out by comparing Sequential-Task Costs at the group level [69,70].
For each participant, the Single-Task condition was subtracted from each of the Sequential-Task
conditions separately. These diﬀerences were entered into two-tailed independent cluster permutation
t-tests (2000 permutations; cluster alpha = p < 0.05) to compare age groups. This statistical approach is
consistent with recommendations on the Fieldtrip website “How to test an interaction eﬀect using
cluster-based permutation tests?” [71] and has been implemented in previous work [69,70].
4. Results
4.1. Driving Simulator Task
All age groups achieved greater than 98% accuracy to respond to the braking event and greater
than 95% accuracy to respond to the road sign. No further analysis was conducted on accuracy data.
Indicator RTs
Group means of participants’ median indicator RTs in response to the road sign visual search are
presented in Figure 2. (Braking RTs are displayed in Figure S1; alongside driving speeds when passing
the road sign in Figure S2).

Figure 2. Group means of participants’ median indicator RTs in all participants (A) and in the subset of
participants with EEG recordings (B). Note that the data subset shown in B is included in the overall
data shown in A and in all analyses conducted with this data. Vertical bars represent the standard error
of the mean.

To investigate the hypothesis that Sequential-Task Costs would be greater in older compared
to younger groups, a 3 × 5 (event condition × age group) ANOVA was conducted on participants’
indicator RTs. There was a signiﬁcant main eﬀect of age (F (4, 111) = 25.64, p < 0.001, η2 p = 0.48) and
event condition (F (1.66, 185.04) = 57.42, p < 0.001, η2 p = 0.34) on indicator RTs and a signiﬁcant age ×
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event condition interaction (F (6.67, 185.04) = 3.74, p = 0.001, η2 p = 0.12). The main eﬀect of age resulted
from signiﬁcantly faster indicator RTs in the 18–30 years group compared to the 50–59 (p = 0.004), 60–69
(p < 0.001) and 70–91 (p < 0.001) years groups, and signiﬁcantly slower indicator RTs in the 70–91 years
group compared to all other groups (p < 0.001). There were no other signiﬁcant age group diﬀerences
in indicator RTs (p > 0.10). The main eﬀect of event condition resulted from signiﬁcantly faster indicator
RTs in the Single-Task condition compared to both Sequential-Task Switch conditions (p < 0.001) and
faster RTs in the Immediate Switch condition compared to the Delayed Switch condition (p < 0.001).
To investigate the hypothesis that age-related increases in Sequential-Task Costs would be seen
while driving, the interaction between age and task condition was further explored. Each participant’s
percentage increase in RTs from the Single-Task condition to the Immediate Switch condition (Immediate
Sequential-Task Costs) and from the Single-Task condition to the Delayed Switch condition (Delayed
Sequential-Task Costs) were calculated as measures of Sequential-Task Costs. Sequential-Task Costs
were entered into independent t-tests to compare groups. T-tests were conducted to interpret the
signiﬁcant age group × event condition interaction and multiple comparisons were not corrected
for (see Methods Section 3.1 and [62]). The means and SDs of each group’s Immediate and Delayed
Sequential-Task Costs are presented in Table 2.
Table 2. Means and SDs of Sequential-Task Costs for each age group.
Age Group (Years)

EEG subgroup

18–30
(n = 34)

40–49
(n = 20)

50–59
(n = 20)

60–69
(n = 22)

70–91
(n = 20)

18–30
(n = 17)

60+
(n = 17)

Immediate Mean
SD
S-T Costs

8.62
16.50

17.68
21.34

15.21
11.56

18.71
29.34

22.76
24.35

10.38
15.55

16.98
15.89

Mean
SD

12.67
20.30

18.59
20.31

26.81
14.31

27.58
24.28

30.50
32.37

15.97
23.72

21.45
21.17

Delayed
S-T Costs

Sequential-Task (S-T) Costs were calculated as the percentage increase in RT from the Single-Task condition to each
of the Sequential-Task conditions (Immediate Switch/Delayed Switch) separately.

There were signiﬁcantly higher Immediate Sequential-Task Costs in the 70–91 years group
compared to the 18–30 years group (t (52) = −2.54, p = 0.014). Higher Immediate Sequential-Task Costs
in the 40–49 years group compared to the 18–30 years group did not reach signiﬁcance (t (52) = −1.75,
p = 0.087). There were no other signiﬁcant age group diﬀerences in Immediate Sequential-Task Costs
between any age group (p > 0.10).
Compared to the 18–30 years group, there were signiﬁcantly higher Delayed Sequential-Task
Costs in the 50–59 (t (52) = −2.74, p = 0.008), 60–69 (t (54) = −2.48, p = 0.016) and 70–91 (t (27.95) = −2.22,
p = 0.035) years groups. No other signiﬁcant age group diﬀerences in Delayed Sequential-Task Costs
were found between any age group (p > 0.10).
4.2. EEG
Group means of EEG participants’ median indicator RTs in response to the road sign visual
search are presented in Figure 2 panel B. EEG participants’ RTs were included in the statistical analysis
outlined in Section 4.1.
4.2.1. Sensor-Level TFRs
The TFRs in Figure 3 display a theta response shortly after the road sign appears, which is consistent
with top-down guided attentional control and target processing [37–41]. In the Sequential-Task
conditions, there was an earlier theta increase that reﬂects processing of the braking event, which is
initiated approximately −0.90 s relative to the onset of the visual search in the Immediate Switch
condition and −2.00 s in the Delayed Switch condition. As the vehicle did not brake in front of the
participant until either ~0.14 s prior to the onset of the sign in the Immediate Switch condition or ~1.42 s
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prior to the onset of the sign in the Delayed Switch condition, the earlier onset of theta modulation
likely reﬂects detection of and attention to the vehicle approaching.

Figure 3. TFRs present power diﬀerence from a baseline period of −5.50 s – −3.50 s averaged across a
group of 12 anterior electrodes (AF3, AF4, F1, F2, F3, F4, FC1, FC2, FC3, FC4, FC5, FC6). For an average
across posterior electrodes see Figure S4 and across all electrodes see Figure S5. Black lines placed over
TFRs signify the onset of the road sign at 0.00 s. In the Sequential-Task conditions the car pulled in
front of the participant at either 3.04 m (~0.14 s; Immediate Switch) or 30.48 m (~1.42 s; Delayed Switch)
prior to the onset of the road sign.

Figure 3 also illustrates an alpha power decrease in a late time window (starting around 0.50 s) in
response to the onset of the road sign, consistent with enhanced attention to signiﬁcant stimuli [30–36].
An early beta (15–25 Hz) decrease is also evident, which was initiated in response to the braking
event and maintained throughout the visual search of the road sign. This could reﬂect enhanced
attention or motor preparation as participants learned that a road sign would follow the braking
event [72–77]. It appears that this is greater in the older compared to younger group. However,
no further analysis was conducted on this, due to concerns about interference from muscle artefacts.
The naturalistic setting of the experiment meant that there was no suitable baseline period to
statistically compare relative changes in power in response to task events that appear to be present in
Figure 3. Instead, conditions were contrasted directly to compare power across conditions and age
groups. To test the hypotheses that there would be age-related decreases in task-related theta and alpha
modulation, frequency bands for theta (3–7 Hz) and alpha (8–12 Hz) were selected for further analysis.
4.2.2. Single-Task vs. Sequential-Task Conditions
Figure 4 presents theta (3–7 Hz) and alpha (8–12 Hz) EEG power sensor level eﬀects when
contrasting Immediate Switch and Single-Task conditions in each age group (Panels A and C) and
when contrasting Delayed Switch and Single-Task conditions in each age group (Panels B and D).
No signiﬁcant eﬀects were found when investigating the event condition × age interactions (p > 0.10).
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Figure 4. Eﬀects in theta (3–7 Hz) and alpha (8–12 Hz) EEG power when contrasting Immediate Switch
and Single-Task conditions in each age group (A,C), and contrasting Delayed Switch and Single-Task
conditions in each age group (B,D). Topographical plots present t-statistics. Cluster signiﬁcance levels
from a two-tailed test are indicated as ** p < 0.01, *** p < 0.001.

The 18–30 years group but not the 60+ years group displayed signiﬁcantly higher sensor level alpha
power in the Single-Task compared to Sequential-Task conditions (in both Delayed and Immediate
Switch conditions). Group comparisons of diﬀerences were not signiﬁcant (p > 0.10).
The younger but not the older group displayed signiﬁcantly higher sensor level theta power in the
Single-Task condition compared to both the Immediate Sequential-Task and Delayed Sequential-Task
conditions, the cluster for which peaked after the road sign onset. The 60+ years group additionally
showed weaker theta power in the Single-Task compared to Sequential-Task Immediate Switch
condition in a time window preceding the road sign onset. This likely reﬂects increased processing in
response to the temporal braking event before the onset of the sign in the Immediate Switch condition.
Group comparisons of diﬀerences were not signiﬁcant (p > 0.10).
4.2.3. Exploratory Source Analysis
As described in Methods, we employed eLORETA to explore the plausible cortical origins of
the condition eﬀects found at sensor level (shown in Figure 4) in the period right after the onset of
the road sign, and to explore the possible oscillatory signatures while suppressing noise through
spatial ﬁltering. The results of these exploratory source analyses could be used as a basis for future
conﬁrmatory research.
Consistent with the sensor level analysis, Figure 5 displays higher frontal theta and alpha source
power in the Single-Task compared to Sequential-Task conditions in the younger group (Panels A–D,
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left column), lower posterior alpha power in the Single-Task compared to Immediate (non-signiﬁcant)
and Delayed Switch conditions in the older group (Panel C–D, middle column), and higher frontal
theta power in the Single-Task compared to Immediate (non-signiﬁcant) and Delayed Switch condition
in the older group (Panel A–B, middle column). Source analysis highlighted additional eﬀects in
the older group after road sign onset (Panels B–C, middle column) and at second level (group
comparison) analysis (right column) that were not evident in the sensor level analysis, providing
preliminary evidence that spatial ﬁltering may be a useful tool to increase sensitivity in noisy, naturalistic
environments. The results presented in Figure 5 suggest that the lower posterior theta power and
higher frontal alpha power eﬀects that occur before road sign onset in the older group, evident in
Figure 4A,D, may actually have been present in the Single-Task compared to both Sequential-Task
conditions, rather than in only the Immediate or Delayed Switch conditions, as Figure 4B,C (right
column) would suggest. However, source analysis focused on the period after the onset of the sign,
and thus, did not cover the period before onset, where the older group had displayed stronger theta in
Sequential-Task conditions compared to Single-Task (Figure 3, bottom and Figure 4A, right).

Figure 5. eLORETA source solutions for each age group (left and middle column) and for between-group
comparisons (right column). Panels A and B depict solutions for theta (3–7 Hz; 0.00–0.80 s) and Panels
C and D for alpha (8–12 Hz; 1.0–2.0 s), each for a time period after the onset of the road sign. Panels A
and C show results for the Immediate Switch condition and Panels B and D for the Delayed Switch
condition; both in relation to the Single-Task condition. Cluster signiﬁcance levels from a two-tailed
test are indicated as * p < 0.025, ** p < 0.01.
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5. Discussion
The aim of the study was to investigate whether age-related diﬃculties in switching from a
temporal to a spatial attention task [7] can also be observed in a more naturalistic and ecologically valid
setting, i.e., during simulated driving, where older and younger drivers were required to switch from a
spatially focal yet temporally complex task (braking due to traﬃc ahead) to a spatially more distributed
task (reading a motorway road sign). EEG was recorded in a subset of participants (17 younger and
17 older drivers) while they completed the driving simulator task, permitting the investigation of
oscillatory signatures at theta and alpha frequencies. Our primary hypothesis, that there would be
greater Switch Costs in older compared to younger age groups, was supported.
5.1. Response Times
Consistent with hypotheses, RTs to indicate were slower with increased age, in line with general
age-related slowing of RTs [8–12]. As hypothesised, RTs to complete the visual search of the road sign
were signiﬁcantly slower in the two Sequential-Task conditions compared to the Single-Task condition,
reﬂecting costs of switching from responding to a traﬃc event ahead (braking) to responding to a
spatially distributed motorway road sign (signalling). In other words, it was more diﬃcult to broaden
the focus of attention to distribute attention spatially (to an overhead motorway road sign, in order
to ﬁnd a target city name among distractors) when attention mechanisms were already engaged in
responding to a temporally complex event (the car braking in front) in the Sequential-Task conditions.
RTs in the Delayed Switch condition were signiﬁcantly slower than in the Immediate Switch
condition. This was unexpected, as faster RTs were predicted when participants had more time to
refocus their attention spatially after the braking event. In our previous laboratory-based experiment [7],
participants were faster on the visual search task when they could prepare to switch sooner. It is likely
that participants learned that the road sign followed the braking event. After initially being a distraction,
the braking event may have served as a cue for the motorway sign. There is a signiﬁcant body of
literature that demonstrates that temporal orienting of attention is enhanced at shorter (compared to
longer) time intervals between a cue and a target, and RTs to detect a target decrease if the time of
stimulus onset is predictable [50,78–80]. When the distance between the braking event and the road
sign onset is farther in the Delayed Switch condition, the variability in the time of the road sign onset
increases, due to variability in the speed that participants are driving (see also Figure S2). Increased
RTs in the Delayed Switch condition compared to the Immediate Switch condition were therefore
likely due to variability in the onset time of the road sign (making it less predictable), combined with a
longer time period between the braking event and the road sign onset. There was no such variability
in the onset time of the visual search task in Callaghan, Holland and Kessler [7], and so RTs were faster
when participants had more time to prepare to switch. In addition, it could be that at long delays,
participants focused their attention back on the road traﬃc and therefore had to re-focus attention
spatially when the sign appeared, which shares some resemblance with the classic Inhibition-of-Return
eﬀect [81,82]. However, possible explanations of the cognitive mechanisms underlying longer RTs in
the Delayed compared to Immediate Switch condition are merely speculative and would beneﬁt from
further research that could include eye-tracking, for instance. Such considerations also highlight the
complex issues that have to be considered in dynamic naturalistic settings (e.g., [18]).
The hypothesis that there would be an age-related decline in switching attention while driving
was supported. There was a greater increase in RTs from the Single-Task condition to the Immediate
Switch condition in the 40–49 and 70–91 years groups compared to the 18–30 years group (although
this did not reach signiﬁcance in the 40–49 years group). Greater Delayed Sequential-Task Costs were
found in the 50–59, 60–69 and 70–91 years groups compared to the 18–30 years group. These ﬁndings
demonstrate that age-related declines in refocusing attention between tasks are not only observed in
a standard computer-based paradigm [7] but are also present in more naturalistic settings, such as
simulated driving.
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Findings of signiﬁcantly increased Delayed Sequential-Task Costs but not Immediate
Sequential-Task Costs in the 50–59 and 60–69 years groups signiﬁes that these age groups ﬁnd
switching easier when the onset time of the stimulus is after a short delay (~0.14 s) and predictable,
but are more impaired when the time of stimulus onset is after a longer delay (~1.42 ms) and
ambiguous—which is arguably more typical for real-life driving. These ﬁndings are in line with older
age groups relying more on top-down guidance to control attention, such as implementing the use of
temporal cues [83–85], as well as evidence towards impaired anticipatory attention mechanisms [86–88].
Furthermore, there is evidence to suggest that preparatory processes during task switching function
well in older age and that some performance diﬀerences may result from age-related changes in the
strategies employed for task implementation [89]. It is also important to highlight that older drivers
were driving more slowly after braking, at the point of road sign onset, than the youngest group
(Figure S2). This resulted in a slightly longer delay of road sign onset in older drivers, which may have
precluded increased Immediate Sequential-Task Costs in the 50–59 and 60–69 years groups. In contrast,
with a longer and even more speed-dependent delay of road sign onset in the Delayed Switch condition,
attention may have been fully re-directed to the road traﬃc, thereby preventing any beneﬁt from
temporal cueing strategies used to anticipate the road sign. Finally, a contributing factor for the lack of
signiﬁcantly higher Immediate Sequential-Task Costs in the 50–59 and 60–69 years groups could be
age-related increased variability in RTs, generally, and in Sequential-Task Costs more speciﬁcally.
In contrast to the 50–59 and 60–69 years groups, participants aged 40–49 years displayed higher
Immediate Sequential-Task Costs but no diﬀerence in Delayed Sequential-Task Costs compared to
participants aged 18–30 years. Note that Figure 2 displays little diﬀerence between Immediate and
Delayed Switch RTs in the 40–49 years group, and so the discrepancies in age group diﬀerences between
Immediate and Delayed Sequential-Task Costs are partly driven by higher Delayed compared to
Immediate Sequential-Task Costs in the 18–30 years group (evident in Table 2).
5.2. EEG
The pattern of RT results was replicated in principle for the subset of 34 participants (17 younger
and 17 older participants) for which EEG was recorded during simulated driving (Figure 2). EEG oﬀered
an online indicator of brain responses in relation to dynamically unravelling traﬃc events on-screen.
On inspection of Figure 3 (also Figures S3–S5), theta power appeared to increase shortly after the
road sign onset, consistent with the notion of theta involvement in top-down guided attentional control
and visual search processing [37–41]. A later alpha desynchronization was apparent after road sign
onset, likely related to increased attention to the road sign [30–36]. An early beta decrease was also seen,
which was initiated in response to the braking event, and was maintained throughout the visual search
of the road sign. It is likely that this reﬂects enhanced attention or motor preparation as participants
learned that a road sign (requiring a response) would follow the braking event [72–77]. However,
no further analysis was conducted on beta, due to concerns of interference from muscle artefacts
due to active driving movements. Figure S5 demonstrates that this was not a problem for theta and
alpha frequencies. Furthermore, relative changes in power in response to task events, which appear
to be present in Figure 3, were not tested statistically, as the naturalistic, dynamic and continuous
nature of the experimental setup meant there was no suitable baseline period. Instead, conditions were
compared directly.
The hypothesis that there would be a weaker theta response in the older compared to younger group
was supported. In a time window after the onset of the road sign, the 18–30 years group displayed higher
theta in the Single-Task condition compared to each of the Sequential-Task conditions. In contrast,
the 60+ years group showed no signiﬁcant diﬀerence between Single-Task and Sequential-Task
conditions in sensor level theta power in response to the road sign. Interestingly, stronger theta power
was observed for the older group before the onset of the road sign in the Immediate Sequential-Task
condition (compared to the Single-Task condition), which was not observed for the younger group,
and which could indicate a greater use of top-down, cue-based (braking event) strategies that has
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previously been reported in older adults [83–85]. However, when directly compared, group diﬀerences
did not reach signiﬁcance at sensor level. In contrast, group comparisons in source space indicated
reduced posterior theta in older drivers (Figure 5) in response to the road sign, which reached statistical
signiﬁcance in the Delayed Switch contrast. This posterior reduction is in accord with recent MEG
ﬁndings [90] using Callaghan, Holland and Kessler’s [7] rapid serial visual presentation (RSVP) –
visual search paradigm.
Greater theta power in the Single-Task condition compared to Sequential-Task conditions is an
interesting ﬁnding. It could be that there are fewer attentional resources available to process the sign in
the Sequential-Task conditions after attending to the braking event. Alternatively, higher theta power
in the Single-Task condition could reﬂect enhanced cognitive eﬀort to attend to the road sign when
driving at high speeds, in contrast to when participants brake shortly before the road sign onset in
response to the braking event in the Sequential-Task conditions. If the latter hypothesis is correct,
the theta power observed in the younger group could reﬂect enhanced attentional resources directed
to the road sign (more so in the Single-Task compared to Sequential-Task condition), which contrasts
from the older group, who drive at slower speeds to read the road sign. In addition, only the older
drivers increased their theta after the braking event in anticipation of the road sign (Figure 3, bottom;
Figure 4A, right), potentially using the braking event as a cue. Such a diﬀerence in strategy is further
consistent with evidence showing that older drivers adjust their driving behaviour to compensate for
slowed RTs [91]. Such adjustments to behaviour were also observed in the current study in participants’
driving speeds (Figure S2). Additionally, the posterior distribution of group diﬀerences in theta power
in response to the road sign (see Figure 5; theta modulation was greater in younger than older drivers)
could further corroborate a visual attention deﬁcit in older drivers, resulting in slowed RTs and the
urge to slow down. Such an interpretation is further corroborated by recent MEG ﬁndings [90] using
the Callaghan, Holland and Kessler [7] paradigm.
The hypothesis that there would be age group diﬀerences in alpha modulation was qualitatively
supported, although group diﬀerences did not reach signiﬁcance. As shown in Figures 3–5,
the 18–30 years but not the 60+ years group displayed greater alpha power in the Single-Task
condition compared to the Sequential-Task conditions (in both Delayed and Immediate Switch
conditions). Figure 5 shows that older drivers instead display lower posterior alpha power in the
Single- compared to Sequential-Task conditions. Alpha oscillations are typically thought to relate to
attention, with decreased power reﬂecting enhanced attention [30–36]. The younger group therefore
seem to demonstrate enhanced attention towards the road sign in the Sequential-Task compared to
Single-Task conditions, which could allow for faster re-distribution of spatial attention, compatible with
the RT results. Older adults, in contrast, show lower posterior alpha source power in the Single-Task
condition compared to Sequential-Task conditions, which could reﬂect enhanced visual processing
during undisturbed driving (no braking required). This interpretation is compatible with alpha eﬀects
observed during the Callaghan, Holland and Kessler [7] task, using MEG [90]. Enhanced attention to
the road sign in the Sequential-Task (compared to Single-Task) conditions in the younger but not older
group further supports the notion that younger drivers adjust well and quickly to dynamic changes
in the driving environment, enabling them to drive at higher speeds, while older adults drive more
slowly in order to cope with their reduced attentional ﬂexibility.
5.3. Limitations and Future Work
There were a number of limitations to the study. Firstly, we only investigated conditions where
a temporal event preceded a spatial event, and not vice versa, in order to remain consistent with
Callaghan, Holland and Kessler [7] and to contain the number of conditions. This means that only
inferences about switching from temporal to spatial attention can be drawn. Due to the increased
length of naturalistic trials, including additional conditions was not feasible. Further research is needed
to explore whether similar age-related changes are present when switching from a spatial to a temporal
attention task. Based on previous literature showing that older adults ﬁnd it more diﬃcult to narrow
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their focus of attention from two RSVP streams to one [92], it could be expected that older adults also
ﬁnd it more diﬃcult to switch from distributing their attention spatially to focusing their attention on
temporally changing events (in a single location). However, it could also be that the salience of such
temporal events eﬃciently attracts attention exogenously, outweighing increased cognitive demands.
Secondly, due to the STISIM drive software providing only the option to programme events into
the scenario in distance travelled rather than time elapsed, the sign appeared either 3.04 m or 30.48 m
after the braking event. This resulted in the temporal dynamics of each trial being aﬀected by the speed
that the participant was driving. This has been taken into careful consideration when interpreting
ﬁndings. It further emphasises the diﬃculties that researchers encounter when leaving the “safety” of
traditional computer experiments and embark on using more naturalistic, dynamic scenarios.
Similarly, to maintain ecological validity, participants were given control over the driving simulator
vehicle and were therefore free to brake and accelerate at any time. Although the braking event did not
occur until either ~0.14 s prior to the onset of the sign in the Immediate Switch condition or ~1.42 s prior
to the onset of the sign in the Delayed Switch condition it is likely the participant detected the vehicle
as a possible hazard prior to these time points. Older drivers have been shown to adjust their driving
behaviour to compensate for slowed RTs [91] and may therefore have begun to brake at the earliest
sign of a possible hazard, aﬀecting measures of braking RT. This would explain the unusual pattern of
braking RTs observed across age groups (Figure S1), where the youngest age group display slower
braking RTs than older groups. Although the individual group comparisons did not reach signiﬁcance
with a conservative Bonferroni multiple comparisons correction, there was a signiﬁcant main eﬀect of
age (p = 0.049). A possible explanation for the interesting pattern in braking RTs could be that younger
drivers also tend to drive at higher velocities (see Figure S2), which could inﬂate their RTs as stimuli
are changing more rapidly in the environment. An alternative explanation is that younger participants
have less overall driving experience compared to older drivers. More experienced drivers conduct
more anticipatory braking responses, whatever their age, e.g., [93]. See also Bao and Boyle [94] for a
similar pattern of driving behaviour results, where the middle-aged group spent more time scanning
their rear-view mirror compared to both younger and older adults.
A further limitation of the study is that the visual search road sign (displayed in Figure 1) contained
three columns of names that the target could occur in, with the left-hand column corresponding to a
left indicator response and the two right-hand columns corresponding to a right indicator response.
On 50% of trials a right-hand indicator response was required and on 50% of trials a left-hand indicator
response was required. This enabled participants to apply a strategy of only reading words in the left
column. It is not expected that this aﬀected our main ﬁndings for two reasons. Firstly, the number
of occurrences of the target word in each column of the sign was matched across conditions, trials
were pseudo-randomised within each of the three blocks and the order that the three blocks were
completed in was counterbalanced across participants. Therefore, this strategy could not have been
systematically implemented in one condition more than the others. Secondly, there is no evidence to
suggest that older participants would be less able to identify and implement this strategy compared to
younger adults. Conversely, evidence consistently shows that older participants utilise top-down cues
more than younger adults, including contextual cues in a realistic visual search [83]. Older age groups
displayed slower RTs and higher Dual-Task Costs compared to younger adults, suggesting that, if they
were more likely to implement such a strategy, it did not aﬀect our ﬁndings.
A common challenge in ageing research is self-selection bias during recruitment, in which
volunteers tend to be highly educated, physically and socially active individuals; traits which have all
been identiﬁed to improve cognitive reserve and protect against cognitive decline [95–98]. Similarly,
75% of the ARCHA participation panel members attending our previous experiments had degree
level education or higher, with only three participants from the two older groups (60–69 and 70+
years groups) in Callaghan, Holland and Kessler [7] having lower than A-level equivalent education.
A limitation of the current work is that we did not include level of education, physical activity or social
activity as covariates in our current analysis. However, as the majority of participants in all age groups
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are expected to have degree level education or higher, we do not believe level of education can account
for group diﬀerences in switching performance. On the contrary, it is possible that the current ﬁndings
underestimate diﬃculties in switching in the general ageing population.
A further limitation to the current work is that groups were not matched on gender due to the
practical challenges of recruiting a large sample of middle and older aged adults. We have no reason to
expect that there would be gender diﬀerences in the current study. For example, Bao and Boyle [94]
found no gender diﬀerences in a similar driving simulator task in which the time that participants
spent visually scanning their environment was recorded. However, further research is required that
directly investigates gender diﬀerences to conﬁrm this speculation.
Lastly, the interaction between event condition and age did not reach signiﬁcance when comparing
the EEG subsets of participants (see Supplementary Materials). This is likely due to the small number
of participants (17 per group) and high variability (see Table 2). However, the overall pattern of
indicator RTs remained the same as the data from all 116 participants (see Figure 2). Future research
should to aim to replicate the current EEG ﬁndings with larger samples. Such limitations highlight
the challenges of measuring brain signals in naturalistic environments. The current work presents an
important step in progressing the ﬁeld of naturalistic neurocognitive ageing research.
6. Conclusions
Virtual reality is an emerging new tool in psychological research that enables fully controlled
computerised experiments with signiﬁcantly increased realism. In contrast to ﬁeld studies in the
real-world, experimental control remains largely with the researchers and any risks imposed by
real-world situations (e.g., traﬃc) are only virtual. Furthermore, we propose that when used in
conjunction with EEG and other neuroimaging tools, unprecedented insights could be gained into
human processing in realistic hazardous scenarios.
The aim of the current study was to investigate whether age-related diﬃculties in switching from
a temporal to a spatial attention task [7] are also seen in a naturalistic setting, during simulated driving,
and whether diﬀerences in behavioural performance would map onto neural oscillatory signatures.
Consistent with hypotheses, RTs were slower in the two Sequential-Task conditions compared to the
Single-Task condition. Unexpectedly, RTs were slower in the Delayed Switch condition compared to the
Immediate Switch condition. This is likely to be due to the two well-known phenomena of increased
RTs with increased time elapsed between the presentation of a cue (i.e., the braking event) and a
target stimulus (i.e., the road sign) and increased RTs when the temporal onset of a target stimulus is
unpredictable [50,78–80]. Future (hypothesis driven) work should aim to conﬁrm this speculation.
The hypothesis that there would be an age-related decline in switching from temporal to spatial
attention while driving was supported, reﬂected in greater Sequential-Task Costs in older age groups
compared to the youngest age group. These ﬁndings support that age-related declines in refocusing
from a temporal event to spatially distributed stimuli are not only observed in the computer-based
switching task but are also present in naturalistic settings such as when driving. Age-related changes
in task-related theta and alpha modulations were found, where older adults showed a weaker theta
and alpha modulation compared to younger adults, which may imply that age groups implement
diﬀerent strategies to cope with attentional demands while driving.
Our ﬁndings provide a focus for the future development of training interventions to help older
drivers to drive safely for longer. Driving cessation is detrimental to an older person’s independence
and mental health [99–101]. Overall, older drivers compensate for slower RTs and general cognitive
decline in their driving behaviour [91]. However, recent ﬁndings have shown that protective
factors against cognitive decline in older age, such as level of education and engagement, no longer
facilitate compensation later in older age, when the cognitive reserve available to compensate is
no longer suﬃcient for the demand for compensation, caused by declines in underlying cognitive
resources [102,103]. The development of an assessment and training intervention that aims to assess
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and improve the ability to switch between tasks during driving, such as attending to traﬃc and reading
road signs, could therefore be beneﬁcial to the ageing population.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/10/8/530/s1,
Table S1: Counterbalanced Conditions; Figure S1: Group means of participants’ median braking RTs; Figure S2:
Group means of participants’ driving speeds when they passed the road sign; Figure S3: TFR in which
time-frequency tiles for exploratory source analysis were selected, presenting power diﬀerence from a baseline
period of −5.50 s–−3.50 s averaged across 12 anterior electrodes and across all conditions and all age groups;
Figure S4: TFRs present power in relation to a baseline period of −5.50 s–−3.50 s averaged across a group of
posterior electrodes; Figure S5: TFRs present power in relation to a baseline period of −5.50 s–−3.50 s in all
electrodes that were included in the analysis; Indicator RT statistics in EEG groups.
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Abstract: Transcranial direct current stimulation (tDCS) has been shown to support cognition and
brain function in older adults. However, there is an absence of research speciﬁcally designed to
determine optimal stimulation protocols, and much of what is known about subtle distinctions in
tDCS parameters is based on young adult data. As the ﬁrst systematic exploration targeting older
adults, this study aimed to provide insight into the eﬀects of variations in stimulation duration.
Anodal stimulation of 10 and 20 min, as well as a sham-control variant, was administered to
dorsolateral prefrontal cortex. Stimulation eﬀects were assessed in relation to a novel attentional
control task. Ten minutes of anodal stimulation signiﬁcantly improved task-switching speed from
baseline, contrary to the sham-control and 20 min variants. The ﬁndings represent a crucial step
forwards for methods development, and the reﬁnement of stimulation to enhance executive function
in the ageing population.
Keywords: transcranial direct current stimulation; non-invasive brain stimulation; stimulation
duration; aging; neural plasticity; attentional control

1. Introduction
Age-related neurochemical, structural, and functional brain changes are most pronounced in
prefrontal regions and produce deﬁcits in response inhibition [1,2], which drastically impact daily
living, limiting personal safety, independence, and quality of life [3–5]. Such concerns represent a
prominent societal challenge as life expectancy increases [6,7]. As pharmacological interventions have
been largely ineﬀective [8–11], it is imperative that innovative strategies are developed to reduce the
incidence of cognitive deﬁcits.
In recent years, transcranial direct current stimulation (tDCS) has gained interest as a non-invasive
and cost-eﬀective method of enhancing cognition, due to its observed neuromodulatory eﬀects on
plasticity [12–14], particularly deﬁcient neurotransmission [15], which is reported to underlie the
presence of cognitive decline on neuropsychological tests [16]. Consequently, the existing evidence
signals that the use of tDCS would be highly advantageous in minimising executive deﬁcits. The vast
majority of studies have focused on aspects of memory, where some success in enhancing the
eﬃciency of working memory has been described in cognitively healthy older adults [17–19]. However,
the comparatively limited literature on attentional control means mixed results are even more diﬃcult to
interpret [20–22]. This discrepancy may be accounted for by subtle variations in stimulation protocols,
such that systematic evaluation of individual parameters is necessary to determine optimal results.
Studies in young adults have highlighted the non-linearity of variations in key stimulation
parameters, such as current intensity [23–25]. It is not known whether the older population also
demonstrate this pattern of results; however, the incidence of age-related brain atrophy likely
Brain Sci. 2020, 10, 304; doi:10.3390/brainsci10050304
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necessitates the use of distinct protocols, compared to those that are eﬀective in young adults [26–28].
Little is known about diﬀerences in duration, a crucial variable in relation to the induction of neuroplastic
eﬀects [29,30]. A computational modelling study [31] noted reductions in the peak electric ﬁelds
generated in older adult participants, with the authors suggesting that longer durations of stimulation
(than those typically used in conjunction with young adults) may prevent this. Therefore, stimulation
of 20 min in length may be ideal where modulations of neuroplasticity are delayed due to diminished
integrity of existing mechanisms [32] but, to date, this has not been formally tested.
The aim of this current study was to provide vital insight into the eﬀects of duration for the
purpose of further developing the use of tDCS, and reﬁning stimulation protocols, speciﬁcally designed
for older adults. This was achieved by assessing participants’ task-switching speed, following anodal
stimulation of 10 and 20 min, alongside that obtained during a sham-control condition. In line with
the consensus in the literature, it was anticipated that task-switching speed would be enhanced after
receiving active tDCS for the longer duration.
2. Materials and Methods
2.1. Subjects
In total, 40 participants, aged 60–75 years (67.05 ± 5.21, 20 females) were recruited to take part in
the study. Prior to recruitment, all participants were asked to complete a screening form. Those with
safety screening contraindications were excluded from the study. Contraindications included history of
neurological (e.g., seizures, stroke) and/or psychiatric conditions (e.g., anxiety, depression), head trauma,
concussion, and surgical implants (e.g., neurostimulator, pacemaker, cochlear implant). Individuals
who had been prescribed medication designed to directly inﬂuence cortical excitation/inhibition
(e.g., gabapentin for nerve pain), which may interfere with the emergence of tDCS eﬀects, were also
excluded [33]. All participants had corrected-to-normal vision, and scored in the normal range on
the Montreal Cognitive Assessment (MoCA) [34] (27.80 ± 1.18). Participants gave written informed
consent prior to taking part in the study. Procedures were carried out with the approval of the local
ethics committee (Department of Psychology, Swansea University).
2.2. Task-Switching Paradigm
The task used was identical to that outlined in Hanley and Tales (2019) [22]. The Swansea Test of
Attentional Control (STAC) is a complex task-switching paradigm, comprising selective attention, task
monitoring, and response inhibition components (Figure 1). Use of a ﬂexible algorithm designed to
track performance (Parameter Estimation by Sequential Testing (PEST) [35]) calibrates speed on the
basis of prior responses. PEST facilitates completion of the task within the bounds of an individual’s
capabilities and ensures that participants are able to respond successfully while not compromising on
task diﬃculty, thereby, making the STAC ideal for use with older adult participants.
Participants were required to remain vigilant throughout the task in order to update the search
criteria. The target changed every 12 s, resulting in approximately 25 targets per experimental run
of 300 s. Speed (measured in symbols per minute per column; abbreviated to ‘spm’) was adjusted to
maintain accuracy around a 75% correct criterion, using the PEST algorithm. Task speed began at
41 spm and increased or decreased in line with accuracy, such that task diﬃculty corresponded with
performance. The participants’ threshold is the speed at which the task is performed at the end of the
test (referred to as ﬁnal speed), whereby higher values represent superior performance.

122

Brain Sci. 2020, 10, 304

Figure 1. The Swansea Test of Attentional Control (STAC) task. A target is identiﬁed within the 3 × 3
matrix of symbols (right). When a matching symbol appears amongst the three columns of the search
array that scroll up the screen (left), participants press the spacebar as the symbol crosses behind the
red line (as depicted in Hanley and Tales, 2019, [22]).

2.3. Transcranial Direct Current Stimulation
With the exception of duration, which was varied in the present study, parameters were identical to
those outlined here [22]. Anodal stimulation of 10 and 20 min (1.5 mA), as well as a sham-control variant
(10 min), was administered via 25 cm2 electrodes positioned in a bihemispheric montage designed
to target dorsolateral prefrontal cortex (dlPFC; F3/F4). In line with the available literature [26–28],
the electrode size was smaller and stimulation intensity was greater than that typically used in
conjunction with younger adults, in order to increase the focality of the current and compensate for
increases in cerebrospinal ﬂuid (CSF) observed in the ageing brain.
2.4. Experimental Procedure
Each participant received the three variants of stimulation (Sham, Active10, Active20) in a
counterbalanced order, determined by a random sequence generator, with 7 days between subsequent
sessions. Prior to acquiring the baseline data, participants executed the task for approximately 5 target
changes to gain experience with the paradigm. Baseline data was acquired prior to stimulation
(at the onset of their ﬁrst session), which was compared to post-stimulation performance measures.
Stimulation was administered while participants watched a nature documentary. After stimulation,
they were asked to complete an adverse eﬀects questionnaire (AEQ) to determine the presence and
severity of stimulation side-eﬀects.
2.5. Data Analysis
Data from all 40 participants was entered into statistical analysis using SPSS for Windows software
(version 22; IBM, New York). Repeated-measures ANOVAs were used to assess diﬀerences relating to the
AEQ data across sessions. To identify distinctions in task performance, a one-way, repeated-measures
ANOVA was conducted on the STAC ﬁnal speed data from each acquisition (Baseline, Sham, Active10,
Active20). An alpha level of 0.05 was used to determine signiﬁcance. Bonferroni corrected, post-hoc
tests were conducted to investigate the main eﬀect (signiﬁcant diﬀerences from baseline in each of the
three experimental conditions, with an adjusted alpha of 0.017).
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3. Results
3.1. Adverse Eﬀects Questionnaire
Participants reported mild–moderate side eﬀects of stimulation. These reports were consistent
across each of the three sessions (producing non-signiﬁcant diﬀerences in tingling, burning, and
concentration; p > 0.05).
3.2. Task-Switching Speed
A repeated measures ANOVA revealed a signiﬁcant diﬀerence in task performance across
conditions (F(3,117) = 3.016, p = 0.033, ηp2 = 0.072). Post-hoc t-tests established that this diﬀerence was
driven by superior task speed in the Active10 compared to baseline condition (t(39) = −4.227, p < 0.001)
(Figure 2). This result corresponded to a moderate eﬀect size of 0.494 (Cohen’s d; see [36]). Comparisons
between baseline and sham (t(39) = −1.059, p = 0.296) and baseline and Active20 (t(39) = −1.865,
p = 0.070) conditions were statistically non-signiﬁcant.

Figure 2. STAC ﬁnal speed. Mean speed values for all conditions (baseline, sham, Active10,
Active20) illustrate superior task performance following 10 min of anodal tDCS. Error bars represent
±1 standard error.

4. Discussion
The aim of the present study was to investigate the inﬂuence of variations in tDCS parameters
as applied to older adults, speciﬁcally, by focusing on stimulation duration. When compared to
the baseline condition, task-switching speed was signiﬁcantly enhanced following 10 min of active
stimulation; a result which assists in strengthening the limited evidence base in favour of using
tDCS to enhance attentional control [21,22]. Neurochemical and/or functional imaging measures
would be required to conﬁrm the neurobiological underpinnings of the eﬀect; however, in line with
the dominant explanation for tDCS-induced enhancements, it is speculated that performance was
facilitated by improved prefrontal network connectivity via the modiﬁcation of NMDA/GABA receptor
response, essential for promoting synaptic plasticity [29,30,37]. Where previous research has failed to
establish desirable modulations of attentional control in older adults [20], this may be due to a lack of
consideration of such neurobiological mechanisms. Accordingly, the aforementioned study by Boggio
et al. directly replicated a tDCS protocol designed for young adults with an older adult sample. While
the authors state that this decision stemmed from the aim of comparing performance, it nonetheless
highlights a lack of appropriate study design where the populations in question inevitably diﬀer in
relation to key neural characteristics. In contrast, in the present study, the selected parameters enhance
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the biological plausibility of the rationale [38], by reﬂecting knowledge of age-related brain changes in
the context of stimulation [26–28].
At the onset of the study, it was predicted that active stimulation, of 20 min in length, would be
required to enhance task-switching ability. Conversely, 10 min of anodal tDCS signiﬁcantly improved
STAC ﬁnal speed, thus challenging the suggestion that longer durations of stimulation are necessary to
improve cognition in older adults [27,31,39–41]. To date, the limited available literature demonstrates
the emergence of cognitive enhancement following 15+ min of active tDCS [13,42,43]. Such stimulation
durations are said to compensate for excess CSF, characteristic of the ageing brain, which has been
reported to reduce the focality of the current [26,28]. This includes our previous work that adopted
a 20 min stimulation protocol, in which improved task-switching speed was established after three
subsequent sessions [22]. Therefore, the observation of a single session improvement is equally
intriguing given ﬁndings of delayed neuroplastic eﬀects in older adults [32], which we had presumed
would largely prevent this population from demonstrating an acute response to stimulation.
Intra-individual variability and non-linear responses to stimulation may account for the emergence
of a signiﬁcant eﬀect at 10 min [44,45]. Accordingly, subtle changes in protocols can have marked eﬀects
on the resulting outcomes, hence the need for systematic evaluation of parameters. This implies that
individuals have an optimal threshold, attributed to homeostatic constraints on neurobiological circuits
to prevent over-excitation of calcium channels and NMDA receptors [46,47]. This eﬀect is readily
observed where stimulation is delivered at various intensities [48,49]. These studies demonstrate
reliability between subsequent repeats of the same protocol yet assert that higher current strengths are
not always necessary to produce modulations of excitability. Similarly, stimulation that is insuﬃcient
to fulﬁl an individual’s optimal threshold may propagate deﬁcient calcium transmission. For example,
while increased intracellular calcium is integral for LTP, exceeding optimal levels will activate potassium
channels and induce hyperpolarisation, forcing the cell population into a state of LTD or the so called ‘no
man’s land’ [50]. This is likely to result in the abolishment of expected neuromodulatory eﬀects [46,51].
Furthermore, in the context of cathodal stimulation, typical inhibitory eﬀects have been shown to be
reversed, generating excitation at heightened intensities due to excessive stimulation and habituation
of potassium channel response [23]. Cathodal stimulation is likely to diminish performance in older
adults in contexts where the anodal polarity has been shown to be successful [52], and performance
enhancement was a key objective of the present research. However, it would be interesting to determine
whether an equivalent pattern of performance could be produced following inhibitory stimulation,
which could potentially aid our interpretation of results.
Given the similarity in methodology, it is not likely that the task or elements of the stimulation
protocol (beyond duration) contributed to the distinction between our studies, with regard to the
generation of a signiﬁcant eﬀect following a single session of tDCS. Instead, subtle diﬀerences in the
samples may account for the disparity in ﬁndings. Older adults are a particularly heterogeneous
group and individual diﬀerences in tDCS response, like those found in conjunction with other
non-invasive stimulation methods, are projected to account for approximately 40–50% of variance
in outcomes [53,54]. Factors such as genetic variance (e.g., in relation to the regulation of plasticity;
Brain-Derived Neurotrophic Factor (BDNF)) may be particularly relevant in the context of older adults,
as those who are Val66Met carriers have been established to achieve maximal beneﬁts following longer
stimulation durations (20 compared to 10 min) [55]. The Val66Met polymorphism has been linked to a
reduction in glutamatergic transmission [56,57], such that longer stimulation durations are required to
induce neuroplastic eﬀects. Therefore, variations in the capacity of an individual to modulate plasticity
may have profound eﬀects on stimulation outcomes.
Plasticity is known to decline with age [58] and, for this reason, it is likely desirable to keep age
ranges fairly narrow when conducting tDCS research with older adults. This may be an additional
reason why some stimulation studies fail to establish beneﬁcial eﬀects in the ageing population (for
example [20], in which participants ranged from 50 to 85 years). Between our studies, there was a
slight diﬀerence in age range, whereby our previous study recruited individuals aged 54–75, compared
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to 60–75 years in this instance, but both sets of participants had a similar average age (66.5 and 67 years,
respectively). Therefore, age per se is unlikely to have been a deﬁning factor. Furthermore, average
MoCA scores between cohorts were also similarly high (28.2 and 27.8, respectively), signalling that
variation in general cognitive function was also an unlikely cause. It is important to note, however,
that MoCA score is not directly related to the incidence of frontal atrophy as may be expected [16],
suggesting that identical test scores do not equate to similar patterns of atrophy. Distinctions in
brain anatomy are likely independent of neuropsychological test outcome; such that where samples
perform equally well on a standard cognitive measure, this does not mean they are identical from
the perspective of neural change. Consequently, variation in results may be attributed to individual
diﬀerences in brain structure and function that are commonly associated with older adults [59–61].
Anecdotally, many of the participants in the present study were still in employment and reported
engaging in regular physical activity, lifestyle factors that mediate age-related decline in grey matter
volume and white matter integrity [62,63]. The fact that repeated stimulation worked in the context of
the previous study suggests the incidence of greater neural changes, explaining the need for lengthy
stimulation, across multiple sessions, in order to alter plasticity and resulting cognitive performance [32].
Given the presence of a more ‘youth-like’ sample than that previously recruited, the neuroplastic
mechanisms we sought to strengthen with tDCS may have still been largely intact in the present
group, hence why they beneﬁtted from a single session protocol. Without individual anatomical
data, we are unable to conﬁrm these diﬀerences in neuroanatomy; however, in young adults, long
stimulation durations are not necessary to produce cognitive change [23,46]. This is also likely to be
the case in the context of older adults, who recruit typical patterns of brain activity and still display
hemispheric specialisation [59–61]. We intend to investigate this in the future by proﬁling participants
in relation to several structural and functional neuroimaging metrics, as well as individual diﬀerences
in lifestyle factors, because the integrity of the brain could be key in establishing the optimal duration
of stimulation.
With the acquisition of neuroimaging data, computational modelling would also be possible,
similar to that which has established changes in the eﬀects of stimulation in the context of increased
CSF [26,28]. A recent study has produced additional evidence to suggest that patterns of atrophy
contribute to the amount of current reaching the cortex [64], which highlights the need for further
systematic evaluations of approaches to compensate for such shortcomings (e.g., incrementally
increasing the intensity of stimulation). Ultimately, generating a biologically plausible forward model
to establish the likely outcome of stimulation, given the neuroanatomical status of an individual,
could prove to be an incredibly valuable way of enhancing the validity of subsequent research [65].
Speciﬁcally, such a model could assist in the development of stimulation protocols to enhance
cognition in older adults by providing crucial insight into optimal intensity and advantageous electrode
positioning [66–68].
Incorporating online stimulation, during the task, may also enhance the eﬀectiveness of tDCS.
Meta-analyses highlight the beneﬁts of online protocols in older adults due to age-related deﬁcits
in plasticity induction [69,70] (although this may largely apply to the motor domain, as opposed
to cognition [41]). Nonetheless, it may be advantageous to isolate potential diﬀerences in the
state-dependency of eﬀects. While such meta-analyses converge on the consensus that tDCS is able to
beneﬁt cognitive performance, there is divergence between subtypes, such that it would be useful for
studies to be able to compare across domains. This current study was designed to provide further
insight into performance enhancement in the under-represented area of attentional control; however,
incorporating a working memory task into the procedure would have allowed for a comparison of
the ﬁndings to a wider range of past literature. In future, an N-back task [71] could act as a valid
control measure, for example, because cognitive load can be modulated to parallel the complexity of
the STAC. Such an addition would provide the basis for cross-domain inferences on the potential for
global cognitive beneﬁts, which could translate to improved function in aspects of daily life [72].
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Lastly, with regard to methodological limitations of the stimulation protocol, it should be noted
that the single sham session of 10 min prevented complete blinding. For this reason, the study is
regarded as a ‘partial blind’ because, while the 20 min stimulation would have been discernible, the
nature of the two 10 min sessions was unknown (to both participants and the researchers), as codes were
used to execute stimulation. Although diﬀerences in duration are likely more obvious, participants can
detect subtleties in current strength (particularly where higher intensities are used [73]), yet researchers
commonly use a single sham session in the context of systematic investigations of intensity [19,23,24].
This is most likely due to the already high number of sessions required to conduct systematic evaluation
studies (both an inherent strength and weakness of a within-subject experimental design), which focus
on the inﬂuence of variations in active stimulation. One particular study has used this rationale to
omit a sham control condition altogether [44]. While this is likely not advisable, the consensus remains
that no speciﬁc approach to sham stimulation appears to be any more rigorous than another (including
repeated sham conditions) [74]. Evidently, there is still much to be learned about the intricacies of
control stimulation, particularly in the context of the older adult population.
In conclusion, advances in our understanding of tDCS eﬀects in the context of older adulthood are
very much dependent on methodological development and continued research. These results attest
to the safety and tolerability of tDCS in older adults [75] and provide a framework within which to
continue testing existing mechanistic assumptions, relating to key parameters, and build momentum
in advancing towards ﬂexible and feasible strategies to target age-related changes in cognition. Where
this can be achieved, progress towards maintaining executive function in the ageing population is likely
to translate to respective beneﬁts in tasks of daily function, an increasingly important consideration as
life expectancy continues to rise.
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