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Abstract

All of us are taxed with juggling our inner mental lives with immediate external
task demands. For many years, the temporary maintenance of internal information was
considered to be handled by a dedicated working memory (WM) system. It has recently
become increasingly clear, however, that such short-term internal activation interacts
with attention focused on external stimuli. It is unclear, however, exactly why these two
interact, at what level of processing, and to what degree. Because our internal
maintenance and external attention processes co-occur with one another, the manner of
their interaction has vast implications for functioning in daily life. The work described
here has employed original experimental paradigms combining WM and attention task
elements, functional magnetic resonance imaging (fMRI) to illuminate the associated
neural processes, and transcranial magnetic stimulation (TMS) to clarify the causal
substrates of attentional brain function. These studies have examined a mechanism that
might explain why (and when) the content of WM can involuntarily capture visual
attention. They have, furthermore, tested whether fundamental attentional selection
processes operate within WM, and whether they are reciprocal with attention. Finally,
they have illuminated the neural consequences of competing attentional demands. The
findings indicate that WM shares representations, operating principles, and cognitive

resources with externally-oriented attention.
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1. Working memory as Internal Attention

We must constantly keep information temporarily in mind, either in direct
service of an immediate goal (e.g., remembering a phone number) or as an intermediate
step en route to a more abstract goal (e.g., passing one stage of reasoning to the next). In
the ‘real world’, this working memory (WM) must operate while we are also busy doing
other things. At best, we face a perpetual stream of (potentially-distracting) sensory
input. More likely, we are called upon to juggle immediate and fluid demands for our
attention in the environment. In this regard, two properties of WM can dramatically

impact our functioning in daily life:

1) The content of WM can involuntarily bias what we attend to in the environment.
This can be beneficial when the internal representations match the goals of an
external task (e.g., rehearsing your shopping list in the store helps you locate the
apples) but detrimental when WM contents are unrelated or conflicting with that
task (e.g., rehearsing your shopping list in the car directs your eyes to a related

billboard, instead of the road).

2) When the environment occupies attention, WM performance can suffer (and vice
versa). High WM demands can prevent full attention to a currently relevant external
task, and external demands can divert attention from WM maintenance (e.g., you

lose track of a phone number because a friend interrupted with a question).



While there is considerable evidence for both of these claims, however, an
intense debate over the nature of the relationship between WM and attention has been
fueled by observations that a) external stimuli matching WM content sometimes fail to
capture attention, and b) demands on WM and attentional load sometimes coexist
without influencing one another (e.g., we can generally rehearse our to-do list while also

operating a car and following traffic signals). The over-arching goal of this thesis is to

explain why WM and attention demands impact one another in the first place, and why

this mutual impact can sometimes be circumvented.

While WM and attention have traditionally been studied as separate constructs,
the vast body of evidence for their reciprocity has ushered in an atmosphere of
widespread agreement that the two are at least related concepts (Awh & Jonides, 2001;
Awh, Vogel, & Oh, 2006; Chun & Johnson, 2011; Chun, 2011; Gazzaley & Nobre, 2012;
B.R. Postle, 2006; J. Theeuwes, Belopolsky, & Olivers, 2009). We propose to take the
conceptual link between WM and attention one step further, asserting that they should
no longer be considered as separate constructs, but as reliant on the same
representations and processing resources. We argue that the same mechanism of
prioritization (traditionally called attention) can be geared at representations that are
activated either internally (traditionally considered WM) or by external stimuli
(traditionally considered selective attention). Those neural representations, furthermore,

are shared between the internal and external domains of attention. Thus, WM can



simply be considered internally-oriented attention (Kiyonaga & Egner, 2013). The
research described here set out to test this proposal.

In this Chapter, I will introduce important terms, then review evidence for the
inter-relatedness of WM and visual attention, as well as conflicting indications that the
two may be entirely separable. I will propose an explanation for the observations of
impact between internal maintenance and external selection; specifically, that they are a
natural byproduct of their reliance on shared representations and attention resources. I
will also attempt to reconcile contradictory accounts of their relationship; namely, that
they are a consequence of variable demands on attentional capacity that reveal the
competition between the internal and external domains of attention to varying degrees.
Finally, I will delineate the main hypotheses that stem from this proposal, which form

the motivation for the research described in this dissertation.

1.1 What is a representation?

One of the primary arguments presented herein, is that WM and visual attention
share representations. When we perceive a visual stimulus, there is a straightforward
translation of that information along the primary visual pathway into a pattern of neural
activation in visual cortex that conveys the features of the stimulus. Thus, the visual
cortex “represents” perceived stimuli from the outside world. There is considerable
consistency within an individual (and often across individuals) in the populations of

neurons, and patterns of activity, that are recruited in response to a particular stimulus



(i.e., neurons that fire more to a one orientation than another). This has allowed the
decoding, from multivariate patterns of neural activity, of the category of information
that is being perceived (Haxby et al., 2001). When we talk about a visual representation,
therefore, we refer to a mental state that depicts the perceived stimulus, by some neural
response pattern. Representations needn’t be visual, of course, but can depict
information from all sensory modalities.

When we conjure an image from memory, or maintain a recently-perceived
stimulus in WM, it is less clear how this information is represented. Extracellular
recordings from monkey prefrontal cortex (PFC; e.g., Fuster & Alexander, 1971; Kubota
& Niki, 1971), and later fMRI studies in humans (e.g., Courtney et al., 1997), have
consistently observed persistent neural activity in the dorsolateral PFC across a WM
delay. This activity has also been found to relate to behavior (e.g., Curtis at al., 2004),
supporting the long-held notion that the activity represents the WM content itself. More
recent advancements in neuroimaging analysis techniques, however, have called that
assumption into question. Namely, an idea has emerged that the kind of persistent
neural activity observed by changes in average signal intensity in a given region (e.g.,
PFC) has little to do with WM representations, per se, which are instead conveyed in
distributed patterns of sub-threshold activity that can be detected with multivariate
pattern classification techniques (e.g., Postle, 2015), typically in the sensory cortical

regions engaged to perceive the content (e.g., area MT for memory of moving dot arrays;



Riggall & Postle, 2012). Indeed, the successful decoding of WM category information,
from neural pattern classifiers trained on actually perceiving those categories (Harrison
& Tong, 2009; Serences, Ester, Vogel, & Awh, 2009), has cultivated the notion that the
representations engaged to perceive information may be the same as those that retain
that information over the short-term (Awh & Jonides, 2001; D’Esposito & Postle, 2015;
Ester, Serences, & Awh, 2009; Pasternak & Greenlee, 2005; Serences et al., 2009).
Classifier evidence for WM content is unnecessary, however, to successfully remember
the content (Lewis-Peacock, Drysdale, Oberauer, & Postle, 2011) leaving the questions
conspicuously open as to what function these distributed patterns of information serve,
and how exactly short-term information is represented. We test the hypothesis that if

WM and visual attention truly share the same representations, then WM content should

impact behavior just as if it were being visually perceived and attended.

1.2 What is aresource?

“Attention” is a widely used, but often ill-defined, term that can encompass a
number of capacities and processes. Attention can be oriented toward its subject,
sustained across time, or serve as a source of executive control. It can operate over
locations, objects, or features, and be driven by internal goals or environmental cues. It is
also intimately intertwined with—among other things —eye movements, prediction,
vigilance, arousal, and reward. One of the most fundamental properties of attention,

however, is that it is severely capacity-limited, and therefore must be selective. This is



easily demonstrated with a change blindness example, wherein observers fail to detect
(often dramatic) alterations to a visual scene, when it is flashed on-and-off; the
explanation being that we do not have the capacity to simultaneously process all
elements of the scene. Another way of expressing this idea is to say that we have limited
“attentional resources.” If, in a change blindness scenario, the location where the change
occurs is known, on the other hand, it becomes incredibly easy to detect, presumably
because limited attention can then be concentrated on that area. The meaning of
attention when it is used here, therefore, is as the selective focusing on a subset of
information for further processing, while ignoring other information.

There is only so much that we can process at once, and only so much power that
we have to control where or what we attend. Accordingly, I understand attention as a
capacity-limited central resource that facilitates the temporary prioritization of
representations held, and computations performed, by different brain regions. The
proposal outlined herein will argue that the shared attention resource can be allocated
out into the environment, toward internally-activated WM representations, or
alternatingly toward different subsets of information within and between the two.
Throughout this dissertation, I will often refer to “external” or “externally-oriented”
attention, and it is important to clarify that this shorthand refers more precisely to
attention operating over representations of stimuli that are currently present in the

environment, and thus activated exogenously; this stands in contrast to “internal



attention” which would refer to attention operating over representations of items that
are no longer present in the environment, and therefore must be activated
endogenously. Whether activated exogenously or endogenously, however, all of the
representations over which attention acts are generated and sustained internally, in our
minds. Thus “attending” externally, as I understand it, is tantamount to directing

limited resources to prioritize representations that match the current sensory input.

1.3 Evolving concepts of working memory (and attention)

In one of the earliest and most enduring formulations of the concept of WM,
Baddeley and Hitch (1974) described a system in which attention serves as a filter for the
information that is to become maintained internally. WM was defined as a dedicated
system for the short-term maintenance and processing of information that is no longer
available to the senses, subserved by domain-specific stores and controlled by a central
executive attention system. Prominent newer theories of WM have challenged the idea
of a separate system dedicated to short-term storage, but instead contend that attention
controls the activation of long term memory representations for their use in the short-
term (Cowan, 1988; Oberauer, 2009). In this conceptualization, a number of long-term
representations can be activated in WM, but only one receives the focus of attention,
which is the subject of current processing.

So-called “state-based” models are corroborated by fMRI, EEG, and TMS evidence

indicating that WM content can be maintained at varying levels of activation (i.e., the



focus of attention vs. activated long-term memory), and those activation states are
supported by distinct brain regions (LaRocque, Lewis-Peacock, Drysdale, Oberauer, &
Postle, 2012; Nee & Jonides, 2008; Zokaei, Manohar, Husain, & Feredoes, 2014). The
evolution in WM theory has been profoundly influenced, moreover, by the
aforementioned finding that WM content information can be decoded from the brain
regions that are also recruited for visual perception of that content (without elevated
mean signal intensity in those areas; e.g., Harrison & Tong, 2009). Whereas the
dorsolateral PFC was once assumed to represent the information being held in WM,
sustained activity in that area during WM maintenance is now widely considered to
reflect attentional control over regions that represent the information content itself (see
Curtis & D’Esposito, 2003; Sreenivasan, Curtis, & D’Esposito, 2014 for reviews). In other
words, in the absence of sensory input, attention is recruited to activate sensory
representations for the purpose of WM (Awh & Jonides, 2001; Ester et al., 2009;
Pasternak & Greenlee, 2005; Serences et al., 2009). There is, thus, an emerging opinion
that the close linkage between visual working memory, attention, and the preparation to
perform an action may justify their unification into a single concept (Ikkai & Curtis,
2011; Postle, 2006; Theeuwes et al., 2009).

Major theories of WM, therefore, share a common acknowledgment of the
important role of attention in controlling the activation, maintenance, and manipulation

of short-term internal representations. A burgeoning body of research, however,



indicates that WM can conversely influence what gets attended. Prominent theories of
visual attention describe the manner in which internal representations can guide or bias
visual selection. In the guided search framework (Wolfe, 1994), for instance, top-down
commands—or internal goals which would presumably be held in WM —can ascribe
higher weights to certain features to impact where attention is deployed. The influential
biased competition model (Desimone & Duncan, 1995) likewise describes how the active
maintenance of an item in WM will result in biasing of visual processing in favor of
matching items over other, competing objects. These models explain how the
maintenance of an intended search target—or a search template—will promote the
selection of that target. This is an adaptive mechanism for narrowing attention in a
cluttered scene to find a target, but also suggests that stimuli matching WM
representations might guide attention even when they are task irrelevant.

In fact, it has recently been repeatedly observed that the contents of WM can
affect the allocation of —or capture—visual attention, even when such internally
maintained representations are irrelevant, and often disruptive, to the current external
task (e.g., Downing, 2000; Olivers, Meijer, & Theeuwes, 2006; Soto, Heinke, Humphreys,
& Blanco, 2005). Thus it may not simply be that attention is the controller of WM (in
whatever way WM is conceptualized), but that the representations maintained in WM

can conversely exert a powerful influence on attentional selection.



1.4 WM biases visual attention
1.4.1 WM biasing as evidence for representation-sharing

Imagine that you are sitting in your car at a stoplight, rehearsing your to-do list,
continually reminding yourself to pick up your yellow shirt at the dry-cleaner (think
“yellow shirt, yellow shirt, yellow shirt”). You can envision that if a person walks
through the crosswalk wearing a yellow shirt, you will notice him immediately, while
not being as seized by others in blue suits or green dresses. This happens without the
objective to look for a yellow shirt, and possibly at the expense of the more pressing task
of monitoring the traffic. This sort of occurrence may also be beneficial, however, if the
active memory content overlaps with currently relevant goals—for instance, if your
immediate task were to locate and pick up a yellow shirt-clad friend curbside at the
airport. In daily life, and in the laboratory, it has been well-demonstrated that actively
maintained information (which I argue to be equivalent to internally attended
information) can guide the attentional selection of external stimuli.

An early demonstration of the relationship between mental and perceptual
images showed that imagining a letter yielded better detection for a faint matching letter
in a visual display (Farah, 1985). An attentional blink has been observed, furthermore,
for a target preceded by an image matching a (task-irrelevant) visualized item —
suggesting that attention was deployed to the visualized image (Pashler & Shiu, 1999).

In one of the flagship studies to explicitly instruct WM maintenance during a visual task,
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responses to a WM delay-spanning orientation task were reliably faster for stimuli that
appeared at the location of WM-matching faces that flashed during the delay (as
opposed to novel faces), suggesting that maintaining a face in WM biases attention
towards matching faces (Downing, 2000). More recent studies have confirmed that such
capture can happen involuntarily, even when attending to a memory-match is
detrimental to a more immediate task (e.g., Soto et al., 2005). In a frequently-used task
paradigm —that will also be adapted for several studies in this dissertation —participants
remember a colored shape while performing a visual search for a slanted line among
vertical distractors. Search targets and distractors are all embedded within colored
shapes, and the critical manipulation is whether one of those colored shapes in the
search display matches the WM item, and if so, whether its location coincides with the
search target or with an irrelevant distracter (see Figure 1 for a schematic of this basic
task structure). On “valid” trials the memory item reappears containing the target, while
on “invalid” trials it reappears containing a distracter. On neutral trials, the memory
item does not reappear in the search display. Across a number of studies, performance
has been faster in the valid, and slower in the invalid, than in the neutral condition
(Olivers, Peters, Houtkamp, & Roelfsema, 2011; Schwark, Dolgov, Sandry, & Volkman,
2013; Soto, Hodsoll, Rotshtein, & Humphreys, 2008; Soto, Rotshtein, & Kanai, 2014; Soto

et al., 2005). The costs of invalidity can take a toll, even when the memory items are
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never valid predictors of the target location, suggesting that internally attended

information involuntarily guides external selection (but see Woodman & Luck, 2007).

Trial Sequence Trial Conditions
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Remember [:]
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A
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P — : % Neutral
(0]
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__________“-i —®-_.
I A

Invalid

0l
i

Find slanted line | -~ —

Figure 1: Task schematic adapted from Soto et al., 2005. Participants are asked to
remember a colored shape, then perform a visual search wherein the WM sample may
reappear surrounding a target (valid), distractor (invalid), or neither (neutral).

Internally maintained representations can be beneficial when they overlap
with—but detrimental when inapplicable to—the current externally geared endeavor.
Central to the goals of this dissertation, we assume that this interaction between internal
and external selection processes exists because WM entails endogenously activating
representations that would also be engaged by perception (e.g., visual neurons
representing particular color or shape features), which in turn primes these neurons to
be more easily activated by external stimuli matching their preferred features (Desimone

& Duncan, 1995; Postle, 2006).
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1.4.2 Properties of attentional biasing from WM

In accordance with our assumption that WM contents capture visual attention
because they activate shared perceptual representations, internal WM representations
must be actively maintained in order to involuntarily capture external attention; merely
priming a stimulus is not enough ( Hollingworth & Luck, 2009; Olivers et al., 2006; Pan,
Xu, & Soto, 2009; Soto et al., 2005; Soto, Wriglesworth, Bahrami-Balani, & Humphreys,
2010). Likewise, while an actively maintained stimulus promotes and enhanced neural
response in a network of superior frontal gyrus, midtemporal and occipital areas—as
measured with fMRI—these regions deactivate (i.e., repetition suppression) in response
to a merely primed stimulus (Soto, Humphreys, & Rotshtein, 2007). Thus, the neural
representation of an item is modulated when attention is directed at it internally for
active maintenance, and only in this case does the representation seem to impinge on the
allocation of visual attention.

Just as perceptual sensitivity is enhanced at selectively attended spatial locations
(Bashinski & Bacharach, 1980), gathering evidence suggests that actively maintained
WM content can also influence visual attention early in the processing stream (van
Moorselaar, Battistoni, Theeuwes, & Olivers, 2015). WM content can impact perceptual
sensitivity as assessed with signal detection analyses (Han, 2014; Soto et al., 2010; but see
Cosman & Vecera, 2011), as well as the landing position of rapidly-generated first

saccades (Hollingworth, Matsukura, & Luck, 2013; Olivers et al., 2006; Soto et al., 2005),
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and the direction of gaze correction after an errant saccade (Hollingworth & Luck, 2009).
Even in a simple detection task, with no competition for selection among stimuli, WM-
matching can speed target processing (Hollingworth, Matsukura, & Luck, 2013). While it
might be expected that bottom-up, stimulus-driven salience (i.e., perceptual
prominence) would supersede the impact of irrelevant internal representations,
moreover, WM content can augment the degree of attentional bias toward even a pop-
out search target (Soto, Humphreys, & Heinke, 2006), or a color singleton distractor
(Olivers et al., 2006). Just as top-down attention strategies can countermand capture by
bottom-up salience (e.g., Folk, Remington, & Johnston, 1992; Leber & Egeth, 2006), a
WDM-match can be preferred over a more visually salient target (Dowd & Mitroff, 2013).

While internally attended representations may be able to influence early
perceptual processing based on visual feature similarity, however, they can also impact
external attention via more abstract stimulus dimensions. Memory-matching items have
been shown to affect visual search whether the WM cue was presented visually (e.g., an
image of a red circle) or verbally (e.g., the words “RED CIRCLE”). Similar to the manner
in which visual search may be impacted by knowledge from context (e.g., Chun & Jiang,
1998) or long-term memory (Henderson, Malcolm, & Schandl, 2009; Summerfield,
Lepsien, Gitelman, Mesulam, & Nobre, 2006), moreover, the efficiency of visual search
can be influenced by the semantic relatedness of WM items, attention targets, and

distracters (Balani, Soto, & Humphreys, 2010). Just as when attention is endogenously
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guided by spatial cueing (Posner, 1980) or the holding of a search template (e.g., Wolfe,
1994), thus, actively maintained WM items can impinge on both early and late stages of
processing in favor of matching items in the environment.

This attentional capture is also reflected in electrophysiological measurements
from participants performing the sort of task described above. For instance, the N2pc
ERP component in response to a search target has an earlier onset and greater amplitude
when it also coincides with an internally maintained memory item (Kumar, Soto, &
Humphreys, 2009; Mazza, Dallabona, Chelazzi, & Turatto, 2011). The N2pc—seen over
visual cortex contralateral to an attended stimulus about 200msec after stimulus onset—
is used to isolate brain responses reflecting the focusing of attention (Luck & Hillyard,
1994), and is thought to originate in the extrastriate visual cortex (Hopf et al., 2000). Just
as the N2pc is sensitive to task set and endogenous cueing (e.g., Kiss, Jolicceur,
Dell’Acqua, & Eimer, 2008; Kiss, Van Velzen, & Eimer, 2008), it can be enhanced by
(task-irrelevant) actively maintained information. Thus, neural and behavioral measures

converge to indicate that WM has many properties in common with visual attention.

1.4.3 Bi-directional influence between WM content and visual
attention

While many theories posit a critical role for attention in controlling access to and
manipulation in WM maintenance, the converse influence of internal memory
information on external attention allocation is also now well-established. What has been

notably absent from this literature is an examination of the impact that intervening task
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demands (i.e., external visual search) might have on the maintenance of internal
memoranda. Only a handful of the studies reviewed above have reported performance
on the WM probe as a function of the relationship between the memory content and
search target. From these few, nonetheless, a picture is emerging that the reappearance
of memory-matching items in a visual search context can also impact the memory
representation, depending on whether it is harmful or helpful to search. That is, memory
probe responses after valid (memory-matching target) visual search arrays have been
faster and more accurate than invalid and neutral trials (Carlisle & Woodman, 2011a;
Grecucci, Soto, Rumiati, Humphreys, & Rotshtein, 2010; Woodman & Luck, 2007). This
suggests that the role of the internally attended content in an intervening task can also
influence its representation. Increased functional coupling between the pulvinar and
temporal parietal junction when an internally maintained item matched a visual search
distracter has also been associated with greater slowing of visual search (thus
presumably more attention allocated to the memory-matching distracter) but better
memory accuracy (Grecucci et al., 2010), further supporting the concept of a trade-off
between the two (Rotshtein, Soto, Grecucci, Geng, & Humphreys, 2011).

Internal memoranda can impact performance on an unrelated external task, but
that unrelated task may in turn result in modulation of the memoranda. Might it be the
case that internally maintained representations are susceptible to alteration depending

on the role that they play (and attention allocated to them) in the external environment?
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Indeed, if WM is akin to internally-targeted attention, it should be fully reciprocal with

selective visual attention. Thus, demands on attention in one domain (i.e., external)

should have a mutual impact on performance in the other domain (i.e., internal).

1.4.4 Boundary conditions of WM biasing of attention

As described above, what gets selected in the environment is interrelated with
what is attended internally. Those guiding internal representations could be items for
active maintenance in the absence of sensory input (WM) or search templates for an
external task. While there is abundant evidence that WM contents will drive attentional
selection, however, several studies have found null or contradictory results, revealing
conditions under which search targets can be effectively shielded from, or prioritized
over, the memory contents. If WM is akin to limited attention resources directed at
internal items for active maintenance, we would expect that such attention would be
unable to be sustained toward internal and external domains simultaneously.
Consequently, in some circumstances WM representations would gain attention and in
others a goal template for an external task would win.

A recent theory of the relationship between representations in visual WM and
attention proposes that items can be assigned different activation statuses in WM
(Olivers et al., 2011). Only one item receives the prioritized focus of attention, but others
are able to occupy an “accessory state” —meaning still active and accessible, but not the

center of attention (see also Oberauer, 2009). Multiple representations may alternate in
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the focus of attention, however (LaRocque, Lewis-Peacock, & Postle, 2014; Lewis-
Peacock et al., 2011; Lewis-Peacock, Drysdale, & Postle, 2014; van Moorselaar, Olivers,
Theeuwes, Lamme, & Sligte, 2015), and each may be able to guide external attention
depending on their current status (cf. Beck, Hollingworth, & Luck, 2012). At the neural
level, this could correspond to a graded endogenous activation distributed over multiple
neuronal ensembles, where at any given time only one ensemble (e.g., visual neurons
responsive to red circles) is primed to a degree that is sufficient to substantially lower its
threshold for externally evoked activation. This framework offers a possible means by
which internally attended content may impact visual attention allocation, and explains
why in some cases the search target may be protected from or prioritized over the

memory content. Specifically, a WM item should cease to impact visual attention if it is

kept out of the focus of internal attention for any reason.

One related hypothesis that could explain several instances when WM content
fails to capture visual attention is that a search target template is only stored in WM
when it varies from trial to trial (Woodman, Luck, & Schall, 2007). When this is the case,
likewise, the guidance of external selection by unrelated WM representations is typically
diminished or abolished (Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006;
Olivers, 2009), along with electrophysiological indicators of the bias (Peters, Goebel, &
Roelfsema, 2009). In other words, the search template seems only to retain the priority

status in the focus of attention when it is variable and more demanding to maintain (i.e.,
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requires internal attention), and thus wins the competition for selection. Accordingly,
recent studies have shown that WM content ceases to capture attention when a new
search template is introduced, but a WM bias progressively emerges as a search
template is repeated across trials (Gunseli, Olivers, & Meeter, 2014). When the search
template is stable from trial to trial —and can presumably be offhanded to an accessory
state —the actively maintained WM content is internally attended and liable to influence
selection. In addition to an unpredictable search target—which likely necessitated
greater internal attention —some of the above studies used complex objects and shapes
as stimuli (cf. Zhang et al., 2010), which were likely demanding to maintain, and may
also have provoked their retention in the focus of attention (at the expense of the
irrelevant WM item).

WM representations also appear to have a diminished impact on external
selection when memory and search templates are perceptually and/or semantically
similar (Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006; Peters, Goebel, &
Roelfsema, 2009; Woodman & Luck, 2007). In one noteworthy example (Woodman &
Luck, 2007), participants were asked to maintain a colored square memory item over a
delay, with an intervening visual search discrimination task for the location of a gap on
a colored square. When memory items could only reappear as distracters—and it was
therefore never beneficial to attend to the memory-matching item in the array —there

was no significant effect of the reappearance of a memory-match. This sort of task
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paradigm, further, has failed to show WM-related modulation of the N2pc ERP
component (Carlisle & Woodman, 2013; Carlisle & Woodman, 2011b) that had been
observed in other studies (Kumar et al., 2009; Mazza et al., 2011). This inconsistency with
earlier findings could be explained by mutual inhibition between similar WM and
search template representations, as might be expected if neural architecture is
characterized by competitive content maps (Franconeri, Alvarez, & Cavanagh, 2013). As
in, when search targets are perceptually and semantically distinct from WM content (i.e.,
remember colored shapes, search for oriented lines), the two would have non-
overlapping receptive fields and would be represented across separable neuronal
populations, and could thus simultaneously remain activated enough to allow
sensitivity to WM-matching external stimuli. If search templates and WM content were
nearby to one another—in terms of features, locations, or semantic properties—this
would evoke competition between them which might necessarily be biased toward the
immediately relevant search template, depending on the task demands. The absence of
an interaction between WM content and visual search attention allocation, under certain

conditions, could thus reflect their close relatedness, rather than their separability.

1.4.5 Modulation of the WM bias

As described above, an actively maintained search template, stimulus
complexity, and similarity between memory and search targets appear to be able to

reduce or eliminate the impact on selection of irrelevant internally maintained
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information (i.e., undermine its priority status). Variations in WM and cognitive load
have also been shown to modulate the extent of attentional guidance by internal
representations. When, for instance, subjects have had to maintain additional memory
items and engage in an articulatory suppression task, the reappearance of the memory
item in the search display made very little difference in search performance (Soto &
Humpbhreys, 2008). Likewise, in several instances, a memory load increase has
diminished the ability of the internal WM content to capture external selection (van
Moorselaar, Theeuwes, & Olivers, 2014; Zhang, Zhang, Huang, Kong, & Wang, 2011).
When one of two WM items has been retro-actively cued as relevant, effectively
reducing the load to a single item, however, it is then able to impact search performance
(Hollingworth & Hwang, 2013). Thus, when load is substantially amplified or combined
with concurrent articulation—and attention resources must be dispersed across several
items and tasks—any given memory item may be less likely to occupy the influential
focus of attention, and thus guide selection.

An fMRI study of this load-related modulation has shown that functional
connectivity between the PFC and posterior occipital regions—assessed by
psychophysiological interaction analysis —although greater overall when a memory
item reappeared matching a search target, was further amplified when fewer items were
held in WM (Soto, Greene, Chaudhary, & Rotshtein, 2011). This suggests that attentional

capture by memory items occurs via top-down modulation of sensory areas—just as
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attentional orienting and pre-target biasing of sensory cortices are thought to originate
in frontal cortex (e.g. Kastner, Pinsk, De Weerd, Desimone, & Ungerleider, 1999). The
disruption of this functional coupling under high WM load —along with greater frontal
activation in this condition —implies that high internal processing loads may occupy
limited resources and prevent the top-down modulation of posterior visual areas that
guide selection. The capture of visual attention by internally maintained items, thus,
may only occur when neural resources are available to bias sensory representations.

As indicated by the variations in task (e.g., variable search template) and
stimulus qualities (e.g., complexity, similarity between memory and search targets) that
can modify attentional guidance by WM contents, there are limits to unintentional biases
of selection by internally attended items. Fundamental findings in visual attention
research also hint at the potential for strategic control to alter the prioritization (or
attention allocation) of internal representations and their subsequent impact on external
selection. Involuntary shifts of attention have been found to depend on the attentional
control settings invoked by task demands, for instance (Folk, Remington, & Johnston,
1992), and goal-directed selection of specific features can override salience-driven
capture of attention (Bacon & Egeth, 1994). When the location of an upcoming search
target is spatially pre-cued, likewise, the influence of a memory-matching item in the
search display can be eliminated (Pan & Soto, 2010). The influence of memory-matching

search items has also been diminished at protracted search durations and intervals
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between stimuli (Dombrowe, Olivers, & Donk, 2010, Expt 1; Han & Kim, 2009), and
when search conditions were blocked and predictable (Dalvit & Eimer, 2011). Hence, it
appears that the search task (external allocation of attention) can be strategically
prioritized over the memory task (internal allocation of attention) when allowed or

required by the temporal characteristics of the search. If WM is indeed analogous to

internally-oriented attention, then it should also be subject to the same strategic control

processes as endogenous visual attention.

In summary, in some task contexts the irrelevant actively maintained
information dependably interferes with visual search, while in others the search target is
able to consistently override the influence of stimuli matching those unrelated
representations. While a number of attempts have been made to explain the conflicting
results, however, they have yet to establish a clear set of rules delineating when WM
content will capture visual attention in an unrelated task. (Dalvit & Eimer, 2011;
Dombrowe et al., 2010; Dowd, Kiyonaga, Egner, & Mitroff, 2015; Han & Kim, 2009;
Olivers, 2009; Soto & Humphreys, 2008; Tsvetanov, Arvanitis, & Humphreys, 2012;
Zhang et al., 2010, 2010; Zhang et al., 2011). The observation that preference can only be
given to either the internal memoranda or a relevant external search target, nonetheless,
suggests that limited attentional resources can be flexibly applied to either domain, but

not both simultaneously (i.e., there is a trade-off between the two).
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1.5 Interactions between WM and attention demands
1.5.1 WM and attention demands rely on same mechanisms

Above, I have described how external stimuli matching the features of WM
content can (sometimes) capture attention. One could argue that this does indeed
suggest that WM and visual attention operate over the same representational content,
but not that they necessarily share overarching attention resources or processes. A
number of behavioral and neural observations indicate, however, that internal and
external attention task demands can bear on one another, even when the content of the
two is unrelated. Not only do demands on one domain (i.e. internal) often interact with
demands in the other (i.e., external), moreover, but WM and visual attention also appear
to operate by analogous mechanisms.

Increased WM load can interfere with a simple choice reaction time task (Chen &
Cowan, 2009), increase susceptibility to visual distraction (de Fockert, 2013; de Fockert,
2001; Kalanthroff, Avnit, Henik, Davelaar, & Usher, 2014; Shimi, Woolrich, Mantini, &
Astle, 2015) and impair visual search (Han & Kim, 2004). Thus, it appears that (at least
some of) the capacity involved in WM is not specific to internal maintenance, but is
recruited to meet a number of cognitive demands. Therefore, loading WM will often
result in impaired performance on simultaneous tasks. Conversely, items can be
displaced from WM when a visual search or multiple object tracking must be performed

(Fougnie & Marois, 2011; Fougnie & Marois, 2010; Woodman & Luck, 2010; Woodman &
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Vecera, 2011; Woodman et al., 2007), and events in the outside world can alter internal
spatial maps (Theeuwes et al., 2009). Systematic increases in delay-spanning visual
attention load also relate to parametric decreases in WM feature-binding precision
(Zokaei, Heider, & Husain, 2014), and the magnitude of interference from distracting
external stimuli—as measured by the neural response in visual cortex—has been shown
to predict WM accuracy (Clapp, Rubens, & Gazzaley, 2010). It appears that, just as WM
load can impact an intervening attentional task, visual attention load can impact the
content and quality of WM. Even when WM and externally-oriented attention are
operating over different domains of information, they can interfere with one another.

A well-supported model of the relationship between storage and processing
demands in WM, in fact, proposes that the amount of information that can be
maintained will depend upon the time-consumption of intervening processes, as WM
storage and attentional processing share a common resource that alternates between task
demands (see Barrouillet & Camos, 2012; Barrouillet, Portrat, & Camos, 2011 for
reviews). For instance, color-naming of an incongruent color-word stimulus (e.g., the
word “red” written in green ink) would be more disruptive to WM storage than a
congruent stimulus (e.g., the word “red” written in red ink) because processing of the
incongruent stimulus takes longer (Stroop, 1935). Indeed, across many experiments, it
has been demonstrated that WM span suffers when greater processing demands are

packed into shorter periods of time ( Barrouillet, Bernardin, & Camos, 2004; Camos,
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Mora, & Oberauer, 2010; Camos, Lagner, & Barrouillet, 2009; Nobre et al., 2004;
Vergauwe, Barrouillet, & Camos, 2009, 2010; Vergauwe, Camos, & Barrouillet, 2014;
Vergauwe & Cowan, 2014). In complement to the above-reviewed literature —which
shows that irrelevant internally attended information can involuntarily bias intervening
external attention processing —the time-based resource-sharing literature demonstrates
that the impact of an unrelated attention task on WM performance can be precisely
quantified as a function of processing load. Although this approach has not been applied
to test the converse influence of WM demands on (externally oriented) attention
processing, the evidence are in favor of shared resources between domains of attention.
Stimulation of a prefrontal control region with TMS has, further, been shown to
impact both perceptual processing and WM accuracy (Zanto, Rubens, Thangavel, &
Gazzaley, 2011), and training in perceptual discrimination has been shown to transfer to
improvements in WM (Berry et al., 2010). WM capacity, furthermore, predicts visual
search and spatial attention performance (Anderson, Vogel, & Awh, 2013; Close, Sapir,
Burnett, & d” Avossa, 2014; Poole & Kane, 2009; Shen, McIntosh, & Ryan, 2014). Visual
WM and attention, thus, seem to rely on common underlying mechanisms and tap into
the same capacities to some extent. They also appear, moreover, to rely not only on the
same overarching attention resources, but also to operate by similar principles. For
instance, spatial attention is recruited to maintain mental representations (Awh, Jonides,

& Reuter-Lorenz, 1998; Katus & Eimer, 2015; Katus, Miiller, & Eimer, 2015; Nobre et al.,
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2004), and identifying a target in both an externally displayed perceptual search array,
and an internally maintained array, can elicit an N2pc ERP component of equivalent
time course and scalp distribution (Kuo, Rao, Lepsien, & Nobre, 2009). Moreover,
orienting attention to items in WM —in response to a retro-cue—modulates oscillatory
activity and multivariate patterns of fMRI activity similarly to perceptual attention
(Nelissen, Stokes, Nobre, & Rushworth, 2013; Peters, Kaiser, Rahm, & Bledowski, 2015;
Poch, Campo, & Barnes, 2014), further implying that internally and externally geared
attention processes occur by the same mechanism. Such retro-actively cued attention
also increases neural evidence for the WM content (LaRocque et al., 2012; Lewis-Peacock
et al.,, 2011, 2014) and relates to WM success (LaRocque, Eichenbaum, et al., 2014;
Lepsien, Griffin, Devlin, & Nobre, 2005; Souza, Rerko, Lin, & Oberauer, 2014; Williams,
Pouget, Boucher, & Woodman, 2013). Just as visual attention can be oriented based on
top-down commands, the orientation of attention can be modulated within WM.

WM and visuospatial attention tasks correspondingly engage overlapping
fronto-parietal brain regions (Ikkai & Curtis, 2011; LaBar, Gitelman, Parrish, & Mesulam,
1999; Mayer et al., 2007; Nee & Jonides, 2009; Tamber-Rosenau, Esterman, Chiu, &
Yantis, 2011), and some of these regions have been identified as the seat of a unified
attentional bottleneck for diverse attention-demanding operations, like perceptual
encoding and decision-making (Tombu et al., 2011). One particular brain region, the

intraparietal sulcus (IPS), has emerged as a likely candidate for the seat of a domain-
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general limited attention resource (Killebrew, Mruczek, & Berryhill, 2015). This area has
been shown to reflect the coordination of multisensory attention (Anderson, Ferguson,
Lopez-Larson, & Yurgelun-Todd, 2010; Palva, Monto, Kulashekhar, & Palva, 2010),
spatial and feature-based attention (Egner et al., 2008), and capacity limitations in
working memory across modalities (Chein, Moore, & Conway, 2011; Cowan et al., 2011;
Todd & Marois, 2004; Xu & Chun, 2006). Thus, we might expect posterior parietal cortex

to play a critical role in the interaction between WM and visual attention demands.

1.5.2 WM and attention are sometimes separable

Although we’ve now seen ample evidence that WM and attention demands
impinge on one another, in daily life, internally- and externally-geared attention
processes can often co-occur without impeding one another (e.g., we can rehearse our to-
do list while driving). Accordingly, in some studies, attention and WM tasks can be
performed well simultaneously. Visual search efficiency (i.e., slope) can been unaffected
by a concurrent WM load (Woodman, Vogel, & Luck, 2001), and performance in one
domain of WM (i.e. verbal) can proceed unaffected by load in another (i.e., perceptuo-
motor; Baddeley, 2003; Cocchini, Logie, Sala, MacPherson, & Baddeley, 2002).
Maintenance of a retro-cued WM item, furthermore, can be unimpaired by a secondary
visual task (Hollingworth & Maxcey-Richard, 2012; Rerko, Souza, & Oberauer, 2014),
and uncued (i.e., “unattended”) WM items can still be successfully remembered

(Gunseli, Moorselaar, Meeter, & Olivers, 2015; Lewis-Peacock et al., 2011). Verbal WM
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does not depend on sustained attentional maintenance, further, but can persist in the
face of articulatory suppression (Sandry, Schwark, & MacDonald, 2014). In some cases,
additionally, WM capacity does not seem to be limited by attention (Duncan, Schramm,
Thompson, & Dumontheil, 2012; Oberauer, Lewandowsky, Farrell, Jarrold, & Greaves,
2012), and WM demands can engage additional and distinct neural substrates from
perceptual attention (Nee & Jonides, 2009).

While these findings may appear to undermine the current framework, they are

not truly in opposition. Specifically, we would only expect the competition between

internal and external attention to be evident when the two are sufficiently taxed. Given

enough time for attention to alternate between demands (whether due to lenient task
timing or a sub-capacity load in either domain) this limitation would not reveal itself.
For instance, we may be able to rehearse our to-do list in the car because driving
operations have become highly automatic and require little attention. If the driving
demands were to change unexpectedly (e.g., an unknown detour or sudden hailstorm),
this would likely be more destructive to our internal rehearsal. Likewise, if our mental
workspace became consumed with particularly distressing thoughts, this would likely
be more detrimental to the driving.

A reconciliation between the current proposal and some seemingly contradictory
findings would be that different neural regions and mechanisms may handle

information in distinct domains (e.g., verbal vs. spatial), and information can be
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maintained in those regions for some amount of time (perhaps due to a sluggish, non-
instantaneous decay of neural activity) without focused attention from the shared
resource. When either are maximally loaded, however, the attention resource that is
responsible for a host of actions (like processing, manipulating, refreshing, inhibiting,
etc.) becomes strained, and performance suffers in one or both domains.

While several observations seemingly indicate that WM and visual attention can
operate independently, therefore, we propose that this is a product of sub-capacity load

in either domain.

1.6 Summary and hypotheses

A parsimonious explanation of the seemingly complicated relationship between
internal (WM) and external (visual attention) cognitive demands may be a unified,
capacity-limited cognitive resource that is alternatingly allocated toward internal and
external information. The extent to which this resource is dedicated to one domain over
the other can be influenced by task goals and other internal representations, which will
determine the external stimuli selected for processing. Conversely, because these
attention domains influence each other bi-directionally, externally selected stimuli and
demands can also alter internally maintained representations, including task goals. In
this way, we can understand why our visual attention might be captured by an
irrelevant object that coincides with our internal thoughts, but also why we might

update our immediate priorities when external stimuli demand our attention. This
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account offers an explanation for the observed interactions between WM and attention,
as well as a new framework within which to study limitations on, and effective
prioritization of, attention allocation to our internal thoughts and goals versus pressing

external demands. This proposal prompts the following hypotheses:

a) Why do WM contents—sometimes unwittingly —capture attention in the first place? Our
working hypothesis is that if maintenance in WM occurs via attention directed
internally, and shares representations with sensory attention, WM content will
activate the sensory neurons that are responsive to the features of the maintained
representations, and sensitivity to matching items in the environment will be
increased (even if they are not immediately task-relevant). If this is the case WM
should impact behavior as if its content were being visually perceived and attended.
We therefore expect WM to be subject to analogous strategic control processes and

selection mechanisms as externally-geared attention.

b) If the linkage between WM and attention is obligatory, why do WM contents sometimes fail
to capture attention? We propose that because attention is a limited-capacity resource,
it can only be directed at a limited amount of information at any given time. If task
demands prevent attention from being directed at the irrelevant WM content (e.g.,
attention is instead directed externally or toward a search template), it should not

be activated in the focus of attention, and should cease to guide sensory attention.
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c) Why do unrelated WM and attention task demands impact one another? If WM relies on
the same limited-capacity resources as externally-oriented attention, supra-threshold
demands in either domain should detract shared attention resources from the other
domain, and interfere with processing. Therefore, we expect that taxing shared
attention in one domain (i.e., visual) will have a reciprocal impact on performance

in other domains (i.e., WM).

d) If WM and attention are mutually reliant on the same limited resource, why can they
sometimes proceed without affecting one another? To the extent that two concurrent tasks
rely on selective attention (whether internally- or externally-oriented), they will
impact one another. This impact should not be observed when a) task demands are
lax enough to allow comfortable switching between internal and external
demands or b) one or the other task can be accomplished without sustained

attention.

While there is fairly wide agreement at this point that WM and attention are
related concepts, and can sometimes impact one another, inconsistencies in the literature
have left uncertain the level at which the two are related (i.e., representations vs.
attention resources) and conditions under which they should impact one another. The
two could both engage the same neural representations, for instance, but pull from
discrete stores of attentional control resources. In this case, we should observe the

capture of visual attention from WM-matching stimuli, but no interference between
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unrelated demands on load in either domain. On the other hand, the two could share
supramodal attention resources, but each rely on their own dedicated store of
representational real estate. Moreover, they could manifest analogous properties, but be
subserved by their own representations and resources that happen to abide by similar
principles. I argue here that the only distinction between WM and sensory attention is
that one is directed internally (i.e. activated endogenously) and the other is directed
externally (i.e., activated by environmental stimuli). All properties of attention,
therefore, should apply to both domains. In order to convincingly establish that WM is
truly internally-oriented attention, we must demonstrate that it relies on equivalent
representations, mechanisms, and resources to externally-oriented perceptual attention.
We are rarely (if ever) confined to an isolated bubble wherein our thoughts have
no bearing on our actions in the environment, and our environment has no impact on
our thoughts. This dissertation will test the above hypotheses to address those instances
when the internally- and externally-oriented attention compete, with the goal of
understanding the mechanisms that control, and boundaries that limit, these critical

cognitive capacities.
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2. Attentional control principles in WM biases of
selection

It has been repeatedly shown that WM content can bias visual attention toward
stimuli with matching features in the visual field (Olivers et al., 2011; Soto et al., 2008).
Many of these studies required participants to remember an item (such as a colored
shape) while performing an intervening visual search task. The critical manipulation
was whether the memory item reappeared in the search display, and if so, whether its
location coincided with the search target or with an irrelevant distracter. Typically,
participants are faster to complete the search when the WM item reappears at the
location of the search target, and slower to find the target when the WM item reappears
at the location of a distracter (e.g., Downing, 2000; Olivers et al., 2006; Soto et al., 2005).
Thus, attention seems to be captured by items that match WM contents, even when
those are irrelevant for the search task. Because this capture of attention has been
observed in search for pop-out targets (Soto et al., 2006), and even when the memory
items never predicted the search target location (Olivers et al., 2006; Soto et al., 2005),
some have suggested that it may be an automatic effect (Soto et al., 2008). This
interaction between WM and attentional selection may reflect shared content and
function between visual WM and attention, supporting the notion that WM can be

considered internally-oriented attention (cf. Kiyonaga & Egner, 2013).
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Other studies have found no influence of memory-matching items on visual
attention (Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006; Peters et al., 2009),
however, or suggest that participants can strategically avoid a distracting reappearing
memory item (Han & Kim, 2009; Woodman & Luck, 2007). So, there remains some
debate as to whether WM automatically biases the allocation of attention, or whether

top-down control can modulate the effect. Indeed, if WM can be considered internally-

oriented attention, it should also abide by well-established principles of attentional

control (i.e., Posner, 1980). Just as top-down control of attention can be applied to give
precedence to certain stimuli in a visual scene, internal attention should be strategically
modifiable to control its impact on external selection.

Here we examined the extent to which participants could flexibly use their
knowledge about the validity of the memory contents to optimize search performance—
namely, to boost attention towards WM-matching targets when the probability of
validity is high, and to suppress the WM representation in the search process when the
probability of invalidity is high. Following the logic of classic attention studies, (e.g.,
Posner & Snyder, 1975), we varied the probability of search targets occurring at the
location of memory-matching stimuli. Memory was only probed during surprise
memory recognition trials, and never after the search task, so there was no incentive to
attend to a reappearing memory item. Further, we included a condition of 100% invalid

memory cues, to examine whether WM items may still guide attention, even in the face
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of top-down effort to prevent their impact when they can only be harmful to the search.
In an additional experiment, we increased the WM difficulty to explore the give-and-
take relationship between the memory and attention components of the task. For the
tirst time, we examined how expectations about the relationship between memory items
and search targets would in turn modulate the accessibility of the WM representation—
as should be the case if WM and perceptual attention rely on shared resources and
representations. In a second study, we use transcranial magnetic stimulation (TMS),
guided by fMRI activation foci, to test the causal neural mechanisms of strategic control
over WM biases of selection. The study provides new insights for understanding how the
reciprocal interaction between WM content and attention may be modulated by

cognitive control, and thus how WM abides by fundamental properties of attention.

2.1 Experiment 1
2.1.1 Experiment 1a Methods
2.1.1.1 Participants

Twenty (11 female, mean age = 20, range: 18-22) volunteers gave written
informed consent and received course credit or $10.00 payment for their participation.

The study was approved by the Duke University Institutional review board.

2.1.1.2 Experimental protocol

The experiment was run on a Dell Optiplex 960 computer using E-prime (Version

2.0; Psychology Software Tools, Pittsburgh, PA, 2007). Stimuli were viewed from
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approximately 60 cm on an LCD monitor with a 60 Hz refresh rate and a screen
resolution of 1280 x 1024 pixels. Each trial began with the presentation of a white
fixation dot at the center of the screen on a black background for 1000msec, followed by
a blank screen for 500msec, then a to-be-remembered colored circle cue, subtending
approximately 1.3° in diameter, at the center of the screen for 250msec (Figure 2). Two
thousand msec after the offset of the cue, the target display appeared for 100msec. The
target display was composed of three colored circles—each subtending approximately
1.4° in diameter —at the corners of an imaginary triangle that were each approximately
2.5° from central fixation. Each circle contained a line of .57° length. Two of the lines
were vertical and one—the target—was tilted 16° to the left or right. The participants’
task was to indicate the orientation of the line using designated button presses to
respond “left” or “right” -tilted. Each target location and orientation occurred equally
often and in randomized order. To limit any incentive to attend to the memory item
when it was irrelevant to the search task—while still ensuring that participants
maintained the item in WM —20% of trials were catch trials on which, instead of a visual
search display, participants were given a recognition test for the memory item. Memory
probes consisted of a colored circle of 1.4° in diameter, at the center of the screen beneath
a question mark, for 1500msec. Participants had to indicate whether the probe was
identical to the initial colored circle cue using designated button presses to respond

“same” or “different.” Match and non-match probes occurred equally often and in
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randomized order. The memory items and search array circles were randomly selected
from one of four colors, with RGB values as follows: red (155, 0 0), blue (0, 0, 155), green
(0, 165, 35), or yellow (170, 170, 45). Each color occurred equally often as a memory cue,
and only one circle of each color appeared in the search display. Individual trials could
be valid (memory item reappears surrounding the search target), invalid (memory item
reappears surrounding a distracter), or neutral (memory item does not reappear in the
search display). The critical manipulation here, however, was that trial conditions were
blocked. Blocks could be composed of 100% valid trials, 100% invalid trials, 100%
neutral trials, or 50% valid and 50% invalid trials. Participants were given instructions at
the beginning of each block informing them of these percentages.

Task Structure

valid search trial catch trial invalid search trial

remember left or right same or different
this cue tilt? from cue?

Figure 2: After each colored circle memory cue, participants saw either a visual search
or a memory probe (i.e., catch trial). Blocks of trials were either 100% valid, 100%
invalid, or 50% valid/50% invalid.

Participants completed a practice session—comprising 5 trials of each
condition—with a search duration of 500msec, and then another practice session at the
experimental search duration of 100msec, to become acclimated to the speed of the
search display. Participants then went on to complete 4 blocks of each condition, which

occurred in random order. Each block consisted of 20 trials, totaling 320 trials in all.
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2.1.2 Experiment 1a Results

Means and standard deviations for all measures are reported in Table 1. We
examined response times (RT) for correct visual search responses, according to block
and trial condition (Figure 3a). Performance on valid and invalid trials, in both 100%
and 50% predictability blocks, was normalized to the neutral baseline by subtracting
scores for each condition from the mean RT for neutral blocks. These normalized RT
scores were entered into a 2 x 2 ANOVA with the factors of Validity (Valid vs. Invalid)
and Predictability (100% vs. 50%). Search was faster overall on valid trials (vs. invalid),
F(1,19)=47.42, p <.001, np*>-.71, and faster overall on 100% predictable blocks (vs.
unpredictable 50%/50%) F(1,19) = 16.97, p = .001, np?-.47. Valid cues sped up the search
process and this speed-up was enhanced by cognitive control (cue predictability),
whereas invalid cues slowed down the search process and this slow-down was
attenuated by cognitive control (Figure 3b). The relative benefit of predictability,
however, was comparable for valid and invalid trials, F(1,19) = 1.31, p = .267, 1y*>-.064.

Search trial accuracy was at ceiling (mean = 97%) and displayed no main effect of
validity (p = .30), predictability (p = .81), nor an interaction (p = .69). Neither RT nor
accuracy for memory catch trials varied significantly according to block condition (all p >
.1), and accuracy on the memory probes was high (93.4%), confirming that participants

were keeping the cues in WM.
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Table 1: Means (and standard deviation) for all conditions in Experiment 1a

Visual Search Task Working Memory Task
Block Trial o o
Condition  Condition RT (msec)  Accuracy (%)  RT (msec)  Accuracy (%)

100% Neutral =~ Neutral 566 (157) 97.5 (15.5) 834 (206) 92.0 (27.1)

100% Valid Valid 522 (150) 97.3 (16.3) 821 (203) 94.0 (23.8)

100% Invalid  Invalid 590 (147) 97.0 (17.0) 838 (214) 94.2 (23.3)
Valid 547 (152) 98.1 (13.7)

50% Valid 844 (219) 93.4 (24.9)
Invalid 607 (152) 96.7 (17.8)
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Figure 3: a) Experiment 1a mean visual search RT (msec) as a function of block and
trial condition. b) Scores on each condition subtracted from the neutral baseline.
Positive values reflect RTs faster than neutral and negative values reflect RTs slower
than neutral. Error bars reflect SEM.

2.1.3 Experiment 1a Discussion

The results clearly indicate that there are both voluntary and involuntary
contributions to the capture of attention by WM contents. While search speed was
always fastest on validly cued trials, it was further augmented in the context of 100%

valid blocks, when it was known that the WM item would coincide with the search
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target, and could be strategically enhanced. Conversely, search was always slowest on
invalidly cued trials, but the impact of a memory-matching distracter was dampened in
100% invalid blocks, when it was known to be distracting, and could be intentionally
suppressed. WM content, thus, appears abide by the principles that govern endogenous
attentional control. It was still the case, however, that 100% invalid blocks were slower
than neutral blocks, #(19) = 2.17, p < .05, indicating that participants could not completely
prevent the interference of the memory item. This obligatory linkage between WM
content and visual attention, further, indicates that the two operate over shared
representations. We next ask whether cognitive control can modulate the state of the

mnemonic content in addition to the strength of the WM-bias.

2.1.4 Experiment 1b Introduction

Experiment 1a was not designed to investigate WM performance. Memory was
tested on only 20% of trials and the task was sufficiently easy that accuracy was very
high (93%).In Experiment 1b, we increased the proportion of WM probe trials and
sought to make the WM component more challenging, by expanding the color space
from which stimuli could be drawn.

Most prior studies have been conducted from the perspective that WM
influences the allocation of attention, and typically only address performance on the
search task without scrutinizing memory performance (but see Grecucci et al., 2010;

Woodman & Luck, 2007). Here, we examine the relationship between the memory and
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attention components of the task by probing the role of block-wise cue predictive value
on the memory content itself. This allows us to adjudicate two possible interpretations of
the strategic control effects observed in Experiment 1a. On the one hand, the role of
cognitive control in reducing the impact of WM items on attentional allocation could be
seen to demonstrate a decoupling of WM and attention, thus supporting the
independence of these processes (Downing & Dodds, 2004; Houtkamp & Roelfsema,
2006; Peters et al., 2009; Woodman & Luck, 2007). On the other hand, strategic control
may instead reflect modulation of the memory representation itself, which in turn
would amplify or diminish its effect on visual search. From the latter perspective, any
effect of cognitive control on WM biases of selection would not be an expression of the
independence between WM and attention, but of their reciprocity. That is, if WM can be
considered internally-oriented attention, and displays a bi-directional relationship with
externally-oriented attention, any modulations in attentional control over external
selection should also be evident in the internal content.

In conducting Experiment 1b, we reasoned that if the second interpretation is
correct, then the strategic modulation of the WM content’s impact on visual search
should manifest itself in the speed of memory recognition performance. Such a finding
would be consistent with the recent proposal that WM items can be designated different
statuses or activation states, where only actively held items will influence perception

(Olivers et al., 2011). According to this framework, other items can be appointed to an
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accessory state that will not impact visual attention (or at least not as considerably), but
can be retrieved into the active state when they become task-relevant. If cognitive
control over the impact of WM content modifies the activation state of the critical
memory representations, then we would expect that an attempt to suppress a potentially
interfering WM item would result in its assignment as an accessory item. This would
then require a more time-consuming reinstatement into active memory in the event of a
surprise recognition test, thus memory responses should be slower in the 100% invalid

(as opposed to 100% valid) condition.

2.1.5 Experiment 1b Method
2.1.5.1 Participants

Twenty-eight (14 female, mean age = 23, range: 18-49) volunteers gave written
informed consent and received course credit or $10.00 payment for their participation.

The study was approved by the Duke University Institutional review board.

2.1.5.2 Experimental protocol

The trial sequence in Experiment 1b was identical to Experiment 1a, except that
the proportion of memory trials was increased from 20% to 50%, and the memory test
was made more difficult by increasing the number of colors from which stimuli could be
drawn. Experiment 1a utilized stimuli of four distinct colors, while Experiment 1b used
those same four hues, but with three shades of each hue, totaling twelve colors, with

RGB values as follows: three shades of each red (180, 0, 0; 130, 50, 50; 163, 17, 62), blue (7,
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186, 249; 1, 104, 255; 7, 70, 249), green (0, 255, 0; 1, 155, 0; 0, 80, 0), and yellow (252, 243,
62; 209, 204, 0; 255, 187, 51). The occurrence of each color was counterbalanced across
conditions. When memory was tested for the color of the cue stimulus, the probe shade
was either an exact match to the memory color, or a different shade of the same hue,
thus necessitating a more fine-grained visual WM representation than the cues in
Experiment 1a. When a memory color reappeared in the search array, it was only ever
an exact match, and never a different shade of the same color.

Participants completed a practice session—comprising 5 trials of each
condition—with a search display duration of 500msec, and then another practice session
at the experimental search display duration of 100msec. The experiment then consisted
of 2 blocks of each 100% valid, 100% invalid, and 100% neutral conditions, and 4 blocks
of the 50% valid/50% invalid condition, which occurred in random order. Each block

constituted 32 trials, totaling 320 trials in all.

2.1.6 Experiment 1b Results

Means and standard deviations for all measures are reported in Table 2. The
memory difficulty manipulation was successful at decreasing accuracy on memory
trials. While overall memory accuracy in Experiment 1a was 93.4%, it was significantly
lower in Experiment 1b at 77.2%, t (46) = 6.76, p < .001. Despite this dramatic dip in WM
accuracy, the pattern of search trial RTs in Experiment 1b was similar to that in

Experiment 1a (Figure 4a). Again, scores were normalized —by subtraction from the
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neutral baseline—and entered into a 2 x 2 ANOVA with the factors of Validity (Valid vs.
Invalid) and Predictability (100% vs. 50%). Again, search was faster overall on valid
trials (vs. invalid), F (1, 27) = 85.5, p <.001, n)p?>-.76, and faster overall on 100% predictable
blocks (vs. 50% validity), F (1, 27) = 10.24, p <.001, np?>- .28, replicating the main findings
of Experiment 1a: valid cues sped up search and this speed-up was enhanced by
cognitive control (cue predictability), whereas invalid cues slowed search and this slow-
down was attenuated by cognitive control. A Validity x Predictability interaction, F (1,
27)=7.57, p <.05, np?>-.22, however, also revealed that the effect of predictability was
greater for valid trials (100% valid — 50% valid) than for invalid trials (100% invalid —
50% invalid), t (27) =2.75, p < .05 (Figure 4b; cf. Carlisle & Woodman, 2011a).

Finally, our main goal for Experiment 1b was to examine whether WM
performance, now exposed to higher demands, would be affected by the experimental
manipulations. Indeed, memory probe RTs did fluctuate with block condition. In a
repeated measures ANOVA with the 3-level factor of Block Condition (100% Valid, 50%
Valid/50% Invalid, and 100% Invalid) there was a main effect of Condition, F(2, 54) =
3.42, p <.05, np?-.11, and a significant linear trend, F(1, 27) = 4.99, p < .05, 1p?-.16. In line
with our prediction that memory responses would be faster in the 100% valid blocks
than in 100% invalid blocks, a two-tailed t-test confirmed this to be the case, #(27) =-2.23,

p <.05. Memory recognition for accurate trials was fastest in 100% valid blocks, then 50%

45



validity blocks, and was slowest in the 100% invalid blocks (Figure 4c). Memory
accuracy, on the other hand, did not differ according to block condition (p = .32).

Search accuracy was sensitive to the WM validity condition in Experiment 1b.
While the ANOVA revealed no main effect of Predictability (p =.25), nor a Validity x
Predictability interaction (p =.7), there was a main effect of Validity, F (1, 27) =12.05, p <
.01, np?-.31, reflecting better overall search accuracy when the WM cue coincided with
the search target, as opposed to a distracter.

Table 2: Means (and standard deviation) for all conditions in Experiment 1b

Visual Search Task Working Memory Task
Block Trial RT A o RT A o
Condition  Condition (msec) ccuracy (%) (msec) ccuracy (%)
100% Neutral  Neutral 596 (94) 96.3 (6.8) 738 (96) 77.3 (10.6)
100% Valid Valid 553 (74) 97.4 (4.4) 740 (99) 76.4 (9.6)
100% Invalid  Invalid 642 (87) 95.3 (7.3) 775 (97) 78.7 (7.9)
Valid 590 (73) 96.6 (6.2)
50% Valid 750 (91) 78.3 (8.5)
Invalid 648 (86) 93.9 (8.3)

Finally, our main goal for Experiment 1b was to examine whether WM
performance, now exposed to higher demands, would be affected by the experimental
manipulations. Indeed, memory probe RTs did vary with block condition. In a repeated
measures ANOVA with the 3-level factor of Block Condition (100% Valid, 50%
Valid/50% Invalid, and 100% Invalid) there was a main effect of Condition, F(2, 54) =

3.42, p <.05, np?-.11, and a significant linear trend, F(1, 27) = 4.99, p < .05, 1p*>-.16. In line
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with our prediction that memory responses would be faster in the 100% valid blocks
than in 100% invalid blocks, a two-tailed t-test confirmed this to be the case, +(27) = -2.23,
p <.05. Memory recognition for accurate trials was fastest in 100% valid blocks, then 50%
validity blocks, and was slowest in the 100% invalid blocks (Figure 4c). Memory

accuracy, on the other hand, did not differ according to block condition (p = .32).
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Figure 4: a) Experiment 1b mean visual search RT (msec) as a function of block and
trial condition. b) Visual search RT on each condition subtracted from the neutral
baseline. ¢) Memory probe RT for each block condition, subtracted from the neutral
baseline. Error bars reflect SEM.

2.1.7 Experiment 1b Discussion

Although the memory task was more difficult in Experiment 1b, participants
displayed the same general search RT pattern as Experiment 1a, with one important
difference: trial validity and block predictability interacted. When memory demands
were greater, the impact of predictability was diminished for invalid trials. We speculate
that the requirement to maintain a more precise visual memory representation
magnified its impact when it was valid, but somewhat prevented the strategic

attenuation of its impact when it was invalid.
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Of more direct concern to our hypothesis, however, is the memory performance.
We predicted that the memory cues in an invalid context should be relegated to a
different state, leading to slower RTs relative to the valid cues which should remain
accessible. Indeed, while memory accuracy was not modulated by validity or
predictability, participants took longer to retrieve and report memory items when they

were strategically attempting to inhibit their impact on visual search.

2.1.8 Experiment 1 Discussion

Experiment la confirmed that there are both strategic and involuntary
contributions to the capture of attention by the contents of WM. As in many other
studies (Downing, 2000; Olivers et al., 2006; Soto et al., 2005), search performance was
delayed in the presence of WM-matching distracters and expedited by WM-matching
targets. The magnitude of these costs and benefits, however, was modulated by the
probability that WM cues would coincide with targets vs. distracters, bearing striking
similarity to the effect of endogenous spatial attention cueing (Posner, 1980). Despite the
confidence with which participants could predict invalid cues in 100% invalid blocks,
however, they were still significantly slowed by them, suggesting that WM content and
visual attention are inextricably linked because they share representations.

Experiment 1b provides evidence for a bi-directional relationship between WM
and attention. We showed that memory recognition speed was sensitive to the validity

and predictability of the WM item for visual search, further supporting the reciprocity of
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attention and WM processes; WM not only influenced the allocation of attention, but the
memory itself was modulated based on goals. This pattern of memory performance
suggests that control can occur at the level of the memory representation to alter its
subsequent impact, possibly through manipulation of the status of the WM trace.

Two important implications stem from these results. First, both the visual search
and memory performance profiles indicate that there is a give-and-take relationship
between the attention and WM components of this dual-task paradigm. When task
demands necessitate a richly maintained memory representation, there are
consequences for visual search performance, which may be harmful or helpful
depending on the relationship between the memory content and search target. Likewise,
when cognitive control is exerted to limit the impact of irrelevant memory contents on
search performance, there are consequences for memory recognition. Thus, WM and
attention processes appear to be tightly connected, and not easily dissociable. Secondly,
this cognitive control over WM biases is implemented (at least partly) through
modification of the memory representation itself, and specifically, via context-dependent
enhancement or attenuation of its impact by shifting its WM state. Next, we explore the

neural mechanisms of this strategic control.

2.2 Experiment 2 Introduction

How does the human brain implement this cognitive control over the linkage

between WM and attention? We recently manipulated the predictability (i.e.,
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proportion) of valid and invalid WM cues, during fMRI, to examine WM delay control
signals involved in enhancing or inhibiting the influence of WM content in a visual
search (Soto, Greene, Kiyonaga, Rosenthal, & Egner, 2012). While predictability overall
was associated with activation of a parieto-medial temporal network, predictably
helpful (i.e., valid) WM cues activated the left posterior parietal cortex (PPC), while
predictably distracting (i.e., invalid) cues engaged the right PPC (both relative to a non-
predictive baseline, Figure 5b). These findings suggest a neural dissociation of cognitive
control processes associated with enhancement and inhibition of WM biases, giving rise
to the intriguing hypothesis of a lateralization in human PPC according to the manner in
which WM content is strategically employed to control attention.

The PPC is a heterogenous region that has been implicated in the goal-oriented,
flexible control of behavior to meet a variety of cognitive demands (e.g., Duncan, 2010).
While there is some support for separable roles of left and right PPC in such functions as
bottom-up attentional orienting either toward or away from salient stimuli (Mevorach,
Humphreys, & Shalev, 2006), the evidence for hemispheric specialization of attentional
processes has been mixed (Rushworth, Ellison, & Walsh, 2001). Here we perturb normal
brain activity, using repetitive transcranial magnetic stimulation (rTMS), to determine
the specific and causal roles of left and right PPC in controlling the relationship between

internal WM content and externally-geared visual attention.
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We applied 1Hz rTMS to left and right PPC guided by activation peaks from the
prior fMRI study (Soto et al., 2012). This rTMS protocol is generally found to temporarily
reduce task-related cortical excitability in the targeted region (Pascual-Leone et al., 1998),
and can have the behavioral consequence of hampering performance of tasks that rely
on that region (Walsh & Cowey, 2000). Participants completed the combined WM/visual
search task—wherein we manipulated WM validity and predictability —after each
stimulation session. If left and right PPC play causal and qualitatively dissociable roles
in the cognitive control over WM biases of attention (i.e. enhancement and inhibition
based on WM-validity foreknowledge), then left and right PPC rTMS ought to produce

distinct modulation of visual search performance based on WM context.

2.2.1 Experiment 2 Methods
2.2.1.1 Participants

Twenty naive volunteers (10 female, mean age = 26, age range: 21-43) gave
written informed consent in accordance with the Duke University Health System
Institutional Review Board, and were compensated with $20.00 per hour for their
participation. Three participants were excluded because of technical problems during

the stimulation session, leaving 17 participants in the final analysis.

2.2.1.2 Overview of Experiment

Participants were first trained on the composite WM-visual search task from

Experiment la (Kiyonaga, Egner, & Soto, 2012). Stimulation targets were based on group
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activation coordinates from Soto et al. (2012), which were mapped onto individual
anatomical images. All participants underwent a 15 minute session of 1Hz rTMS for
each of three target regions: left PPC, right PPC, and a vertex control site. The vertex was
used to reproduce the sensations of real TMS and control for any non-specific effects of
stimulation (Pitcher, Garrido, Walsh, & Duchaine, 2008). Order of stimulation was
counterbalanced across participants, and each stimulation period was followed by a run
of the behavioral task, which lasted between 15-20 minutes, resulting in approximately

30 minutes in between each round of TMS (Figure 5a).

a Experimental Timeline

Task
TMS 1 Task 1 TMS 2 Task 2 TMS 3 Task 3

15min  10min 15min 20min 10min 15min 20min 10min 15min 20min

b Target Selection
TMS targets

Predictability-related activations
(from Soto et al., 2012)

Enhancement = epe
100% Valid e

> 50/50 MNI:-38, -56, 40
Inhibition

100% Invalid

> 50/%0 Right PPC

MNI: 24, -46, 54

Figure 5: a) Before each task run, 1Hz rTMS was delivered to one of three targets
locations —vertex, left PPC, or right PPC—in counterbalanced order. b) Stimulation
sites based on prior fMRI findings

2.2.1.3 Stimuli and task procedure

The task was identical to Experiment 1a. The experimental runs following TMS

consisted of 2 blocks each of 100% valid and 100% invalid conditions, and 4 blocks of the
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50/50 condition, the order of which was counterbalanced over participants. Each block

consisted of 25 trials, for a total of 200 trials in each behavioral run.

2.2.1.4 Transcranial Magnetic Stimulation (TMS)

In Soto et al. (2012), the contrast of cue-related activation between 100% valid
and 50/50 conditions revealed a primarily left-lateralized PPC cluster, while the contrast
between 100% invalid and 50/50 revealed a right-lateralized PPC cluster (Figure 5b).
TMS targets were selected within each of these two clusters based on the criteria that
they be (1) among the top five local maxima for that contrast, (2) of roughly equivalent
depth from the cortical surface, and (3) non-overlapping with any region of activation
from the alternate contrast. The left PPC target was located at MNI: -38, -56, 40
(corresponding to the posterior portion of the supramarginal gyrus), and the right PPC
target at MNI: 24, -46, 54 (corresponding to the base of the superior parietal lobule;
Figure 5b). Each individual’s vertex, determined as the point midway between the inion
and the nasion (at x = 0), was used as a control site, against which to compare the effects
of stimulation to the left and right PPC regions. The Brainsight 2 frameless stereotaxic
neuronavigation system (Rogue Research, Montreal, Canada) was used to co-register a
normalized MNI brain to each individual’s T1-weighted structural MRI, to localize the
MNI coordinates of the TMS targets in each participant, and to monitor the proper coil

position and orientation throughout each stimulation session.
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Fifteen minutes of 1Hz rTMS was delivered to each target using a Magstim
Rapid? stimulator with a Magstim Double 70mm Air Film Coil. Stimulation of each
target site totaled 900 pulses delivered at a fixed intensity of 60% of maximum
stimulator output. While many previous studies have calibrated stimulation intensity
based on individual thresholds for motor-evoked potentials as measured with
electromyography, we decided against this method in light of evidence that motor
threshold is not necessarily a reliable indicator of the excitability of other brain regions
(McConnell et al., 2001; Stewart, Walsh, & Rothwell, 2001). In keeping with parameters
used in many prior studies (Pitcher et al., 2008; Pitcher, Walsh, Yovel, & Duchaine, 2007;
Silvanto, Cattaneo, Battelli, & Pascual-Leone, 2008), therefore, we reasoned that a fixed
intensity of stimulation would be the most consistent approach.

The goal of using rTMS was to perturb ongoing processing in the stimulated
region of cortex. TMS induces a depolarization of neurons that temporarily changes
neural spiking activity, and this alteration is reflected in both the hemodynamic
response and phase relationships between neural signals (Allen, Pasley, Duong, &
Freeman, 2007). While there is some evidence that TMS may actually suppress neural
signals (Harris, Clifford, & Miniussi, 2007), it is widely considered to add random neural
activity, or “noise” to the stimulated area, which can either interfere with or facilitate
performance depending on the activation state and functional role of the stimulated

region (e.g., Miniussi, Ruzzoli, & Walsh, 2010; O’Shea & Walsh, 2007; Sandrini, Umilta,
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& Rusconi, 2011). When using 1Hz (i.e., low frequency) rTMS, the typical outcome of
this perturbation is reduced task-related cortical excitability at the stimulated site (e.g.,
Robertson, Théoret, & Pascual-Leone, 2003). This 1Hz rTMS protocol has been
demonstrated to produce effects in the stimulated area that can be expected to endure,
after stimulation has stopped, for at least half of the duration of the TMS train

(Robertson et al., 2003) and sometimes up to twice as long (Walsh & Cowey, 2000).

2.2.2 Experiment 2 Results
2.2.2.1 Analysis strategy

Based on the prior study (Soto et al., 2012) we hypothesized that, compared to
the vertex TMS control, 1Hz rTMS to the left PPC target should interfere with benefits
from foreknowledge of valid WM cues and attenuate the valid enhancement effect (but
leave the influence of predictably invalid cues intact), whereas rTMS to the right PPC
target should interfere with invalid cue foreknowledge and attenuate the invalid
inhibition effect (but leave the performance benefits from predictably valid cues intact).
We therefore assessed effects of left and right PPC TMS on enhancement and inhibition
of WM biases from foreknowledge of cue validity, relative to vertex TMS.

Because RTs for the visual search and memory catch trials were non-normally
distributed (Search: skewness = .6, std error = .023; Catch: skewness = .8, std. error =
.023), we performed a square root transformation to achieve normality (Hildebrand,

1986). Raw mean of correct RT and accuracy for all conditions are reported in Table 2.
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The impact of TMS on visual search performance was first evaluated using a 3 x 2 x 2
repeated measures ANOVA with Stimulation Site (Vertex, Left PPC, Right PPC),
Validity (Valid vs. Invalid), and Predictability (100% vs. 50/50) as within-subjects factors.
Then separate 2 x 2 x 2 ANOV As compared each experimental TMS target to the vertex
control, to test our hypotheses about the unique contributions of each PPC region. As
WM catch trials themselves can be categorized as neither valid nor invalid, the impact of
TMS on catch trial performance was evaluated using separate 2 x 3 repeated measures
ANOV As with Stimulation Site (Vertex vs. Left or Right PPC) and Block Condition
(100% valid, 100% invalid, 50/50) as within-subjects factors.

Table 3: Means (and s.e.m) of raw RT and accuracy for all conditions

Visual Search Trials WM Catch Trials
™S Block Trial Raw RT Accuracy Raw RT  Accuracy
target Condition Validity (msec) (% correct)  (msec) (% correct)
100% Valid 554 (18) 95.8 (1.4) 838 (31)  95.2(2.1)
Vertex ° Invalid 628 (23) 93.9 (1.5) 871 (25)  92.6 (24)
Control Valid 576 (21) 95.8 (1.6)
50/50 860 (31) 923 (1.2)
Invalid 637 (23) 93.5 (1.6)
100% Valid 573 (26) 95.8 (1.3) 827 (27)  93.3(2.4)
Left ° Invalid 619 (20) 94.3 (1.4) 843 (29) 939 (2.6)
PPC Valid 568 (18) 96.8 (1.0)
50/50 849 (27)  94.6 (1.0)
Invalid 630 (19) 92.9 (2.0)
100% Valid 566 (23) 96.0 (0.9) 858 (34)  93.8 (2.6)
Right ° Invalid 624 (20)  955(1.4 856 (37) 93.8 (1.8)
PPC Valid 575 (21) 96.0 (1.0)
50/50 843 (32)  91.9 (2.0)

Invalid 649 (21)  92.3(1.8)
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2.2.2.2 Vertex stimulation replicates standard behavioral effects

In order to first ensure that vertex served as an effective control target, accuracy
and RT were analyzed for the behavioral task run following vertex stimulation, using a 2
(Validity: Valid vs. Invalid) x 2 (Predictability: 100% vs. 50/50) ANOVA. Participants
were faster for valid trials, F(1, 16) =90.8, p <.001, n?% = .85, faster during 100%
predictable blocks, F(1, 16) = 10.5, p <.01, n% = .39, and there was a marginal Validity x
Predictability interaction F(1, 16) =3.8, p<. 1, n% = .19, (Figure 6, middle panel). These
tindings reflect both the capture of attention by WM content (validity effects), and its
modulation by cognitive control (predictability effects). These data replicate previous
investigations using this task (Kiyonaga et al., 2012; Soto et al., 2012), confirming that
vertex stimulation yielded standard behavioral performance. Accuracy on search trials
was high overall (95%), and marginally better on valid trials, F(1, 16)=3.5,p<.1, 1% =
.18, but showed no other main effects or interactions (all p > .1).

Performance measures for the memory catch trials were submitted to an
ANOVA with the three-level factor of Block Condition (100% valid, 100% invalid, 50/50).
Participants were slowest to respond to memory probes in 100% invalid blocks, and
fastest in 100% valid blocks, F(2, 32) =3.34, p < .05, n% = .17, again replicating previous
tindings (Kiyonaga et al., 2012). Catch trial accuracy was high overall (93%), and did not

differ by Block Condition (p >.1), confirming that participants maintained the WM cues.
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When all three stimulation targets were analyzed together, participants were
faster overall on valid trials, F(1, 16) = 185.9, p <.001, n% = .92, and faster during 100%
predictable blocks, F(1, 16) =9.7, p <.01, n% = .38. There was also a three-way Stimulation
Site x Validity x Predictability interaction, F(2, 32) =3.8, p <.05, n% = .20, which was
explored further with separate hypothesis-driven analyses comparing each experimental

site to the vertex. There were no other significant main effects or interactions (all p > .1).
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Figure 6: Visual Search Response Time (RT). The line graph displays mean RT
(square-root transformed) for all conditions after stimulation to each target. The bar
graph displays the same data as subtractions between the 50/50 and 100% predictable
blocks (i.e., difference between dotted and solid lines), to illustrate the effects of
enhancement and inhibition. ** p <.05, * p <. 1, two-tailed.
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2.2.2.3 Disruption of left PPC abolishes the strategic enhancement of predictably valid
WM cues

The RT comparison between Vertex and Left PPC rTMS revealed faster search
performance for valid trials, F(1, 16) = 160.2, p <.001, n% = .90, a marginal Stimulation
Site x Predictability interaction, F(1, 16) =3.4, p <.1, 0% = .17, and critically, a three-way
Stimulation Site x Validity x Predictability interaction, F(1, 16) = 4.8, p < .05, n?% = .23.
Two-tailed t-tests compared the enhancement effect from foreknowledge of valid cues
(50/50 valid — 100% valid), and the inhibition effect from foreknowledge of invalid cues
(50/50 invalid — 100% invalid) between the vertex and left PPC stimulation conditions, to
disambiguate the three-way interaction. The magnitude of the valid enhancement effect
was significantly smaller after left PPC stimulation compared to vertex, #(16) =2.2, p <
.05, whereas the invalid inhibition effect was unchanged, #(16) = .6, p > .1. Confirming
our hypothesis, stimulation to the left PPC eliminated the attention benefit associated
with valid WM foreknowledge, but left the inhibition of consistently invalid cues
unaffected (compare left and middle panels of Figure 6). There were no other main
effects or interactions (all p >.1). Left PPC, thus, makes a necessary and specific
contribution to the strategic enhancement of beneficial WM content. Visual search
accuracy was high overall (95%), and better for valid trials, F(1, 16) =11.9, p < .01, n% =
.43, but was not affected by any other factors (all p > .1).

Catch trial RT varied with block condition, F(2, 32) =5.9, p <.01, n% = .27, and

accuracy was high after stimulation to both sites (94%), but neither were affected by
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stimulation site or an interaction between factors (all p >.1). A failure to remember the
WM content, therefore, cannot explain that left PPC stimulation interfered with the
strategic enhancement of that content when it was predictably helpful. The left PPC’s
role does not appear to be in maintaining WM content, but in wielding it in the service
of attentional goals—specifically by amplifying its impact.
2.2.2.4 Disruption of right PPC amplifies the cost of unpredictable invalid WM cues
The RT comparison between vertex and right PPC revealed that performance
was faster for valid trials, F(1, 16) =112.7, p <.001, n% = .87, and for 100% predictable
blocks, F(1, 16) =28.9, p <.001, n% = .65, but there was also a three-way Stimulation Site x
Validity x Predictability interaction, F(1, 16) = 4.6, p <.05, n% = .23. There were no other
main effects or interactions (all p > .1). To determine the source of this 3-way interaction,
two-tailed t-tests compared the enhancement and inhibition effects from WM-validity
foreknowledge between the vertex control and right PPC stimulation conditions. The
modulation of the invalid inhibition effect, though only a trend, #(16) =2.0, p = .06, was
numerically greater than the valid enhancement effect, t(16) = 1.2, p > .1. Intriguingly, the
direction of this effect was opposite to what was anticipated from the previously-
observed fMRI activation pattern (Soto et al., 2012), which linked BOLD signals in right
PPC to strategic inhibitory processes during predictably invalid contexts (relative to
when WM validity was unpredictable). Hence TMS ought to have slowed 100% invalid

trials and reduced the performance difference between 50/50 and 100% invalid trials;
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instead, that difference was increased following right PPC TMS (compare middle and
right panels of Figure 6). This magnified inhibition effect was characterized by slightly
faster performance of 100% predictable invalid trials after right PPC TMS compared to
vertex (4msec), as well as slower unpredictable 50/50 invalid trials (12msec). There was,
however, a trend for this this slowing on 50/50 invalid trials to be greater than the
speeding on 100% invalid trials, t(16) = 2.0, p < .06, two-tailed, implying that the increase
in the magnitude of the inhibition effect after right PPC TMS is due to greater attentional
capture by the unexpected 50/50 invalid WM cues. The TMS results indicate, therefore,
that right PPC is selectively and causally involved in the inhibition process, but is not
necessary to strategically curb the impact of predictably harmful WM content. Rather,
right PPC appears essential to handling invalid cues when encountered unexpectedly,
possibly via rapid disengagement or re-orienting away from these distractors. Visual
search accuracy was high overall (93%), and better for valid trials, F(1, 16) =6.2, p <.05,
n% = .28, but was not affected by any other factors (all p > .1).

Neither memory catch trial RT nor accuracy varied with block condition,
stimulation site, or an interaction between factors (all p > .1). The right PPC TMS that
modified the inhibition of harmful WM content in the visual search, thus, did not alter
the ability to recall the WM item. Rather, catch trial accuracy was high in all conditions,

confirming that participants consistently maintained the memory cues as instructed.
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In sum, our TMS results document a double-dissociation of the functional roles
of left vs. right PPC in the linkage between WM content and attention: left PPC TMS
modulated the strategic enhancement of predictably valid WM cues, but did not affect
invalid conditions, whereas right PPC stimulation modulated the cost of unpredictable

invalid WM cues, but did not affect valid WM cue conditions.

2.2.3 Experiment 2 Discussion

Our recent fMRI study suggested that strategic cognitive control over WM biases
of visual attention relied on left PPC when WM content was reliably advantageous to
attention goals, and on right PPC when it was reliably detrimental (Soto et al., 2012).
Using rTMS, here we found causal evidence that left and right PPC do indeed play
distinct roles in controlling the impact of internal WM content on attention. In particular,
perturbation of left PPC eliminated the strategic benefit of predictable (100%) valid WM
cueing (which had been robust after vertex stimulation), but had no impact on the
inhibition of predictably invalid WM content (which was identical to that after vertex
control stimulation). On the other hand, perturbation of right PPC amplified the cost of
unpredictable (50/50) invalid cueing, but had no impact on valid WM cueing.

PPC has been implicated in a range of attention and cognitive control functions,
and is considered part of a “multiple-demand” network, that responds to diverse
cognitive challenges (Duncan, 2010). Our findings indicate that the PPC can nevertheless

be fractionated in terms of the subregions that are necessary for particular functional
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operations in the interplay between WM and attention. For instance, earlier studies have
demonstrated that left PPC is involved in endogenous orienting to spatially cued
locations (Du, Chen, & Zhou, 2012), but our results extend these findings to the WM
domain, and specify that left PPC is critical in exerting strategic control over the WM-
attention relationship according to trial validity. Stimulating left PPC did not produce a
general impact on effects of validity or predictability but, as anticipated, revealed that
one of the region’s specific functions is to voluntarily boost the impact of WM content on
visual attention when it is known to be helpful.

The direction of right PPC TMS effects, on the other hand, was notably opposite
to what was predicted based on the fMRI activations. Because the targeted area of right
PPC was more active during 100% invalid blocks (compared to 50/50), it was expected
that the disruption of the region would impair performance on predictable 100% invalid
trials, and reduce the inhibition effect. Instead, right PPC TMS produced slowing on
unpredictable 50/50 invalid trials, and hence an increase in the difference between the
100% and 50/50 invalid conditions. The engagement of the right PPC, thus, seems to
signal something other than strategic inhibition, per se. In keeping with the
characterization of the PPC as a multiple-demand region, the right PPC target did
overlap with an area that was overall responsive to invalid > valid trials (Soto et al.,
2012, Figure 2b), suggesting that the right PPC is activated by task-adverse WM-

matching stimuli, in general, but one of its functionally essential roles is the expedient
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disengagement or re-orienting from such stimuli when they arise unexpectedly (cf.
Corbetta, Kincade, Ollinger, McAvoy, & Shulman, 2000). Indeed, right (but not left) PPC
has been previously implicated in bottom-up attentional orienting (Hodsoll, Mevorach,
& Humphreys, 2009), so it appears here that an irrelevant WM item can impact behavior
and neural recruitment similarly to a pop-out singleton distractor. The TMS modulation
of right PPC, therefore, provided a critical glimpse into the causal function of this region,
which was not readily foreseeable from the fMRI activation.

Bilateral PPC is known to play an important role in the control of spatial
attention (Colby & Goldberg, 1999; Corbetta & Shulman, 2002) and has, furthermore,
been implicated in visual WM capacity and control (Todd & Marois, 2004; Xu & Chun,
2006). Evidence for hemispheric specialization of attentional function in this area,
however, has been mixed (Corbetta et al., 2000; Mevorach et al., 2006; Rushworth et al.,
2001). The TMS data reported herein augment our understanding of this heterogeneous
region by showing that left and right PPC clearly play distinct, yet complimentary, roles
in control over WM content.

It should be noted, however, that the chosen targets were not directly
contralateral to one another so it may not strictly be lateralization of function that is
reflected here, but rather distinct roles of the subdivisions of parietal cortex. The more
superior and anterior area of the PPC that was stimulated on the right, for instance,

corresponds to a region that has been shown to be functionally correlated with activity
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in the dorsal premotor cortex (Mars et al., 2011), and is activated by the updating of
visuo-motor contingencies (Rushworth, Paus, & Sipila, 2001), which aligns with its role
here in overcoming WM-matching visual distractors and responding to targets instead.
The more inferior and posterior area that was stimulated on the left, however, has been
shown to be functionally connected with the parahippocampal gyrus and anterior
prefrontal cortex (Mars et al., 2011), and associated with endogenous spatial orienting
(Du et al.,, 2012; Thiel, Zilles, & Fink, 2004), consistent with its role here in strategically
attending WM-matching targets. The distinct functional and anatomical connections of
the stimulated subcomponents of left and right PPC may underlie their unique
contributions to the interaction between WM content and visual attention.

By using TMS to interfere with normal processing, we have observed a double
dissociation of the causal roles of left and right PPC in the linkage between internal WM
content and visual attention. An area of left PPC is causally involved in maximizing the
use of internal representations when they are compatible with current task goals. An
area of right PPC is causally involved in minimizing the distracting impact of internal
representations when they unexpectedly obstruct those goals. Thus, although bilateral
PPC is recruited for a diversity of tasks, it is possible, within this region, to distinguish

areas of causal function in controlling WM biasing of attention.
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2.3 Chapter 2 Summary

We have now established that—just as visuo-spatial attention can be
endogenously controlled, for instance, based on cueing of likely target locations—the
impact of WM content on visual selection can be modulated based on foreknowledge of
its usefulness to a visual task (Experiment 1a: Kiyonaga et al., 2012). We have,
furthermore, shown that there is a trade-off between WM and visual attention, in that
WM performance is impacted when cognitive control is implemented over WM biasing
of visual search (Experiment 1b: Kiyonaga et al., 2012), and have since replicated and
clarified the mechanisms of this impact (Dowd, Kiyonaga, Beck, & Egner, 2015). We
have also illuminated the brain regions recruited by such strategic control (Soto et al.,
2012), and the causal necessity of left and right PPC in strategic enhancement and
inhibition functions (Experiment 2: Kiyonaga, Korb, Lucas, Soto, & Egner, 2014), echoing
the known involvement of those regions in attentional orienting and control, but
critically extending our understanding of their functional roles. What remains to be
addressed is why WM content involuntarily captures visual attention, even when it is
known with absolute certainty to be harmful to the immediate external task. This
finding would be expected if WM and visual attention were operating over the same

representations.
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3. Internal representations impact behavior like external
stimuli

Recent evidence suggests that the constructs of working memory and attention,
formerly deemed distinct, are in fact intimately linked. Accordingly, some theories now
conceptualize WM as internally oriented attention that activates perceptual
representations in much the same way as attention to external stimuli would (Awh &
Jonides, 2001; Chun, 2011; Gazzaley & Nobre, 2012; Kiyonaga & Egner, 2013; B.R. Postle,

2006). If this characterization is accurate, then the content of WM should affect behavior

just as if it were being visually perceived and attended, and the same mechanisms that

select sensory stimuli should be at play within WM as well (cf. Nobre et al., 2004).

We have shown that WM is subject to some of the same control processes as
visual attention (Jha & Kiyonaga, 2010; Kiyonaga et al., 2012), suggesting they operate
by analogous mechanisms. Several observations of WM and attention processes
proceeding unhampered by one another, however, have generated debate about
whether the linkage between them is obligatory (Hollingworth & Maxcey-Richard, 2012;
Woodman et al., 2001). In the present work, we conducted a strong test of the hypothesis
that WM and attention operate over the same representations. It follows from this view
that maintaining an item in WM should impact behavior comparably to visually
attending that item, and consequently that classic effects of attention should replicate in

the WM domain. In Experiment 1, we test the equivalence of WM and attention in what
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is probably the best-known and most widely-used probe of attentional filtering, namely,
the color-naming Stroop task (Stroop, 1935). We developed a “WM Stroop task” to test
whether holding a word internally in WM, rather than attending to it externally, can
produce interference effects in a perceptual discrimination task of color patches during
the WM delay. We also submit the “WM Stroop effect” to additional scrutiny, testing
whether it mimics characteristics of the classic, “attentional” Stroop effect. In Experiment
2, we test whether a core property of attentional selection—namely, the well-known
center-surround mechanism for focusing visual attention on external stimuli—acts to

selectively maintain internally activated representations in WM as well.

3.1 Experiment 1
3.1.1 Experiment 1a Introduction

In the classic Stroop effect, participants are slower (and less accurate) to name the
ink color of a color-word stimulus when the meaning of the color-word is incongruent
with the ink color (e.g., RED written in blue) than when it is congruent (e.g., BLUE
written in blue; MacLeod, 1991). This slowing on incongruent trials is thought to be due
to costly, yet still imperfect, attentional filtering of the task-relevant color information
(Cohen, Dunbar, & McClelland, 1990). From this characterization of the Stroop effect, we
can derive two key predictions for a WM Stroop task: First, maintaining an incongruent
color-word in WM should produce conflict and slow the naming of an external color

patch just as if the word were being attended externally. Second, the attention-
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demanding filtering process, during incongruent trials, should divert attentional
resources from maintaining the WM content, and result in poorer memory following
incongruent than congruent trials (cf. Barrouillet et al., 2004). Experiment 1a tested these
predictions by having participants complete a classic color-naming Stroop task, as well

as a dual-task WM/color-discrimination paradigm, in counterbalanced order.

3.1.2 Experiment 1a Methods
3.1.2.1 Participants

Participants were recruited via Amazon Mechanical Turk (MTurk;

https://www.mturk.com) and provided informed consent in accordance with the Duke

University Institutional Review Board. Participants must have previously completed at
least 500 tests via MTurk, and have supplied acceptable data to the experimenter at least
95% of the time. Experiment 1a was administered to 40 participants. After excluding
data from those with chance-level accuracy or responses on fewer than 2/3 trials, 35

participants (17 female; mean age: 34; range: 22-65) were included.

3.1.2.2 Classic color-word Stroop task

The standard Stroop task comprised a series of color-words, which were written
in colored ink. A word —either “red”, “blue”, “green” or “yellow” —was centrally
displayed on each trial for 500msec, on a neutral grey background, in one of four ink
colors (RGB values: red=255,0,0; blue=0,0,255; green=25,200,25; yellow=225,215,40),

separated by a 1000msec intertrial interval (ITI). Participants were required to report the
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color of the ink, regardless of the meaning of the word, using one of four designated
response buttons for each of the possible colors. Congruent (ink color and word
meaning agree) and incongruent (ink color and word meaning differ) trials occurred
equally often and in randomized order. Participants completed 20 practice trials, during
which they received feedback on every trial, followed by 96 experimental trials without
feedback. This Stroop task is used here to assess the degree of conflict in a perceptual

task (color-naming) from irrelevant externally attended visual stimuli.

3.1.2.3 WM Stroop task

As illustrated in Figure 7, our dual-task WM/color-discrimination paradigm
entailed a delayed match-to-sample WM test, interleaved with a color-judgment task
during the delay. The WM sample —which participants were instructed to remember for
a test at the end of the trial —was a word written in black ink (either “red”, “blue”,
“green” or “yellow”) displayed centrally for 1000msec. After a 2000msec inter-stimulus
interval (ISI), a rectangular patch was centrally presented for 500msec in one of four
colors (RGB values: red=255,0,0; blue=0,0,255; green=25,200,25; yellow=225,215,40).
Before the end of a 1000msec ISI, participants were required to report the color of the
patch using one of four designated response buttons for each of the possible colors
(Figure 7b). A WM probe word (either “red”, “blue”, “green” or “yellow”) then
appeared for 3000msec, accompanied by instructions (which remained consistent from

trial to trial) denoting with which buttons to respond whether the probe was a match or
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non-match to the WM sample word. An asterisk then appeared for 1500msec to signal
the start of a new trial. Congruent (color patch and meaning of WM sample agree) and
incongruent (color patch and meaning of WM sample differ) trials, as well as match and
non-match WM probes, occurred equally often and in randomized order. Participants
completed 20 practice trials, during which they received feedback on every color
judgment and WM probe, followed by 120 experimental trials, without feedback. This
novel dual-task WM paradigm is used here to assess the degree of conflict in a

perceptual task (color-naming) from irrelevant internally attended representations.

ad Working memory task sequence

wM Incongruent Match wM Congruent Non-match
sample color decision WM probe sample color decision WM probe
S NSl IR Il IDIEEES ey RS e IS SVt IR IR IR
green
1000 2000 500 1000 3000 1500 1000 2000 500 1000 3000
msec msec msec msec msec msec msec msec msec msec msec
b Experiment 1a C Experiment 1b d Experiment1c
Unique responses for Two stimulus colors map
each ink color onto one response Same mappings
as Experiment 1

J % Proportion of congruent

trials varies by block

Equal proportions Equal proportions .
of each trial type of each trial type

Stimulus congruent Stimulus incongruent Stimulus incongruent
Response congruent Response congruent Response incongruent

Trial Conditions:
Figure 7: a) Trial Sequence and timing for the WM Stroop task. b) Experiment 1a
comprised the basic test for a WM Stroop effect. ¢) Experiment 1b decomposed the
WM Stroop effect into contributions from both stimulus- and response-level conflict.

d) Experiment 1c tested whether the WM Stroop effect would be modulated by the
proportion of congruent trials.
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3.1.3 Experiment 1a Results

We conducted 2 (Counterbalance order: Stroop first vs. WM first) X 2 (Task:
Stroop vs. WM) X 2 (Congruency: Congruent vs. Incongruent) mixed ANOVAs to
examine the impact of conflicting information on color-naming performance, and
whether the extent of that impact varied when the information was internally or
externally activated. Performance measures for all experiments included mean correct
response time (RT) and accuracy (% correct) for trials with a response. For the WM task,
color patch judgments were included only when the WM probe was also correctly
recognized. Mean RT and accuracy for all experiments are reported in Table 1.

For both tasks, participants were much slower to make the ink color response in
the incongruent condition (vs. congruent), F (1, 33) =74.14, p <.001, n% = .69. This
sizeable effect of congruency was, moreover, of equivalent magnitude for both the
classic color-word Stroop task (Figure 8a; 84msec), and the WM task (Figure 8b;
83msec). There were no other main effects or interactions (all p > .1, all %< .05).
Regardless of whether the conflicting information was an internally maintained WM
sample or an externally attended word, participants were dramatically slowed by its
presence, and to a nearly identical degree.

Participants were significantly more accurate overall for congruent trials, F (1, 33)
=10.99, p <.005, n% = .25, but there was also an interaction between task and congruency,

F (1, 33)=9.76, p <.005, n% = .23. The main effect of congruency was only evident during
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the classic color-word Stroop, t (34) = 3.6, p <.001, but not the WM task, p > .1, for which
performance was more accurate overall, F (1, 33) =15.66, p <.001, n% = .32. There were
no other main effects or interactions (all p > .1, all n%<.05). The conflicting information
that slowed response times, thus, only produced more errors when it was

simultaneously presented and visible with the relevant stimulus for the perceptual task.

Table 4: Mean (and standard deviation) RTs and accuracy for all conditions

Color-word WM color WM
Stroop patch Probe

RT Acc RT Acc RT Acc

677 94.6 682 96.5 1164 98.3

Expt Congruent 227)  (225) (247) (185) (406) (12.8)
la Incongruent 761 902 765 968 1227 965
@71)  (297) (306) (17.5) (428) (18.2)

Congruent 533 944 621 970 945 984

(150)  (23.1) (2090 (17.0) (379) (12.4)

EXPU g itus Incongruent 0% 932 645 976 986 973
1b 161) (213) (182) (153) (404) (16.1)
Stimulus + Response 563 91.8 651 97.1 995 96.9
Incongruent (174)  (274) (198) (167) (406) (17.4)

Congruent 07 943 683 968 1101 984

75% (228) (23.1) (246) (17.7) (364) (12.5)
Congruent Incongruent 824 89.5 821 95.4 1176 92.9

(02)  (307) (21) (21.1) (38%7) (25.7)

Congruent /10 944 695 973 109 985

Expt  50% 233)  (23.0) (242) (162) (38%3) (12.1)

lc  Congruent Incongruent 796 90.8 802 96.6 1141 95.2
(271)  (28.9) (222) (181) (388) (21.4)
722 93.5 730 97.3 1079 98.0
25% (231)  (24.6) (251) (16.0) (346) (13.9)
Congruent Fncongruent 790 90.9 812 96.1 1139 97.1
(269) 28.7)  (223) (194) (372) (16.9)

Congruent
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WM probe performance was evaluated with two-tailed t-tests comparing trials
when the color patch had been congruent or incongruent with the meaning of the WM
sample. Participants were both slower, t (34) =5.9, p <.001, and less accurate, t (34) =2.9,
p <.01, on the WM test when the delay-period color patch had been incongruent with
the meaning of the memory sample. The conflict between the internal content and
external stimulus that slowed color-responding, thus, seemed to have a reciprocal

impact on maintenance of the WM representation.

Experiment 1a Effects of external & internal conflict

a Color-word Stroop b Working Memory
Ink color judgment Color patch judgment
800 800
Trial Type
750 yp 750
e Congruent k&
S 700 - S 700 -
3 B incongruent  §
= =
650 - 650 -
600 - 600 -

Figure 8: Response times (msec) for the classic color-naming and WM Stroop tasks.
Error bars represent confidence intervals as per Masson and Loftus (2003).

Experiment 1 established a “WM Stroop effect”; representations in WM can
interfere with task performance just like stimuli that are currently attended in the
external environment. Specifically, as predicted, internally maintaining an incongruent
color-word drastically slowed the naming of an external color patch, analogous to when
the word was simultaneously attended externally. Only when the incongruent stimulus

was concurrently externally presented (i.e., classic Stroop), and could therefore trigger
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an alternative task, however, did it produce more errors. Finally, WM content was
remembered more poorly during incongruent trials, when the attentional filtering
process presumably diverted attentional resources from WM maintenance. We also
conducted additional experiments to ensure that this effect would be observed in-person
in the laboratory, and to rule out a priming-based explanation for these findings (See
http://pss.sagepub.com/content/25/8/1619/suppl/DC1; cf. Warren, 1972). These data
therefore support the proposal of equivalence and reciprocity between internally vs.
externally activated mental representations. In Experiment 1b, we provide a more
powerful test of this proposal by assessing whether the WM Stroop effect is susceptible

to the same manipulations as the classic Stroop effect.

3.1.4 Experiment 1b Introduction

A typical Stroop interference effect can be decomposed into conflict contributions
from both the semantic overlap between the ink color and word meaning stimulus
dimensions (i.e., stimulus-level conflict), as well as the fact that the two dimensions
typically cue two different manual responses (i.e., response-level conflict; e.g., De
Houwer, 2003). According to our equivalency argument, the same should be true of the
WM Stroop effect. Here we test this hypothesis by varying the degree of conflict at the
stimulus and response levels, in both classic color-word and WM Stroop tasks, which

were completed in counterbalanced order.
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3.1.5 Experiment 1b Methods
3.1.5.1 Participants

We recruited 50 participants via MTurk. Eight participants were excluded for
chance level accuracy and responses on fewer than 2/3 trials, thus 42 participants (23

female; mean age: 34.2; range: 18-60) are included in the analysis.

3.1.5.2 Stimuli and procedure

All stimulus values and timing parameters for both the standard and WM Stroop
tasks were identical to Experiment 1a (Figure 7a). Whereas, in Experiment 1a, each ink
color mapped onto a unique response button, however, the critical manipulation in
Experiment 1b was the mapping of two ink colors onto a single manual response (Figure
7¢; cf. De Houwer, 2003). So, for both the Stroop color-word and the WM delay color-
patch, the same button would be used to respond to an ink color of either red or blue, for
instance. Accordingly, in both tasks there were three trial types: (1) Congruent (e.g., the
ink color is red and the WM word is “red”), (2) Stimulus Incongruent (e.g., the ink color
is red and the WM word is “blue”, which maps onto the same manual response), and (3)
Stimulus + Response Incongruent (e.g., the ink color is red and the WM word is “green”,
which maps on to a different manual response). These trial types occurred equally often
and in randomized order. For both tasks, participants completed 20 practice trials with
feedback, then 144 experimental trials without feedback. If maintaining an item in WM

impacts behavior just like visually attending that item, then both stimulus and response
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conflict should make a contribution to the WM Stroop effect. Consequently, color
judgments should be slower when both the WM word meaning and associated response

are incongruent, as opposed to just the word meaning.

3.1.6 Experiment 1b Results

We conducted 2 (Counterbalance order: Stroop first vs. WM first) X 2 (Task:
Stroop vs. WM) X 3 (Congruency: Congruent, Stimulus Incongruent, Stimulus +
Response Incongruent) mixed ANOVAs to examine the impact of conflicting
information at the stimulus and response levels on color-naming performance, and
whether the extent of that impact varied when the information was internally or
externally attended.

Performance of the standard Stroop task was overall faster than the WM task, F
(1, 40) =42.83, p <.001, n% = .52, and there was a main effect of congruency, F (2, 80) =
36.74, p < .001, n% = .48 (Figure 9). The congruency effect followed a strong linear trend,
F (1, 40) = 62.32, p <.001, n?% = .61, in that participants were fastest when both stimulus
and response dimensions were congruent, slower when only the stimulus dimension
conflicted with the meaning of the visually presented or internally maintained word,
and slowest when both stimulus and response dimensions were incongruent. There
were no other main effects or interactions (all p > .1, all n% <.05). To directly contrast the
individual contributions of stimulus and response-level processing between tasks,

however, we also calculated effect scores for stimulus conflict (Stimulus Incongruent —
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Congruent) and response conflict (Stimulus + Response Incongruent — Stimulus
Incongruent) and compared each of these between the standard and WM Stroop tasks
with two-tailed t-tests. While stimulus conflict contributions were comparable for both
tasks, t(41) =1.2, p > .2, the contribution from response-level conflict was slightly greater
in the standard Stroop task, {(41) =2.2, p < .05, when the irrelevant distractor word was
presented simultaneously with the color-naming task. As demonstrated by the strong
linear effect of congruency, and absence of an interaction between task and congruency,
nonetheless, both the standard Stroop effect and the conflict effect from WM content
comprise unique contributions from stimulus-level and response-level processing.

Participants were overall more accurate in the WM task, F (1, 40) = 47.94, p <.001,
n% = .55, and more accurate for congruent trials, F (2, 80) =8.4, p <.001, n% = .17, but
there was an interaction between task and congruency, F (2, 80) =4.42, p <.05, n%» =.1, in
that this accuracy difference was only evident in the color-word Stroop task. There were
no other main effects or interactions (all p > .1, all n% <.05). While RTs were slowed by
the presence of discordant information in both tasks, in a manner that scaled with the
number of levels on which there was conflict (i.e., some interference from stimulus
conflict alone, but more interference when there was additional conflict in the response
dimension), accuracy was worsened by conflict only in the color-word Stroop task.

WM recognition performance was evaluated using one-way ANOV As with the

3-level factor of congruency (Congruent, Stimulus Incongruent, Stimulus + Response
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Incongruent). Congruency between the WM sample and color patch impacted both the
speed, F (2, 82) =12.81, p <.001, n% = .24, and accuracy, F (2, 82) = 3.65, p <.05, % = .08, of
WM probe responses. Mirroring the RT pattern for the color judgment portion of the
task, probe responses were slower (and less accurate) when the WM sample was
semantically incongruent with the color patch stimulus, and slowest (and least accurate)
when both the stimulus and corresponding response were incongruent. The extent to
which the color patch judgment interferes with WM maintenance seems to scale with the
degree of conflict the internal content produces —and thus the amount of attentional

filtering it requires —in the perceptual task.

Experiment 1b Contributions of stimulus & response conflict

a Color-word Stroop b working Memory
Ink color judgment Color patch judgment
580 Response 660

contribution .
) [ — Trial Type
560 Stimulus 640

— contribution Congruent -

x - [vd

§ 540 M stimulus Incongruent § 620

> m Stimulus + Response =
520 Incongruent 600

580

Figure 9: Response times (msec) for the classic color-naming and WM Stroop tasks.
Error bars represent confidence intervals as per Masson and Loftus (2003).

Experiment 1b demonstrated that the WM Stroop effect is susceptible to conflict
at both the stimulus and response levels—also a quintessential property of the classic
Stroop effect. Moreover, WM probes were recognized most poorly following color

judgments with the greatest amount of conflict, again supporting the idea of reciprocity
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between internally and externally attended information. In Experiment 1c, we tested the

WM Stroop effect for yet another key property of the classic Stroop effect.

3.1.7 Experiment 1c¢ Introduction

The extent of interference in the color-word Stroop task is strongly modulated by
the proportion of congruent trials in the task (e.g., Logan & Zbrodoff, 1979)—a finding
typically attributed to adjustments in attentional strategy to best suit the processing of
the most frequently occurring trial type (e.g., Gratton & Donchin, 1992). Thus, when
incongruent trials are more frequent, the size of the Stroop effect is minimized. If the
interference we have observed from internal WM content does indeed operate like the
standard Stroop effect, then it should be equally amenable to strategic attentional control
processes, and the magnitude of the congruency effect should therefore scale
parametrically with the proportion of congruent trials in a block of the experiment.
Experiment 1c, accordingly, comprised a block-level manipulation of the proportions of

congruent and incongruent trials, in both the classic and WM Stroop tasks.

3.1.8 Experiment 1c Methods
3.1.8.1 Participants

Because it required a greater number of trials to produce sufficient cases of
congruent and incongruent items in every block condition, we administered the color-
word Stroop and WM tasks to separate groups of participants. We used three different

block proportion congruency conditions (75% congruent, 50% congruent, 25%
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congruent), thereby producing six possible sequences in which the conditions could
occur. We conducted a complete counterbalance in that each of the six possible
combinations were administered to an equal number of participants. 54 total
participants were recruited via MTurk for each the color-word and WM Stroop tasks.
After excluding those with chance-level accuracy and responses on fewer than 2/3 trials,
42 classic Stroop participants (18 female; mean age: 33.3; range: 23-52) and 48 WM

participants (18 female; mean age: 32.7; range: 23-61) were included in the analysis.

3.1.8.2 Stimuli and procedure

All stimulus values, timing parameters, and response mappings for both the
standard and WM Stroop tasks were identical to Experiment 1a (Figure 7a). Whereas
Experiments 1a and 1b comprised equal proportions of each trial type, Experiment 1c
incorporated three blocked conditions with varying proportions of congruent and
incongruent trials: 75% congruent/25% incongruent, 50% congruent/50% incongruent,
and 25% congruent/75% incongruent (Figure 7d). Each block condition occurred once, in
counterbalanced order. Participants in both tasks completed 20 practice trials, followed

by blocks of 96 trials of each proportion congruency condition.

3.1.9 Experiment 1c Results

Mean correct RT and accuracy were entered into a 2 (Task: Stroop vs. WM;
between-subjects) X 2 (Congruency: Congruent vs. Incongruent) X 3 (Proportion

Congruent: 75%, 50%, 25%) mixed ANOVAs. As in the earlier Experiments, participants
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were markedly slower on incongruent trials, F (1, 88) =165.28, p <.001, n% = .65, but the
extent of this interference was also modulated by the proportion of congruent trials in
the block, F (2, 176) = 26.6, p <.001, n% = .23. As shown in Figure 10, the speed difference
between congruent and incongruent trials was greatest when there was a larger
percentage of congruent trials, and smallest when there was a larger percentage of
incongruent trials. There were no other main effects or interactions (all p > .1, all % <
.05). Thus, just as the size of the classic color-word Stroop effect is modulated by the
proportion of congruent trials (e.g., Figure 10a), so is the effect of conflict from internal

WM content, and to a comparable degree (Figure 10b).

Experiment 1c Modulation by proportion congruency

a Color-word Stroop b Working Memory
Congruency effect Congruency effect
150 1 Proportion 150
125 Congruent 125

100 75% Congruent

s M s0% Congruent

0 M 25% Congruent

25 - 1
0

Figure 10: Congruency effect scores for each block condition of the classic color-
naming and WM Stroop tasks. Error bars represent confidence intervals as per
Masson and Loftus (2003).
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Participants were also more accurate overall on the WM task, F (1, 88) =12.3, p <
.001, 0% = .12, and like Experiments 1a and 1b, were more accurate for congruent trials
(vs. incongruent), F (1, 88) = 26.65, p <.001, n% = .23. Also like the earlier experiments,

trial congruency impacted accuracy more in the color-word Stroop task than the WM
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task, F (1, 88) =6.9, p <.01, n% = .07. The proportion congruency manipulation, however,
did not impact task accuracy, nor did it modulate the effect of congruency on accuracy
(all other p > .1, all n% <.05). While the conflict processes that slowed RTs in the Stroop
and WM tasks were susceptible to the ratio of congruent to incongruent trials, accuracy
was neither impacted by interfering WM content nor its relative occurrence.

Again, participants were slower, F (1, 47) =70.65, p <.001, n% = .60, and less
accurate, F (1, 47) = 18.12, p <.001, n% = .28, at memory probe recognition judgments
when the color patch was incongruent with the WM sample. Probe accuracy was also
better during blocks with greater numbers of incongruent trials, F (2, 94) =3.97, p < .05,
% = .08, and the effect of congruency on probe accuracy decreased with an increasing
proportion of incongruent trials, F (2, 94) =7.76, p < .005, n% = .14. Hence, the control
processes that minimized the effect of incongruency on color discrimination —when
incongruent trials were more frequent—also manifested in better memory recognition.

Experiment 1c established that yet another fundamental property of the classic
Stroop effect—modulation by the proportion of congruent trials—is replicable in the
WM domain. Whether conflicting information was maintained in WM or a concurrent
visible distractor, its impact was attenuated when conflict trials occurred more often,
further demonstrating that internally and externally activated representations can

impact behavior comparably.
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3.1.10 Experiment 1 Discussion

The nature of the linkage between WM and attention has been keenly studied of
late, generating support for the unification of the two concepts (i.e, they often interact
and share properties), but also some cause for their continued demarcation (i.e., they
don’t always interact). We examined the hypothesis that WM can be considered
internally oriented attention, a powerful test of which is that WM content should
influence behavior precisely like an attended external stimulus. We have found that
responding to a perceptual judgment is dramatically slowed when an incongruent
stimulus is internally maintained in WM, and this “WM Stroop effect” exhibits several
archetypal properties of the classic color-naming Stroop effect. Representations in WM
can therefore impact performance as robustly as if they were being visually perceived.

These data suggest that WM shares representations with visual attention,
consistent with conceptualizations of WM as internally directed or “reflective” attention
(cf. Chun & Johnson, 2011), and observations that the two rely on shared neural
mechanisms (Awh, Anllo-Vento, & Hillyard, 2000; Ikkai & Curtis, 2011; Lepsien et al.,
2005). It follows, from this description of WM, that there should be a trade-off between
demands from internally and externally activated representations (Barrouillet et al.,
2004; Kiyonaga & Egner, 2013), and that costly attentional filtering of incongruent trials

should detract attention from maintaining the WM content. Accordingly, in our three
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experiments, not only was color-naming slowed, but WM content was maintained more
poorly when it conflicted with the external stimulus.

While the observation of a WM Stroop effect supports the notion of a compulsory
linkage between internally and externally activated representations (Hollingworth et al.,
2013; Soto et al., 2008), the modulation of the effect by the proportion of congruent trials
nonetheless underscores that the impact of WM content on perceptual judgments is to
some degree pliable. Much like attentional capture by WM contents (Kiyonaga et al.,
2012), and standard Stroop interference (Logan & Zbrodoff, 1979), the WM Stroop effect
can be by modulated by cognitive control.

WM Stroop performance did differ from classic color-word Stroop performance
in one important way. For one, while classic Stroop incongruency impaired both speed
and accuracy, only speed was influenced in the WM task. Likewise, erroneous responses
on incongruent trials in the classic Stroop have been attributed to intermittent “goal
neglect” —an inadvertent reading response primed by the color-word on a subset of
trials (e.g., Kane & Engle, 2003). Since a color patch cannot prime an alternative word-
reading task, the WM Stroop task, unlike the standard Stroop, may not have been
subject to a Stroop effect in error rates.

Several studies have demonstrated a tradeoff between attention and WM, using
unrelated internal and external stimuli and varying load in either domain (Barrouillet et

al,, 2004; Chen & Cowan, 2009; de Fockert, 2001). While these implicate a shared
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executive resource, but would still allow a differentiation between the content of WM
and attention, the WM Stroop task entails no such manipulation of load: there is always
a single word to remember, and a uniformly discriminable color patch to judge, but it is
only the conflict between them that varies. This conflict should not manifest itself in the
WM Stroop task unless internal maintenance was activating the same representations as
the external color-naming task. Thus, consistent with notions that WM constitutes
sustained recruitment of stimulus representations in early sensory cortical areas (e.g.
(Awh & Jonides, 2001; Serences et al., 2009), the WM Stroop effect provides a behavioral
indication that WM and attention operate over the same representations as well. The
classic color-naming Stroop task is a stronghold of attention research, and here we have
replicated several well-established properties of the Stroop effect in the WM domain.
WM content can conflict with a perceptual task, and appears to be subject to the same
attentional filtering processes as sensory stimuli. While Experiment 1 supports the
equivalence of WM and visual attentional representations, as well as conflict filtering
processes, Experiment 2 tests a profound aspect of the homology between WM and

attention; namely, whether they rely on the same basic selection mechanism.

3.2 Experiment 2

Attentional selection allows us to focus on a limited amount of information in the
environment for further processing. When visual attention is directed at a particular

stimulus, processing for that location or feature is enhanced, while processing for nearby
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stimuli is impaired (Cutzu & Tsotsos, 2003; Hopf et al., 2006; Miiller, Mollenhauer,
Rosler, & Kleinschmidt, 2005; Stormer & Alvarez, 2014; Tombu & Tsotsos, 2008). This
finding accords with the well-known phenomenon of lateral inhibition in local neuronal
populations, whereby an excited neuron suppresses firing in its neighbors (cf.
Blakemore, Carpenter, & Georgeson, 1970). In line with the assumption that attention
biases this competitive relationship toward neurons representing task-relevant stimulus
features (Desimone & Duncan, 1995), the attentional center-surround effect is thought to
confer a sharpened demarcation between task-relevant and -irrelevant stimulus features
(Tsotsos et al., 1995). Somewhat counterintuitively, thus, stimuli that are farther from the
attended location or feature are privileged relative to more nearby stimuli, because they
fall outside of the inhibitory surround that facilitates focusing on the attended object.
When representations are temporarily internally activated, in the absence of
sensory input, we also need a means by which to select and focus on the most relevant
of this working memory (WM) content. Here we tested whether maintaining a color
stimulus in WM produces an analogous center-surround pattern of inhibition for stimuli
that are nearby in color space. To do so, we took advantage of a well-established aspect
of the relationship between WM content and visual attention—specifically, that an item
maintained in WM will facilitate processing of matching items in the visual field (Soto et

al., 2008). If surround inhibition operates to select WM content, then this “WM capture’
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would presumably be dampened when a search target falls within the inhibitory
surround of the WM sample.

In the present study, participants remembered a colored WM sample, then
performed a simple visual search wherein the target varied continuously in similarity to
the WM color from one trial to the next. That is, the target color could be anywhere from
exactly the same to completely opposite the WM sample in color space. Thus, when the
search target is very similar —but not identical —to the WM sample (i.e., nearby in color
space), it should fall within an inhibitory surround, whereas less similar targets should
fall outside of this surround. If there were no center-surround selection mechanism in
WM maintenance, we would expect to observe a linear trend in response times (RTs):
search targets should be processed most quickly when they are an exact match to the
WM sample, and RTs should increase monotonically with increasing deviation between
the target and WM sample colors. If, on the other hand, the center-surround selective
tuning mechanism acts in WM, we would expect to observe a cubic trend as shown in
Figure 11c: i) targets that are an exact match to the WM sample should receive a benefit
(leading to fastest RTs), ii) but that benefit should decrease for nearby target colors that
fall within the WM suppressive surround (leading to slower RTs), iii) the benefit should
then be recovered for targets that fall just outside the suppressive surround (leading
again to faster RTs), iv) and the benefit should finally dwindle and become a cost as

targets become farther from the WM color (leading to gradually increasing RTs).
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3.2.1 Experiment 2 Methods
3.2.1.1 Participants

Eleven observers (4 female; mean age: 29) gave written informed consent in
accordance with Duke University Institutional Review Board and were paid $15 per

hour for participation.

3.2.1.2 Stimuli and Procedure

The experiment was programmed and presented using the Psychophysics
Toolbox extensions (Brainard, 1997) for Matlab R2014a (Mathworks Inc., Natick, MA).
Stimuli were displayed on a black background and viewed from approximately 60cm.
The task structure echoed a paradigm that has been used extensively to examine the
capture of visual attention by WM contents (Kiyonaga et al., 2012; Soto et al., 2005). As
shown in Figure 11a, each trial began with 500msec of fixation, followed by a to-be-
remembered colored circle WM sample for 500msec. After a delay of 2000msec, a visual
search array appeared for 100msec, followed by a blank 1400msec response window.
The search comprised two colored circles—whose hue varied in similarity to the WM
sample—arranged along the vertical midline of the display, each surrounding a white
line. One line (the distractor) was perfectly vertical, while the other (the target) was
slanted 10° to the left or right. The task was to locate the slanted line and indicate its
direction of tilt, using a designated keyboard press. That is, the color of the surrounding

circle was irrelevant to the goals of the search task, but has nonetheless been found to
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influence search performance in many earlier studies (see Soto et al., 2008 for review).
Each target location and line orientation occurred equally often and in randomized
order. To ensure that participants maintained the WM sample —while discouraging
strategic use of the search array to ‘perceptually resample’ WM-matching items
(Woodman & Luck, 2007) —memory was probed on approximately 20% of trials instead
of a search display (i.e., “catch trials’; cf. (Kiyonaga et al., 2012, 2014; Soto et al., 2012).
WM probes comprised 1500msec to indicate whether or not a colored circle presented

underneath a question mark was an exact match to the WM sample.

d Task structure and timing b search conditions C Predicted results
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Figure 11: Methods and Predictions. a) Observers remembered a colored WM sample
for a potential future test. Most trials then comprised an orientation judgment for the
single slanted line in the array. Occasional WM probe “catch trials” were given to
ensure that observers maintained the WM sample. b) The entire color range over
which WM and search stimuli were chosen, and example search arrays for a selection
of WM-target distance conditions. c¢) Predicted pattern of RT results.

Hues for all WM samples, search array stimuli, and WM probes were selected in
10° steps from circular HSV color space—wherein saturation and value were equated for
all stimuli (both .85). WM sample colors were selected at random on each trial, and the

critical experimental variable was the deviation between WM sample and search target
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colors, which varied trial-by-trial from 0° to 180° (Figure 11b). Targets could thus be an
exact match to the WM item (0° of WM-target distance), or the two could deviate in 10°
steps, producing 19 conditions of WM-target distance that occurred equally often and in
randomized order. Search target and distractor colors were always directly opposite one
another on the color wheel. Consequently, when the target was an exact match to the
memory color (i.e., 0° away), the distractor was its exact opposite; when the target
deviated as much as possible from the memory color (i.e., 180° away), the distractor was
an exact match. Our conditions of interest for testing the surround inhibition hypothesis
were from 0 to 60° of separation between the WM sample and search target colors, as
this range of color space has previously been observed to encompass the extent of
surround inhibition, and its release, in perceptual color attention (Stormer & Alvarez,
2014). However, prior studies have demonstrated that participants can strategically
enhance or inhibit the influence of WM-matching targets or distractors when they are
predictable (Carlisle & Woodman, 2011a; Kiyonaga et al., 2012). Therefore, even though
our analyses focused on the relevant color range for addressing our a priori hypothesis
(0-60°), we nevertheless administered the full range of possible WM-target distances, so
as to prevent any particular bias toward or away from the WM color in the search. WM
probes were either an exact match to the WM sample color (50% of catch trials) or
differed by 30°. The similarity between WM sample and non-match probes was intended

to promote precise visual maintenance of the WM hue.
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In order to acquire ample trials at each WM-target distance, our approach was
informed by psychophysics methods; that is, the collection of a large number of data
points from a small cohort of observers. Each participant completed 4 separate sessions
of the task. Each task session was broken up into 8 blocks of 72 trials apiece, totaling 576
trials per session (456 search trials, 120 catch trials). Thus, over 4 sessions, participants
completed a total of 2304 trials, amounting to 96 instances of each WM-target distance
condition. Immediately prior to the first experimental session, participants completed a

block of 30 practice trials.

3.2.2 Experiment 2 Results

Mean WM probe accuracy was 80%, with individuals” means ranging from 73%-
89%. Participants thus followed instructions to remember the WM samples, but WM
performance was below ceiling, suggesting that the probe manipulation was sufficiently
difficult to necessitate precise WM representations. We first conducted repeated
measures ANOVAs with a factor of WM-target distance (ranging from 0° to 60°), on
visual search RT and accuracy (% correct).

Visual search accuracy was at ceiling (98%) and was unaffected by task
condition, F(6, 60) =.9, p = .5. The color deviation between WM sample and search target
significantly impacted visual search speed, F(6, 60) = 5.3, p <.001 (Figure 12a). Visual
search was fastest when the target coincided with an exact match to the WM item (i.e.,

WDM-target distance = 0°), and planned comparisons between individual conditions
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revealed that search became slower for targets that were 10° and 20° away from the WM
sample, (0° vs. 10°, t (10) = 4.8, p =.001; 0° vs. 20°, ¢ (10) = 2.7, p = .02). Importantly, when
the WM-target distance grew to 30°, search became faster, and was indistinguishable
from an exact WM-target match (0° vs. 30°, ¢ (10) = 1.3, p = .22). As the WM-target
distance grew further to 50° and 60°, however, the benefits of WM-target matching
diminished, and search became slower (0° vs. 50°, t (10) = 3.7, p = .004; 0° vs. 60°, t (10) =
5.1, p <.001). Thus, we observed striking evidence for a center-surround selection
mechanism in WM: Visual search benefits of matching between WM sample and target
were eliminated for targets that were very similar to the memory color, while such
benefits were recovered for target colors that were farther away from the WM sample.
We further evaluated the observed performance pattern with non-linear curve-
fitting and multi-model comparison, wherein the corrected Akaike information criterion
(AICc) was used to assess the relative quality of linear, quadratic, and cubic models to
characterize the group data. A cubic curve model accounted for more variance (AICc =
532, R?=.2) and produced a better fit (i.e, lower AICc) of visual search RT in the critical
target color range (0° to 60°) than the quadratic (AICc =538, R?=.07) or linear (AICc =
536, R?=.07) models. In additional support of the presence of an inhibitory surround in
WM maintenance, the AICc weightings —representing the relative likelihood of a given
model with respect to the other two—indicate that the cubic model was the clear winner

(Figure 12b).
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Figure 12: a) Mean response times for visual search trials at every distance between
WM samples and the color surrounding the search target. Error bars represent SEM.
b) Corrected Akaike information criterion (AICc) indicates that the cubic model is the
most likely for these data. d) WM efficiency was strongly correlated with the
magnitude of individual inhibition effect scores (point of maximum inhibition - 0°).
Smaller efficiency scores reflect better performance.

The idea that a center-surround inhibition mechanism operates in the selection
and maintenance of WM representations implies that, as in the “external attention”
domain, this competitive suppression of nearby features should serve to better
accentuate the task-relevant memorandum from similar but task-irrelevant features. It
follows that the relative strength of surround inhibition in WM should predict faithful
maintenance of the WM sample. To test this prediction, inhibition effect scores were
calculated for each participant, reflecting the difference between 0° and an individual’s
maximum point of inhibition. We then correlated those effect scores with WM
performance across individuals. To account for a possible speed-accuracy tradeoff in

WM performance, we computed WM efficiency scores (RT + Accuracy; Townsend &
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Ashby, 1983). Smaller values thus reflect better performance. As shown in Figure 12c,
the degree of inhibition displayed by individual’s correlated strongly with WM
efficiency (r =-.76, p < .01). That is, a more pronounced suppression for targets that were
immediately surrounding the WM color was associated with better WM performance.
Thus, not only does surround inhibition in WM impair visual attention for colors that
would fall inside the suppressive zone, but the effectiveness of that inhibitory

mechanism predicts WM success.

3.2.3 Experiment 2 Discussion

We hypothesized that representations in WM should be subject to the same
attentional selection mechanisms as sensory stimuli, and should impact behavior as if
they were being visually attended in the external environment. Specifically, we asked
whether WM content is maintained via a center-surround selective tuning mechanism —
as in visual attention—that would inhibit processing of representations nearby to that
content. To address this question, we exploited the well-described phenomenon that
WM content biases attention toward matching items in the visual scene. We found that,
as expected, visual attention was facilitated for stimuli that exactly matched the WM
content, but inhibited for stimuli that were very similar to the WM content, and would
fall within an inhibitory zone surrounding the focus of (internal) attention. Strikingly,
when visual search targets were less similar to the WM content (i.e., beyond the bounds

of the inhibitory surround), performance was facilitated as much as when the target and
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WM sample were an exact match. A greater degree of suppression of representations
immediately surrounding the WM sample in feature space, furthermore, predicted
better WM performance. Visual attention and WM, therefore, do appear to operate over
the same representations, and employ the same selection mechanism to accentuate the
distinction between relevant and irrelevant stimuli.

This finding is consistent with a recent theory that attention and working
memory capacities are constrained by a flexible cortical content map organization,
wherein nearby items have overlapping inhibitory surrounds, leading to inter-item
competition (Franconeri et al., 2013). Just as it is easier to maintain two distant items in
WM (Emrich & Ferber, 2012; Umemoto, Drew, Ester, & Awh, 2010), here it is easier to
visually process stimuli that are distinct from the current WM content (i.e., 30° to 40°
away). The present findings also corroborate recent evidence that WM representations
can act like attended stimuli (Johnson et al., 2013; Kang, Hong, Blake, & Woodman, 2011;
Kiyonaga & Egner, 2014b; Saad & Silvanto, 2013), but now uncover a neurobiologically
plausible mechanism for selective WM maintenance: namely the center-surround
configuration—likely arising from lateral inhibition —that analogously focuses visual
attention on representations of task-relevant stimuli in the environment.

The one prior study to examine center-surround inhibition in color space
(Stormer & Alvarez, 2014) found a slightly different range of suppression than we find

here. Whereas we see maximal inhibition at 10-20° and recovery by 30°, the prior study
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instead found maximal inhibition at 30° and full recovery by 60°. Intriguingly, the
release from suppression observed in the present data corresponds to the distance of
non-matching probes from the WM sample (i.e., 30°) —which would dictate the
specificity of WM discrimination necessary to perform well on catch trials. This hints at
the exciting possibility that the width of an inhibitory surround may vary flexibly with
task context. This possibility would be explored more effectively with future studies that
systematically vary the difference between WM samples and non-matching probes.

If a center-surround selection mechanism operates in WM, and WM can be
considered attention directed at long-term memory representations (Cowan, 1988;
Lewis-Peacock & Postle, 2008; Oberauer & Hein, 2012), the same center-surround
mechanism might also operate in long-term memory. Indeed, the retrieval of
information from long-term memory can interfere with memory for related
representations (Anderson, Bjork, & Bjork, 2000, 1994; Healey, Campbell, Hasher, &
Ossher, 2010), raising the intriguing prospect of a unified selective tuning mechanism
across a broad range of cognitive processes, from low-level vision to episodic memory
retrieval. The results reported herein present compelling evidence that WM processes
abide by core properties of attentional selection, which may directly reflect biased
competitive dynamics of local neuronal populations, and thus open several avenues of
future inquiry into the neurophysiological mechanisms that allow us to select and

process information ‘in mind’.

97



3.3 Chapter 3 Summary

We have replicated two well-established attention effects (i.e., Stroop and center-
surround inhibition) using representations held in WM. We have now shown that WM
and attention operate by analogous conflict filtering (Experiment 1: Kiyonaga & Egner,
2014b) and selective focusing (Experiment 2: Kiyonaga & Egner, In revision)
mechanisms. Internally maintained representations—in the absence of sensory input—
can impact behavior just as robustly as if they were being visually perceived and
attended, providing strong evidence that visual WM and attention operate over the
same representations. This representation-sharing would explain numerous
observations that WM content can involuntarily guide the allocation of visual attention
(e.g. Chapter 2: Kiyonaga et al., 2012). Internally- and externally-geared attention
demands, moreover, display a reciprocal give-and-take relationship, in that attentional
filtering demands, for instance, can divert attention from WM maintenance and impair
WM recognition (Experiment 1: Kiyonaga & Egner, 2014b). Likewise, the effectiveness
of attentional selection mechanisms in WM corresponds strongly to WM performance
(Experiment 2: Kiyonaga & Egner, In revision). All of these findings converge on the
notion that WM and externally-oriented attention share representations, resources, and
processes; WM is equivalent to attention directed internally. If internally and externally
geared attention are in fact inextricably linked, however, it remains to be determined

why they can sometimes proceed without affecting one another.
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4. Resource-sharing between internal and external
attention

The material being maintained in WM can impact the focusing of attention
toward external stimuli. Visual search is typically speeded, for instance, if a memory-
matching item coincides with a search target (a valid trial), and slowed if a memory-
matching item coincides with a search distracter (Soto et al., 2005). A high load on WM
storage can also impair performance of an attention-demanding task (Chen & Cowan,
2009; de Fockert, 2001), and intervening attention demands can conversely interfere with
WM maintenance (Barrouillet et al., 2011).

There are also many instances, however, when WM and attention processes can
co-occur without impeding one another (e.g., we canrehearse our to-do list while also
driving). Accordingly, in some studies attention task performance has remained efficient
despite concurrent WM storage demands (Cocchini et al., 2002; Woodman et al., 2001),
and WM content has failed to involuntarily capture visual attention (Downing & Dodds,
2004; Houtkamp & Roelfsema, 2006; Woodman & Luck, 2007). Why might WM and
attention demands impact one another in some situations but not others? We contend
that the framework of a fruitful model of the relationship between WM storage and
processing can be applied to help resolve these discrepancies. The current study thus
bridges separate literatures to test a mechanism that might explain how WM and

attention are linked, and when they are likely to impact one another.
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The time-based resource-sharing model (TBRS; Barrouillet et al., 2004, 2011;
Barrouillet, Bernardin, Portrat, Vergauwe, & Camos, 2007) assumes that items are
maintained in WM via a “refreshing” process that requires attention, and the same
resource that is used to refresh WM is also used for attentional processing of external
stimuli. TBRS quantifies the amount of information that can be maintained in WM, as a
function of intervening attention or “processing” demands. The time-consumption of
processing events during WM maintenance is manipulated, either by varying the
number of stimuli to process or the demand level of individual processing tasks. If the
focus of attention is continually oriented toward external stimuli for processing, internal
refreshing should be hindered, and the magnitude of this hindrance will depend on the
relative time-consumption of the external attention demand: more time-intensive
demands to direct attention externally will result in less opportunity to refresh the WM
content, and worse WM recognition performance. In brief, increasing processing
demands will impair WM storage. Experiment 1 applies the TBRS framework to explain
why WM content may bias attention in some circumstances, but not others. Experiment
2 uses the TBRS approach, combined with fMR], to illuminate what happens to WM

representations when attention is occupied elsewhere.

4.1 Experiment 1 Introduction

While tests of the TBRS model have exclusively examined the impact of attention

demands on WM storage (i.e., time-consuming processing limits WM maintenance),
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studies of WM biasing of selection (e.g. Downing, 2000; Olivers, Meijer, & Theeuwes,
2006; Soto et al., 2005) have primarily examined the impact of WM content on the
allocation of attention (i.e., information maintained in WM determines what gets
processed). Together, however, the two literatures suggest that there is a reciprocal
trade-off between WM and attention. Embedded process theories of WM, further,
describe activation in WM as accomplished by directing an internal focus of attention at
long-term memory representations (Cowan, 2001; Cowan, 1988; Oberauer & Hein, 2012;
Oberauer, 2009), and another recent theory (Olivers et al., 2011) suggests that WM
content might capture attention only when it is held in that focus of attention.
Accordingly, we have recently proposed that the same focus of attention shifts
between endogenously and exogenously activated representations, and this resource-
sharing—akin to the time-shared refreshing mechanism described by TBRS—might
explain why the contents of WM, sometimes unwittingly, impact the allocation of visual
attention (Kiyonaga & Egner, 2013). In particular, if the internal maintenance of
information occurs via refreshing, and this brief foregrounding places that information
in the focus of attention (cf. Chun & Johnson, 2011; Johnson, Mitchell, Raye, D’Esposito,
& Johnson, 2007), this will activate the sensory neurons that are responsive to the
features of the maintained representations, and sensitivity to matching items in the
environment will consequently be increased (even if they are not immediately task-

relevant). If, on the other hand, WM refreshing is prevented because the focus of
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attention is directed elsewhere, then sensitivity to WM-matching items should be

diminished or eliminated. Here, we adapt the TBRS methodology to test this hypothesis.

If we apply the logic of TBRS more broadly to the relationship between internally geared
(e.g., WM content) and externally geared (e.g., visual search) attention, then one can
potentially explain (a) why WM content captures attention in the first place (because the
two share the same representations and attention resource) and (b) when that capture of
visual attention is likely to occur (when attention has ample time to switch between
internal refreshing and external selection, but not when refreshing is prevented).

If our proposal were correct, we should be able to systematically modulate the
degree to which internal WM content captures attention by experimentally
manipulating the time required for externally-geared attentional processes. To test this
possibility, we combined elements of the methods used to test both TBRS and the WM
biasing of visual attention. We devised a delayed match-to-sample WM task wherein the
time-consumption of delay-spanning attention demands was manipulated by varying
both the number of intervening visual search processes to be performed, and the amount
of available time to perform them (i.e., the rate of presentation). WM items could cue
visual search targets or distracters (or neither). We predicted that under a low rate of
external attention demands there should be opportunity to regularly refresh the internal
representations, which should then capture visual attention, and be remembered well.

Under a high rate of external attention demands, however, there should be less
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opportunity to refresh the internal content, thus it should be less able to guide external
selection, and be remembered more poorly. This pattern of results would support the
existence of a common cognitive resource to lie at the root of the relationship between
WM representations and visual attention, and validate the applicability of the TBRS

approach to study this relationship.

4.1.1 Experiment 1 Methods
4.1.1.1 Participants

Twenty volunteers (13 female, median age = 18.5) gave written informed consent
and received course credit or $10.00 payment for their participation. The study was

approved by the Duke University Institutional review board.

4.1.1.2 Stimuli and procedure

The experiment was programmed and presented using the Psychophysics
Toolbox extensions (Brainard, 1997) for Matlab R2010a (Mathworks Inc., Natick, MA).
Stimuli were viewed from approximately 60 cm on an LCD monitor with a 60 Hz refresh
rate and a screen resolution of 1280 x 1024 pixels. The task was composed of “mini-
blocks,” each comprising a delayed match-to-sample WM test with a series of visual
search trials during the delay (wherein WM items could reappear in the search array; cf.
Soto et al., 2005). Each mini-block began with the presentation of a central fixation dot
for 1500msec, which was then replaced by a to-be-remembered colored shape cue for

1000msec. The WM cues were randomly selected from a combination of five shapes
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(circle, square, triangle, diamond, and pentagon) and five colors (RGB values—red: 255,
0, 0; blue: 0, 0, 255; green: 0, 255, 0; yellow: 255, 255, 0; pink: 255, 0, 255), each subtending
a visual angle of approximately 3.8° x 3.8°. The memory cue was then followed by a
fixation display of either 250 or 750msec (depending on condition), then a sequence of
either four or six visual search trials, each displayed for 400msec, and separated by a
central fixation cross for either 250 or 750msec (Figure 13). All stimuli were presented

against a grey background (RGB: 128, 128, 128).

Memory Visual Search Sequence Memory
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Figure 13: Structure of a single mini-block, and the four possible conditions of the
WM delay-spanning visual search sequence. Invalid, neutral, and valid search
displays occurred in random order.

&

Search Count

Each search display was composed of four lines surrounded by colored shapes—
one within each quadrant of the screen at a quasi-random location from trial to trial.
Three of the lines were vertical and one —the target—was tilted 25° to the left or right.

The participants’ task was to indicate the orientation of the one slanted line in each
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array. The surrounding shapes, each subtending approximately 3.8° x 3.8°, were
randomly chosen from the same set as the memory cues, but constrained so that there
were no color or shape matches among stimuli in a given search display, and no partial
matches to the memory item for that mini-block (though there could be a complete
match). Individual search trials could be valid (memory item reappears surrounding the
search target), invalid (memory item reappears surrounding a distracter), or neutral
(memory item does not reappear in the search display), and these trial types occurred
equally often. After the visual search sequence, a single colored shape memory probe
appeared at the center of the screen underneath a question mark for 1500msec. The
participants’ task was to indicate whether this shape was the same or different from the
original memory cue. The memory probe was always a whole or partial match to the
memory cue (never different on both color and shape), and match and non-match
probes occurred equally often and in random order.

The number of visual search trials between memory cue and probe (search count:
four vs. six), and the duration of the inter-stimulus interval between search arrays (search
pace: 250msec fast vs. 750msec slow) were combined to produce four different mini-
block conditions, (total search sequence durations: four fast, 2.85sec; four slow, 5.35sec; six
fast, 4.15sec; six slow, 7.65sec), which were presented in random order. This allowed us to
look at the unique contributions to later memory of both the number of operations that

needed to be performed during the WM delay, and the pace at which they occurred.
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Since the WM cue could be a valid, invalid, or neutral indicator of the search target, we
were able to evaluate the impact of mini-block condition on the effect of WM cueing
validity. We predicted that, if internal representations guide external selection when
they are being refreshed, a fast search pace would dampen the influence of cue validity,
and impair memory recognition, irrespective of search count. After a practice block,
participants completed 6 experimental runs, each consisting of 24 mini-blocks (i.e., 36
mini-blocks per condition; 48 search trials of each validity type per four fast and four slow,

72 search trials of each validity type per six fast and six slow).

4.1.2 Experiment 1 Results

We performed 3 x 2 x 2 ANOV As including the factors of WM cue validity
(invalid, neutral, valid), search count (four vs. six), and search pace (fast vs. slow), on
visual search accuracy and RT. Accuracy was best during slow-paced mini-blocks, F (1,
19) =28.05, p <.001, best with valid cueing, and worst with invalid cueing), F (1, 19) =
4.41, p < .05. There was no effect of search count, nor any significant interactions between
factors. Search performance was fastest with valid cueing, and slowest with invalid
cueing, F (1, 19) =7.67, p < .01, replicating many prior findings (Soto et al., 2008; Figure
14a). Relative to neutral, search was marginally slowed by a WM-matching distractor,
t(19) = 2.0, p < .06, and expedited by a WM-matching target, t(19) =2.6, p <.05. Search
time was slightly slower when six search trials had to be completed (vs. four), F (1, 19) =

4.53, p <.05, and faster during the fast paced conditions (vs. slow), F (1, 19) =14.59, p <
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.001. Search count interacted with pace, F (1, 19) = 6.15, p < .05, in that the difference
between four and six trial sequences was only evident in the slow-paced condition.
Search count also interacted with WM cue validity, F (2, 38) =5.29, p <.01, in that the
magnitude of the effect of validity was larger when there were fewer search trials to be
performed. Critical to our hypothesis, the effect of WM validity interacted with search
pace, F (2, 38) =3.71, p <.05. Both the cost of a WM-matching distractor (invalid RT-
neutral RT), {(19) = 1.5, p > .1, and the benefit of a WM-matching target (valid RT-neutral

RT), t(19) = .5, p > .5, were eliminated during the fast pace search sequences (Figure 14b).
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Figure 14: a) RTs—collapsed across mini-block condition —when WM cues were
matching visual search distracters (invalid), targets (valid), or did not reappear in the
search display (neutral). b) The magnitude of costs (slowing by invalid WM) and
benefits (speeding by valid WM) to visual search as a function of the rate of search
presentation. ¢) Accuracy on memory probes for each mini-block condition.

We also performed 2 x 2 ANOVAs including the factors of search count (four vs.
six), and search pace (fast vs. slow), on WM probe accuracy and RT. Memory recognition

speed was unaffected by mini-block condition. Memory accuracy was not significantly
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influenced by the number of searches that had been performed, but it was worse after
fast-paced visual search sequences of either four or six trials, F(1, 19) =12.41, p <.01
(Figure 14c). This effect of visual search pace on memory performance did interact,
however, with the search count, F(1, 19) =9.64, p < .01, in that the fast pace had a greater
disruptive effect when a greater number of search trials had been completed. Thus,
although TBRS would predict WM performance to be unaffected by the total number of
processing events (as long as they occur at a constant pace), in the current task context,
WM storage appears to be influenced by a combination of the absolute amount of
processing that occurs between memory cue and probe (cf. Ricker & Cowan, 2010), as
well as the amount of available time during the delay to refresh the WM content. One
possibility is that the processing manipulation used here prevented WM refreshing to
the point that the time-related decay proposed by TBRS (when items cannot be
refreshed) had an accumulating impact on WM as more time elapsed (i.e., when six
searches had to be performed rather than four).

In support of the notion that WM content may capture visual attention when it is
being rehearsed or refreshed, both slowing of visual search by a WM-matching
distracter and speeding by a WM-matching target were dampened when the WM delay
was filled with a series of fast-paced visual search trials—which would presumably
occupy attention externally and hinder refreshing of internal WM content. This effect of

validity on search speed was not sensitive to the total number of search trials that
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needed to be completed —only to the pace of their completion. In support of the
interpretation that this weakening of attentional capture is due to the blockage of
refreshing, WM accuracy was also worst after performing visual search trials at a fast
pace. This memory impairment cannot be explained by just the time-related decay of
WM representations, since probe accuracy was better after six search trials performed at
a slow pace, which yielded a longer delay between WM cue and probe. This is consistent
with the idea that the fast-paced visual search sequence monopolized attention
resources, leaving little time to direct attention toward the WM content. As a

consequence, the to-be-remembered items were less able to capture visual attention.

4.1.3 Experiment 1 Discussion

We observed that high frequency external stimulus processing demands curbed
the extent to which visual selection favored WM-matching items in the environment.
Akin to the manner in which heightened perceptual load can limit the processing of
perceptual distracters (Rees, Frith, & Lavie, 1997), here an increased external load
modulated both the influence and retention of internal content. These data provide
further evidence of a shared resource between internal (i.e. WM) and external (i.e.,
visual attention) selection processes, they implicate that resource as a source of visual
capture by WM contents, and they likewise illuminate why WM contents might capture
visual attention in some situations but not others. Most importantly, when this selection

resource has ample time to regularly refresh internal WM content, that content will
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influence external selection. When such refreshing is hindered, on the other hand,
external selection will be unaffected by internal WM representations. We assume this
occurs because attention must be internally directed toward WM representations in
order for the neuronal populations responsive to the features of the WM content to be
activated above a threshold sufficient for externally-evoked activation.

While the findings reported here indicate that the biasing of visual attention by
WM contents only occurs when task constraints allow refreshing of WM representations,
however, it is not the case that such WM biasing is only prevented when external task
demands are maximal; it has in fact been shown that external search targets can be
effectively prioritized even in the absence of stringent time demands (Carlisle &
Woodman, 2011a; Downing & Dodds, 2004; Han & Kim, 2009; Houtkamp & Roelfsema,
2006; Kiyonaga et al., 2012; Woodman & Luck, 2007). Several studies, for instance, have
failed to find an impact of WM content on visual attention when the visual search target
changes from trial to trial (Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006;
Olivers, 2009; Peters et al., 2009), suggesting that the search target only remains in the
focus of attention (where it will guide selection) when it is variable and more
demanding to maintain (cf. Woodman et al., 2007). Top-down strategies might also be
applied to reallocate the WM content to an accessory status outside the focus of
attention, when task demands allow (Carlisle & Woodman, 2011a; Dalvit & Eimer, 2011;

Han & Kim, 2009; Kiyonaga et al., 2012). These findings are all highly consistent with the
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premise of the present study: that maintenance of internal WM content and demands on
externally-geared attention rely on a shared, limited resource, and WM content will not
bias visual attention when that shared resource is not regularly directed toward
refreshing the WM content in the focus of attention. The current data thus illuminate
how and when internal representations capture attention, although the specific task
setup reflects only one of a number of ways to probe the boundary conditions of this
interaction. Having established, with Experiment 1, that this sort of behavioral
manipulation can disrupt WM refreshing, Experiment 2 uses an fMRI-optimized

paradigm to explore the neural consequences of that disruption.

4.2 Experiment 2 Introduction

Although several of our prior studies support the existence of resource-sharing
between internal and external attention processes (Dowd et al., 2015; Kiyonaga & Egner,
2014a, 2014b; Kiyonaga et al., 2012), it remains unclear what exactly this “resource”
entails. Likewise, many tests of the TBRS model have demonstrated that processing
demands can impair WM storage, and neuroimaging studies of WM have shown that
distraction reliably interferes with WM maintenance; nonetheless, it remains unclear
precisely how WM representations are impacted by competing attention demands (and
how they can sometimes be maintained despite those demands). In Experiment 2, we
again applied the TBRS approach, this time combined with fMR], to illuminate how the

brain manages simultaneous demands on internally and externally geared attention.
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Here we manipulated processing demands, not with the number of visual searches to be
performed, but with the difficulty of individual search trials. Both low and high demand
conditions were thus equated for amount of visual input, available processing time, and
the number of required responses. Specifically, we aimed to reveal how WM
representational content is affected when attention is engaged elsewhere

WM content information has previously been considered to be conveyed by
sustained elevated activity in lateral PFC and posterior parietal regions across a WM
delay. An increasingly popular perspective, however, is that WM representations, per
se, are instead encoded in distributed patterns of sub-threshold neural activity, typically
across regions that would also be responsible for sensory perception of that content
(Awh & Jonides, 2001; D’Esposito & Postle, 2015; Ester et al., 2009; Pasternak & Greenlee,
2005; Postle, 2015; Serences et al., 2009). In one of the first demonstrations of the ability
of multivariate pattern analyses (MVPA) to decode WM content, for instance, classifiers
were trained on activity patterns from retinotopically defined regions of visual cortex
during visual perception of oriented gratings, and then successfully classified the
orientation of gratings during WM maintenance (Harrison & Tong, 2009). Indeed, several
studies have similarly found that WM content can be decoded from visual cortical
regions during a WM delay, despite the absence of elevated mean signal intensity in
those areas (Christophel, Hebart, & Haynes, 2012; Riggall & Postle, 2012; Serences et al.,

2009; Xing, Ledgeway, McGraw, & Schluppeck, 2013). Moreover, the accuracy of
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classifiers to decode the WM content has been modulated by WM load (Emrich, Riggall,
LaRocque, & Postle, 2013), and related to WM precision (Ester, Anderson, Serences, &
Awh, 2013), providing strong evidence that these multi-voxel activity patterns reflect the
quality of the WM representation itself.

These classification analyses have been done in the context of a blank WM delay
interval (i.e., with no incoming sensory input or additional cognitive demands). A
critical function of WM, however, is to maintain task-relevant information in the face of
distraction. Here we, therefore, use multivariate pattern classification techniques to
decode WM content during performance of a secondary task, at varying levels of
attentional load. So that we could examine the fidelity of WM delay representations—
via classifiers trained on the WM category —we employed stimuli with known cortical
sensitivities; namely, faces and houses. This way we could probe the WM
representations in the fusiform face (FFA) and parahippocampal place areas (PPA),
respectively (Epstein & Kanwisher, 1998; Kanwisher, McDermott, & Chun, 1997). If

activation in WM occurs by directing attention internally toward WM representations,

then neural activation patterns in regions that represent the WM category should be less

discriminable when attention is diverted toward another task. Moreover, prior studies

have found that activity patterns coding WM information vary over the course of a WM
delay (Lewis-Peacock et al., 2014; Sreenivasan, Vytlacil, & D’Esposito, 2014). Experiment

1, further, provided an inkling that attention demands and time-related decay might
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interact in their impact on WM maintenance. Here we will therefore examine the
temporal evolution of neural WM pattern information across the trial, in regions that

represent the WM content, as a function of delay-spanning attention demands.

4.2.1 Experiment 2 Methods
4.2.1.1 Participants

Thirty healthy volunteers gave written informed consent to participate in
accordance with the Duke University Institutional Review Board. All participants were
fluent in English, reported normal or corrected-to-normal vision, and were compensated
with $20 per hour for their participation. Two participants were excluded due to missing

data, so 28 are included in the final analyses (16 male; mean age: 30; range 18-45).

4.2.1.2 Experiment overview and design

The experimental protocol was designed to independently vary internal (i.e.,
WM) and external (i.e., visual) attentional load in a fully balanced 2 (WM load: 1 item vs.
2) x 2 (Visual Search Difficulty: Easy vs. Hard) factorial design. The task comprised a
delayed match-to-sample WM test, with a sequence of delay-spanning visual search
trials. Across different trials, or ‘mini-blocks,” participants had to maintain either one
(low WM load) or two (high WM load) faces or houses for a later memory probe. They
then performed a series of four visual searches for a perfectly vertical tool or body
stimulus among horizontal (easy search) or slightly tilted (hard search) distractors

during the WM delay. By the same rationale as Experiment 1, when the visual search
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task is harder, it should consume more time that would otherwise be dedicated to WM
maintenance. The design produced four main mini-block conditions: Low WM/Easy

Search, Low WM/Hard Search, High WM/Easy Search, High WM/Hard Search.

4.2.1.3 Dual-task WM/Visual search test Procedure

The task was programmed and presented using the Psychophysics Toolbox
extensions (Brainard, 1997) for Matlab (Mathworks Inc., Natick, MA). Face stimuli were
144 unique, gray-scale images of male and female faces, drawn from several databases
(Endl et al., 1998; Kanade, Cohn, & Tian, 2000; Lundqvist, Flykt, & Ohman, 1998; Minear
& Park, 2004; Oosterhof & Todorov, 2008; Tottenham et al., 2009), and cropped to
include only the “eye and mouth” region. House stimuli were 144 unique grayscale
exterior images drawn from local real estate websites. In order to produce a balanced
design, wherein WM category classification would be uncontaminated by overlapping
visual input, visual search displays were composed of stimuli that have also been shown
to engage privileged cortical regions (distinct from those that prefer the WM categories
used here). Visual search stimuli were 16 male and female bodies, with heads cropped,
which have been demonstrated to preferentially recruit the extrastriate body area (EBA;
Downing, Jiang, Shuman, & Kanwisher, 2001), and 16 tools (hammers and wrenches)
drawn from freely available online sources (Chao, Haxby, & Martin, 1999). Stimuli were
displayed on a back-projection screen against a neutral grey background (RGB: 128 128

128), and viewed through a mirror mounted to the head coil simulating a viewing
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distance of approximately 80cm. Behavioral responses were executed with the left and

right hands on MRI-compatible response boxes.

Remember Search Same or Different
for later test for vertical item from first image?
2sec 25- Ssec 1.5sec 5SEC 1 SSec .5 1 SSec .5 1 SSec 25- Ssec
WM Cue Delay Search ISl Delay ‘WM Probe
WM conditions Search conditions
Load Load

1 item 2items Easy Hard

face

Category

house

Figure 15: Task schematic (top). Participants completed a series of visual search trials
during the delay interval of a match-to-sample WM task. WM (bottom left) and visual
search (bottom right) mini-block conditions.

Each mini-block began with a variable inter-trial interval, followed by the WM
sample for 2sec (Figure 15). Low load WM samples were a single, centrally-presented
face or house. High Load WM samples were either two faces or two houses presented
side-by-side. After a variable inter-stimulus interval, a series of four visual search
displays appeared for 1.5sec each, and separated by 500msec fixation intervals. The
search sequence lasted 8sec in total. Each search array comprised four stimuli (either all
tool or all body images) at the corners of an imaginary square. One target stimulus was
perfectly vertical, while three distractors were tilted to the left or right. The task was to
indicate whether the target stimulus was oriented right-side up or upside down. On

easy search trials, the distractors were perfectly horizontal (i.e., tilted 90° to the left or
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right), making them easily discriminable from the vertical target. On hard search trials,
on the other hand, distractors were slanted only 15° to the left or right, making them
more similar to the vertical target, and thus more difficult to discriminate (Treisman &
Gelade, 1980). If WM and visual search rely on the same attention resources, therefore,
the harder search condition should divert attention away from WM maintenance. All
search trials in a given mini-block were of the same difficulty level. The search sequence
was followed by a variable inter-stimulus interval, then a WM probe for 3sec.
Participants were asked to rate their confidence, on a 4-point scale, that a single WM
item was either a match (50% of mini-blocks) or non-match to an item from the WM
sample set. Underneath the probe image, a visual guide instructed which finger of the
left hand should be used to indicate a response of either “Definitely the same”, “Maybe
the same”, “Maybe different”, or “Definitely different”.

WM samples were selected in random order, and never repeated across the
experiment (except as matching probes). Visual search stimuli, locations, and
orientations were selected at random on every trial. The duration of inter-trial as well as
pre- and post-search inter-stimulus intervals were jittered between 2.5-5sec, selected at
random from an exponential distribution (Dale, 1999). Participants completed a practice
run of 16 mini-blocks outside of the scanner, then nine experimental runs inside the
scanner —each comprising 16 mini-blocks—for a total of 144 mini-blocks. All mini-block

conditions occurred equally often, and in random order, both within and across runs.
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4.2.1.4 Functional localizer Procedure

Participants also completed a functional localizer task, to define cortical regions
of interest (ROIs) that preferred each of the WM and visual search stimulus categories
(i.e., faces, houses, bodies, and tools). Each stimulus category was presented in separate
blocks; each block entailed a series of 15 images, centrally-presented for 750msec, and
separated by a 250msec fixation. Participants responded to direct repetitions of a specific
stimulus (i.e., 1-back task). The task consisted of 16 blocks (4 of each condition),

separated by a 10sec inter-block interval, and occurring in random order.

4.2.1.5 Image Acquisition

Functional data were recorded on a 3.0 tesla GE MR750 scanner, using a
gradient-echo, T2*-weighted multi-phase echoplanar imaging (EPI) sequence. Forty
contiguous axial slices were acquired in interleaved order, parallel to the anterior-
posterior commissure (AC-PC) plane (voxel size: 3 x 3 x 3mm; repetition time [TR] =
2sec; echo time [TE] = 28ms; flip angle = 90%; FOV: 24cm). Structural data were obtained
with a 3D T1-weighted fast inversion-recovery-prepared spoiled gradient recalled
(FSPGR) pulse sequence, recording 154 slices of Imm thickness and an in-plane

resolution of 1 x Tmm.

4.2.1.6 fMRI analysis

All analyses were done with SPM8 (Wellcome Department of Imaging

Neuroscience, London, UK; http://www. fil.ion.ucl.ac.uk/spm/software/spm8). The first
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tive volumes of each run—during which participants saw a countdown to prepare for
task onset—were discarded to allow for a steady state of tissue magnetization.
Functional data were then slice-time corrected and spatially realigned to the first
volume, coregistered with participants” structural scans, and normalized to the Montreal
Neurological Institute (MNI) template brain. Normalized functional images retained
their native spatial resolution.

4.2.1.6.1 Univariate analyses of the main task

For standard analyses, based on task-related changes in mean signal intensity,
the normalized images were spatially smoothed with a Gaussian kernel of 9mm? full
width half maximum, before applying a 128s temporal high-pass filter in order to
remove low-frequency noise. A model of the main task was created for each subject via
vectors corresponding to the onset of the visual search series (8sec boxcar) for each
experimental condition; the model accounted for WM and visual search load conditions,
as well as stimulus category for both WM and search task components, resulting in a
total of sixteen regressors of interest. All univariate analyses collapse across stimulus
category conditions, however, producing effectively four conditions of interest—Low
WM/Easy Search, Low WM/Hard Search, High WM/Easy Search, High WM/Hard
Search. WM sample and probe periods, error trials (for both visual search and WM
probe), head-motion parameters, and grand means of each run were also modeled as

separate nuisance regressors. Onset vectors were convolved with a canonical
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hemodynamic response function (HRF) to produce a design matrix, against which the
blood-oxygenation level-dependent signal at each voxel was regressed.

Single-subject contrasts were then calculated to establish the hemodynamic
correlates of working memory load (all 2 item WM > all 1 item WM), visual search
difficulty (all Hard search > all Easy search), and their interaction effects (High WM +
Easy search > Low WM + Hard search; Low WM + Hard search > High WM + Easy
search). Group effects were subsequently assessed by submitting the individual
statistical parametric maps to 1-sample t-tests where subjects were treated as random-
effects. To control for false-positives we applied a whole-brain voxel-wise FDR-
correction (p < .05, combined with a cluster extent of 20 voxels). To illustrate the nature
of the observed activations, mean f§ estimates for each condition were extracted from
6mm spherical ROIs, centered on peak group activations, using Marsbar software

(http://marsbar.sourceforge.net).

4.2.1.6.2 ROI definition

Regions of sensitivity for the WM categories were derived from the independent
functional localizer task. A model of the localizer was created for each subject via vectors
corresponding to the onset of the stimulus block (15sec duration) for each of the four
stimulus categories (face, house, body, tool). Single-subject contrasts were then
calculated to establish the hemodynamic correlates of face-viewing (all Face > all other

categories) and house-viewing (all House > all other categories). Group maps were then
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constrained by anatomical masks of the fusiform and parahippocampal gyri, for the face
and house contrasts, respectively, and submitted to FDR-correction (p <.05) to identify
clusters of maximal responsivity to the WM categories.

4.2.1.6.3 Multivariate analyses to decode WM content during distraction

While the standard mass-univariate analyses will allow us to localize regions
where mean signal intensity is sensitive to internal and external load demands, such
variations do not convey precise informational content. Instead, the strength of
multivariate decoding is now often taken as a proxy for the precision of a neural
representation (Emrich et al., 2013; Ester et al., 2013). We, therefore, created a second
model for multivariate analyses, using unsmoothed images, with the purpose of
gauging how the fidelity of WM representations is impacted when attention is
consumed externally. Thus, the model included WM category (face vs. house) and visual
search load conditions (easy vs. hard) via vectors of onsets (2sec duration) for each event
in a mini-block (i.e., WM sample, WM delay, individual search trials, pre-probe delay,
WM probe). Head-motion parameters and grand means of each run were also modeled
as separate nuisance regressors. Searchlight and region-of-interest classification analyses
were implemented in The Decoding Toolbox (Hebart, Gorgen, & Haynes, 2015), with a
L2-norm regularized support vector machine (SVM), using a leave-one-run-out cross
validation procedure. Our design produced 9 experimental runs, wherein each condition

occurred equally often. The classifier was thus trained on the patterns corresponding to
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maintenance of each WM category over 8 runs, then tested on its ability to decipher the
remembered category on the 9. The training set was then shuffled so that each run
served once as the testing set, and classifier accuracy for a given searchlight or ROI
would reflect the average classifier performance over those 9 iterations.

4.2.1.6.4 Searchlight MVPA

We initially attempted to discern whether information about the WM content
could be detected (at all) in the face of sensory input and a secondary task. We first
applied a whole-brain searchlight MVPA —constrained to gray matter—to identify
regions conveying locally distributed patterns of WM category information (Haynes et
al., 2007; Kriegeskorte, Goebel, & Bandettini, 2006). A “searchlight” may be compared to
a flashlight moving from one location to the next, systematically shedding light on the
information present via subsections of the entire scene. The searchlight scans through
the entire brain, conducting a discrete decoding analysis in small ROIs surrounding
every voxel. This produces an accuracy map of the whole brain, for each individual,
where the center of each searchlight is ascribed the percentage correct classification
achieved within that searchlight. In our case, the searchlight was a spherical cluster with
a radius of 3 voxels, thus containing up to 123 voxels. For searchlight analyses, we were
interested only in classifying whether the remembered category was a face or a house,
across the duration of the search sequence. The inputs to the searchlight were, thus,

average f§ estimates across all four search trials. The classifier was trained to discriminate
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the WM category based on the multivariate pattern of input from all the voxels in a
given searchlight, then repeated for searchlights surrounding every grey matter voxel in
the brain. The resultant accuracy maps were then submitted to ¢-tests at the group level
against chance performance (50%), and thresholded with an FDR-correction of p <.05.

4.2.1.6.5 ROI-based MVPA to examine temporal evolution of WM decoding

While searchlight classification decisions are made based on a compact set of
voxels, we wanted to assess the quality of WM representations across more widely
distributed regions that are engaged for the perception of the WM categories.
Specifically —based on prior observations that attention demands can interfere with WM
maintenance —our goal was to examine how the WM information content would be
impacted by the attention demands of a secondary task, and moreover, how this impact
might accumulate or evolve over the course of a trial as attention continued to be
otherwise occupied. Thus, we also conducted ROI-based MVPA, wherein classifiers
were trained (and tested) using beta values from all voxels in functionally defined FFA
and PPA, and would output a single accuracy value for the classification based on all the
information in that ROI. We conducted separate training and testing of the WM category
for each task event (i.e., at 2sec intervals across a mini-block), at both levels of visual
attentional load. We therefore obtained, for each participant, two WM category
classification accuracies (one each for easy and hard visual search conditions) at each of

8 mini-block time points. To assess any potential differences in classification between
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easy and hard external attention conditions, these accuracy values were submitted to

one sample t-tests and Bonferroni-corrected for multiple tests.

4.2.2 Experiment 2 Results
4.2.2.1 Behavioral results

Our behavioral outcome measures of primary interest are visual search speed
and WM probe recognition accuracy, but we will report both correct response time (RT)
and accuracy (% correct) for both task components. Visual search accuracy was impaired
when the search distractors were made less discriminable from the target, F (1, 27) =
27.4, p < .001. Search was also drastically slower in this high attentional load condition, F
(1,27)=272.2, p <.001 (Figure 16a). The external attentional load manipulation was,
therefore, an effective means of modulating the time-consumption of WM delay-
spanning processing. Visual search was slightly faster when 2 items were maintained in
WM, F (1, 27) = 4.4, p < .05, while accuracy was unaffected by internal (WM) load (p = .6),
and neither accuracy nor RT displayed an interaction between internal and external
attention factors (all p >.1). WM probe performance was, likewise, slower, F (1, 27) =
79.1, p <.001, and less accurate, F (1, 27) = 80.1, p <.001, when 2 items were remembered
(vs. 1; Figure 16b). Thus, the WM manipulation was effective at increasing internal
attention demands. WM probe responding was somewhat slower after easier visual
search sequences, F (1, 27) = 10.46, p < .01, but neither probe accuracy nor RT displayed

an interaction between internal and external load factors (all p > .3).
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Figure 16: Behavioral results. a) Mean response times for visual search trials. b)
Percent correct on WM probes. ¢) Correlation between load effect scores on the visual
search and WM portions of the task.

The absence of an interaction between factors was surprising, because of the
abundant prior evidence that WM performance can be impaired by concurrent attention
demands. Thus, we investigated whether the reciprocity between internal and external
attention demands may manifest in another way. Specifically, we examined correlations
between visual search and WM “load effects” (i.e., High Load — Low Load), and found
that the two were negatively correlated with one another, r =-.41, p <.05 (Figure 16c).
Somewhat counterintuitively, a larger effect of the visual search load was associated
with a smaller effect of the WM load. For instance, those who were slowed more
dramatically by the harder search condition were less likely to suffer under the higher
WM load. A higher visual search load effect was also strongly associated with better
WM overall (r = .71, p <.001), suggesting that participants could prioritize one task
component or the other, but that prioritization would be reflected in impaired
performance of the other task. It appears as though focusing limited attention resources

on the search task, for instance, could beget greater search efficiency, but prevent
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attention from being directed toward WM maintenance. On the other hand, taking time
during the search task to attend to WM would benefit later memory performance, but
reduce search efficiency.

The fact that visual search difficulty produced neither a main effect nor an
interaction in WM performance provides an intriguing indication that WM is somehow
able to succeed despite a highly time-intensive intervening task. The strong correlation
between visual search and WM probe performance measures, however, suggests that
participants vary in their preferential prioritization of one task component (i.e. search)
over the other (i.e., WM), because they cannot do both well simultaneously. Now we ask

how the brain manages this competition.

4.2.2.2 Standard Univariate results

We initially conducted mean signal intensity-based analyses to localize areas that
might respond to attentional task load, and potentially represent sources of attentional
control over the competition between internal and external task demands. First we
examined regions that displayed a main effect of the external (visual search) attentional
load, during the search sequence. These encompassed a large bilateral network of
frontal, parietal, and occipital regions (Figure 17a) that are considered part of the
“cognitive control network” and are typically engaged when task demands are high
(Niendam et al., 2012). While we observed no main effect of WM load (during

completion of the search task), there was a robust interaction between visual search and
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WM demands (Figure 17b). Lateral prefrontal, parietal, and posterior temporal clusters
(around the TPJ) were sensitive to the combination of load in both the internal and
external domains, suggesting that these regions may be involved in managing the
competition between the internal and external demands. As illustrated with beta values
extracted from an ROI centered on the peak of the interaction (left middle frontal gyrus;
Figure 17b), the response to load in one domain (i.e., internal) was dependent on the
current load in the other domain (i.e., external). As in, the magnitude of the response to
a hard search task was dramatically magnified when WM load was high as well. This
neural interaction is, thus, consistent with the idea that WM and visual attention

demands compete with and impact one another.
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Figure 17: a) Main effect of Search Difficulty. b) Beta estimates for each mini-block
condition extracted from the peak of the interaction between Search Difficulty and
WM load. All whole-brain FDR-corrected p < .05

4.2.2.3 Multivariate results

If the WM and visual attention demands are indeed competing for a shared
attention resource, we might expect to see evidence of this in the distributed patterns of

activity that reflect the WM content. We initially investigated whether the WM category
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(face vs. house) could be classified during a secondary task in the first place, and then
went on to assess variations in this classification as a function of visual search difficulty.
We first applied a searchlight procedure to identify regions conveying local patterns of
WM category information, across the duration of the search sequence. Indeed, large
clusters of searchlights, corresponding generally to the fusiform and parahippocampal
gyri, classified the WM category significantly above chance (Figure 18a). Thus, even in
the face of persistent and fluid visual input—not to mention a secondary task being
performed on that input—we were able to extract meaningful WM stimulus information
from locally distributed patterns of neural activity. Moreover, those patterns of
decodable activity tended to cluster around the ventral visual regions that typically
respond to perception of stimuli from the WM categories. This marks a substantial
advance in WM decoding, as prior studies have examined WM delay activity over an
unfilled interval (i.e., no other perceptual input), leaving open the question of what
happens to WM representations in the face of incoming sensory signals. When WM
classifiers are also trained on activity during the presentation of additional sensory
information, meaningful WM patterns can be detected.

Having established that WM stimulus information can indeed be extracted in the
face of a concurrent attention-demanding task, we next asked how that WM
representational content evolves throughout the course of the trial, in functionally-

defined face- and house-sensitive ROIs, and most importantly, how it is impacted by the
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time-consumption of an intervening task. As illustrated in Figure 18b, WM category
classification in the PPA, overall, displayed a u-shaped pattern across the mini-block.
Unsurprisingly, regardless of the search difficulty of the current trial, classification of the
WM category was very high during presentation of the WM sample (i.e., when the
stimulus was actually being perceived). Classification accuracy dropped off somewhat,
but remained well above chance, during the blank delay after the offset of the sample.
With the onset of the visual search series, however, classification performance began to
diverge depending on the attention demands of that search sequence. When the search
was more difficult (and therefore more time-consuming), WM category classification
dropped down to chance levels. When the search was easier, however, WM category
classification remained consistently above chance. By the third and fourth search trial,
classification accuracies for the easy and hard search conditions were significantly
different from one another. Once the search series ended, classification under the harder
search condition recovered to the same level as the easy condition, and both converged
to well above chance when the probe appeared.

The FFA activation followed the same u-shaped pattern, but the difference
between external attentional load conditions did not reach significance. The functionally
defined FFA was substantially smaller than the PPA, and indeed, the few prior studies

of WM decoding that have used face and house stimuli have found the PPA to provide
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more reliable classification, in general (Kim, Lewis-Peacock, Norman, & Turk-Browne,

2014; Lewis-Peacock & Norman, 2014).
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Figure 18: a) Clusters of searchlights that classified the WM category significantly
above chance during the visual search sequence. b) WM category classification, across
the functionally defined parahippocampal place area, at 2 sec time-points across the
trial for easy (grey) and hard (orange) visual search conditions.

In Experiment 1, a failure of WM content to bias visual search (under fast-paced
search sequences) provided evidence that attention-consuming visual demands directed
attention away from the WM content. Our hypothesis was that, if attention was directed
elsewhere, the neuronal populations responsive to the features of the WM content
would not be activated above a threshold to produce sensitivity to matching external
features. Here, we now have evidence that indeed, the neural patterns of activity that
convey information about the WM content are impeded when visual attention demands

are high.
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4.2.3 Experiment 2 Discussion

Three main findings point to competition between attention toward

representations of internal and external stimuli:

1. A strong negative correlation between behavioral performance measures on

internally and externally geared task components. Efficient performance on one

part of the task was associated with worse performance on the other, suggesting
there is a trade-off between the two.

2. A robust neural interaction between internal and external load demands. The

neural response to load in one domain was highly dependent on the load in the
other domain, suggesting they both tap into a common resource.

3. Modulation of WM representational content by visual attentional demand level.

Classification of the remembered category was diminished when concurrent
visual attention demands were high, suggesting shared attention was diverted

away from WM maintenance.

These pieces of evidence thus combine to suggest that internal (WM) and
external (visual) attention demands rely on shared resources. While high visual attention
demands interfered with patterns of WM content in the PPA, however, WM
performance was, on average, unaffected by the search difficulty. Thus, in the higher
demand condition, the WM content must be coded or maintained using some other

strategy that does not rely on the same patterns of visual representation that are
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conveyed when attention demands are low. Just as in Chapter 2 we found evidence that
WM representations can be relegated to a different activation status to optimize search
performance, here neural evidence for the WM category dropped off when search was
hard, which could reflect its transfer to a different activation state during completion of
the immediate task. In Chapter 2, we also found that the inhibited content could still be
retrieved when it was probed (Kiyonaga et al., 2012). We have speculated that this
reflects the flexibility of activation states within WM, in that a WM item’s activation
status can vary depending on its relationship to the current task (Olivers et al., 2011).
Likewise, prior investigations have found, in a retro-cuing paradigm, that neural
evidence for an uncued WM will drop down to chance levels, but if that item is later
cued, multivariate evidence will return, and the item can be remembered (LaRocque et
al., 2012; Lewis-Peacock et al., 2011). Whereas those earlier studies manipulated
attention to different items within WM, here we find evidence that the same focus of
attention is shared between WM and external visual stimuli. It now remains to be
determined what that different activation status may entail that WM can still be
successful.

A hidden or silent coding scheme —that might be undetectable with the methods
we’ve used here—could, for instance, be implemented via patterned short-term changes
in network synaptic weights (Erickson, Maramara, & Lisman, 2009; LaRocque,

Eichenbaum, et al., 2014; Stokes et al., 2013), or a compressed and efficient code as with
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ensemble representation (Alvarez, 2011). Though human fMRI studies have struggled to
extract any meaningful WM content-related information from frontal regions during
maintenance, furthermore, studies in non-human primates have found such information
in PFC (Mendoza-Halliday, Torres, & Martinez-Trujillo, 2014; Stokes et al., 2013). The
flexible neurons of the PFC (cf. Rigotti et al., 2013) are thus possible conveyors of WM
information when it cannot be visually maintained because of high visual attention
demand.

Our understanding of WM in the face of distraction is generally poor, and WM
content decoding during distraction has not yet been done successfully. Here, we show
that WM information content can still be detected, in visual representation regions, in
the face of incoming sensory input, but the representation is sensitive to the attentional
demands imposed by that input. Despite the loss of active neural WM representations
during a demanding secondary task however, recognition of WM items remains pretty
good, providing further evidence that WM content can be dynamically shifted between
activation statuses depending on the task context. Thus, WM and visual attention
demands impact one another in that current visual demands can influence the
prioritization and representational format of the WM content, but priorities and

representations can be flexibly shifted to optimize task performance.
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Chapter 4 Summary

Experiment 1 demonstrated that time-consuming visual demands can block
refreshing of internal WM content, and thereby prevent WM representations from
capturing visual attention (Kiyonaga & Egner, 2014a). Experiment 2 established that
when WM refreshing is prevented by time-consuming visual demands, neural activation
patterns associated with the WM content are indeed diminished (Kiyonaga, Dowd, &
Egner, In prep). Taken together, these findings bolster the argument that shared
(activated) representations explain why WM contents can capture attention in the first
place, and that WM and attention compete for shared neural resources.

Although the notion of reciprocity between WM and attention is not a brand new
one, this bridging of methods previously employed to study distinct cognitive
operations represents a new framework within which to study and understand the

means by which we select and process information in all domains.
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5. Synthesis and next steps

The concept of WM has evolved remarkably since its earliest delineation. There
remain a number of distinct theories about the structure of WM, but prevailing models
share the idea that—rather than a dedicated system for short-term maintenance —WM
relies on activation of either long-term memory or sensory representations, via attention.
These theories have lacked, however, a comprehensive account of the reciprocity
between WM and attention representations, demands, and operating principles.

The studies described here have tested the assumption that WM can be
considered internally oriented attention. If this is true, then the well-known properties of
attention that have been established over many decades of research should also apply to
our understanding of WM. This makes sense for many of the circumstances in which we
use, for instance, visual attention. The manner in which we search through a visual
scene for a target object is mirrored in the way we search through mental images to
apply them to a task. The sustained attention we apply to keep track of multiple moving
visual objects resembles the persistent maintenance required to preserve and manipulate
multiple internal representations. Just as attention can be visually oriented toward a
particular location based on pre-determined goals (i.e., top-down) or spontaneously
captured based on perceptual stimulus qualities (i.e., bottom-up), items can be
volitionally generated in WM, but may also enter our mental workspace exogenously.

Just as attention can be disengaged from one visual stimulus and re-oriented toward

135



another, furthermore, one among several internal representations can be the current
focus of processing, but that focus can be flexibly shifted between representations. In
other words, the only distinction between WM and our traditional concept of attention
should be that it operates over representations that persist without sensory input

present. The current thesis set out to systematically test this proposal.

5.1 Summary of current findings

At the outset, we asked primarily two broad questions. First, why do WM and
visual attention impact one another in the first place? Our findings suggest this occurs
because the two share both content (i.e., neural representations) and function (i.e,
attention resources). Second, why is the impact between WM and attention inconsistent?
Our findings suggest that the extent to which internal and external demands require
attention will determine their degree of mutual impact, and also that the interplay
between the two is malleable. The prioritization of one domain over the other can be
flexibly controlled, and context-appropriate strategies can be engaged to deploy limited

attention resources optimally for current demands.

5.1.1 Evidence for shared representations

In Chapter 2, we found that items in WM —that are irrelevant to the current
task—can nonetheless bias attention during visual search. Even when WM items were
known with absolute certainty to be disruptive to the immediate task, their influence

could not be entirely suppressed. In Chapter 3, we found that WM representations could
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impact behavior as if they were being visually perceived. A color word held in WM

produced Stroop-like interference in a perceptual color judgment, and a colored WM
item produced center-surround inhibition of nearby colors in a perceptual task. This
should only happen if the representations engaged to maintain items in WM are also

those that are activated by external stimuli.

5.1.2 Evidence for shared operating principles

In Chapter 2, we found that the influence of WM content over visual attention
can be strategically controlled in a manner that resembles the effects of spatial cuing of
attention, and relies on the same brain regions. In Chapter 3, we found that WM content
is subject to the same conflict filtering processes as visual stimuli, and that a Stroop
effect from WM content expresses the same fundamental attributes as a classic color-
word Stroop task. We, further, found that the same center-surround selective tuning
mechanism that focuses attention in the visual field is also at play within WM.
Maintenance in WM, therefore, abides by the control processes and selection

mechanisms that govern visual attention.

5.1.3 Evidence for shared resources

In Chapter 2, we found not only that WM content biased visual search, but that
the visual search conditions had a reciprocal impact on the status of the WM
representation. If the influence of an irrelevant WM item was to be inhibited during

search, it came at a cost to the retrievability of that item when probed. In Chapter 3, we
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found that conflict between a WM item and a visual stimulus slowed perceptual
judgments, but this conflict—and consequent time-consuming filtering —also resulted in
worse WM recognition. Furthermore, we found that the extent of the center-surround
selection mechanism in WM —as assessed with a visual attention probe —correlated
strongly with WM success. In Chapter 4, we found that systematic manipulations of the
time-consumption of WM delay-spanning visual attention demands modulated both the
extent to which WM content captured visual attention, as well as how well it was
remembered. We also found that more time-consuming demands on visual attention
resulted in reduced neural evidence for the WM content, and provoked a strategy that
either prioritized WM maintenance or visual search, but not both equally. Whether
operating over similar or distinct categories of information, demands for attention

toward both mental and perceptual images tap into shared resources to some extent.

5.2 Extension to other domains of cognition

Throughout this document, I have used the broad terms WM and attention,
though, in practice I have studied mainly visual WM and attention processes. This
certainly represents only a small slice of the space where the framework described
herein could apply. We would also expect to observe the same link between internal and
external demands in other sensory modalities, for instance. Furthermore, while demands
within a modality should rely on the same representations and compete with one

another most severely, we would also expect mutual competition between modalities for
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shared attention (Vergauwe et al., 2010). A strong test of this hypothesis, however,
would simultaneously tax distinct sensory modalities (e.g., visual and auditory).

Additionally, I assume that short-term internal maintenance is hardly the only
cognitive demand that also vies for attention. The role of attention in long-term memory
encoding (Kensinger, Clarke, & Corkin, 2003; Ranganath, Cohen, & Brozinsky, 2005;
Uncapher & Rugg, 2005) and retrieval (Cabeza, Ciaramelli, Olson, & Moscovitch, 2008)
has been well-documented, and a competitive interaction has been observed between
brain regions responsive to long-term memory (internal) versus perceptual (external)
information (Sestieri, Shulman, & Corbetta, 2010). Attention has also been shown to
modulate the hippocampus during incidental encoding, for instance, expressed as
modulation of distinct hippocampal subfields depending on the type of information that
is being attended (i.e., object vs. spatial; Aly & Turk-Browne, 2015). WM has also
sometimes been cast as a gateway into long-term memory (Blumenfeld & Ranganath,
2006; Ranganath et al., 2005). Accordingly, just as temporary internal maintenance in
WM is sensitive to current attention demands in the environment, we would expect that
long-term memory encoding and retrieval processes would be similarly impacted.

Conversely, much like the effect of actively maintained WM content, attention
can also be captured by stimuli that match long-term memory experience (e.g., Chanon
& Hopfinger, 2008). As in, a friend’s face would pop out in a sea of faces—even when

you weren't looking for it. This makes sense if we consider (all) visual representations to
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be essentially memories of previous encounters with a stimulus, which are strengthened
via repeated viewing, so that the threshold for perceptually evoked activation is
drastically lowered. We also know that the content of WM can involuntarily influence
eye movements, (Hollingworth et al., 2013; Olivers et al., 2006; Soto et al., 2005;
Theeuwes et al., 2009; Theeuwes, Olivers, & Chizk, 2005), suggesting that the
representation-sharing described herein might apply more broadly to the realm of motor
intention. This could explain why we might say the wrong name aloud, for instance, or
type the wrong word, when it is something we are thinking. Probing the role of our
internal content on our externally geared actions—above and beyond attention

allocation as it has been discussed here—could be a fascinating area of future study.

5.3 Theoretical and methodological implications

The findings reported here apply most immediately to advancing our
understanding of WM processes. It is largely accepted, for instance, that WM
representations will be more disrupted by distraction from the same category (i.e., a
stream of numbers will be more disruptive than colors to the phone number you're
trying to remember). Although this instinctively makes sense, it is unknown why it
occurs. It could be that WM representation are overwritten by incoming sensory input,
or possibly that they suffer natural temporal decay when similar stimuli require more
attention-demanding filtering processes. The current framework would suggest that

similar distractors are more likely to engage attention in the first place (because their
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circuitry is already activated), then they are harder to suppress than unrelated
distractors (because WM maintenance entails keeping that circuitry active), and any
attempts to suppress the distraction might unwittingly inhibit the WM content. Thus,
this theoretical framework can be applied to address individual observations that
confound the field. More generally, however, a behavioral approach employed here (i.e.,
replicating classic attention effects with WM content) can be applied to a number of
phenomena. Our grasp of WM processes (and cognitive phenomena in general) might
leap forward if we can understand them in the context of years of well-established
attentional phenomena.

If we are to fully make the theoretical shift from WM as a dedicated system for
short-term maintenance, to a unified concept of shared selective attention between
internally and externally activated representations, it is essential that we convincingly
demonstrate the equivalence of the resources and content of WM and attention. Our
findings are thus of paramount importance to theories of WM and selective attention.
More broadly, however, they demonstrate that our inner mental lives are in a dynamic
interdependence with our external environment: the content of our mental workspace
influences how we perceive and act upon external stimuli, and the processing of external
stimuli impacts the condition of our internal representations. In that sense, these

findings have vast repercussions for understanding distraction in daily life, and
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applying that understanding to improving functioning in both healthy and clinical

populations.

5.4 Practical implications

The past decade or so has seen an influx of claims for varied training protocols
that improve WM and visual cognition, as well as brain function more generally
(Anguera et al., 2013; Green & Bavelier, 2003; Jha, Stanley, Kiyonaga, Wong, & Gelfand,
2010; Redick et al., 2013). If such training were shown to be effective, it would have clear
impact in, for instance, classroom learning (where WM and attentional capacity
contribute immensely to success; Alloway & Alloway, 2010; Dehn, 2008) as well as
healthy aging (which is characterized by marked deficits in distraction resistance and
short-term memory; e.g., Gazzaley, Cooney, Rissman, & D’Esposito, 2005; McNab et al.,
2015; Wais, Martin, & Gazzaley, 2012). A major sticking point that underpins the
controversy circling these training claims, however, is whether training-related
improvements transfer to untrained tasks —without which their usefulness is severely
limited. If what have previously been considered distinct cognitive concepts (i.e. WM
and attention) rely on a common resource, then training may be vastly more effectively
targeted at that shared resource. Indeed, the more promising training approaches seem
not to focus on a single particular skill, but to simultaneously tax internal maintenance
with changing visual demands, pushing the limits of the alternation between the two,

and presumably tapping into the shared attention resource described here (e.g., Anguera
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et al.,, 2013; Kundu, Sutterer, Emrich, & Postle, 2013). Thus, a specific characterization of
the neural and behavioral markers of shared resource engagement may contribute to
understanding and enhancement of information processing in multiple realms of
cognition.

While even healthy populations are always looking for ways to improve and
protect memory and attentional functioning, a clearer understanding of how various
interacting neural mechanisms mediate the complex functions of WM and attention is
also of the highest importance for achieving progress in the clinical brain sciences. Many
learning (Dehn, 2008), psychiatric (Goldman-Rakic, 1994; Klingberg, Forssberg, &
Westerberg, 2002; McGhie & Chapman, 1961) and developmental (Williams, Goldstein,
Carpenter, & Minshew, 2005) disorders are characterized by deficits in WM and
attention. The exact nature of many of these deficits still eludes us, however. A major
reason for this lies with our currently poor understanding of the precise relationship
between WM and attention, which in turn limits our appreciation of how the two may
impinge on one another in psychiatric disorders. For instance, inattention symptoms of
ADHD, or attention control and verbal memory deficits in schizophrenia, could be
explained by a dysfunction of the shared attentional selection mechanism described
here. Indeed, patients with schizophrenia fail to display center-surround inhibition in
visual attention (Chen, Norton, & Ongur, 2008; Tadin et al., 2006), which, by this

framework, might translate into a broader inability to focus on relevant information and
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filter out distraction. If such deficits can be traced back to a common source, this may
offer the potential for diagnostic and therapeutic tools targeted at that source. More
directly, the observation that active internal maintenance can improve perceptual
sensitivity for matching items could be applied to mitigate the symptoms of certain
attentional disorders. Awareness can be rescued in parietal lesion patients, for instance,
for stimuli in the contralesional hemifield that match WM contents (Soto & Humphreys,
2006). Our related finding that involuntary attentional capture can be diminished by
occupying attention might inspire techniques to ameliorate impairments in attentional
focusing by sufficiently engaging the system to prevent processing of irrelevant
distractors. Thus, behavioral techniques may be applied to stimulate engagement of a
core attentional mechanism to a number of ends, although these represent but a sample

of the areas of translation where this could potentially be informative.

5.5 Central issues for future research

One obvious question that stems from the claim that WM and attention are
equivalent is how we are then able to tell the difference between representations that are
actually perceived vs. summoned internally. This could potentially be resolved by a
mechanism akin to efference copy or corollary discharge in motor control (Sperry, 1950),
or active inference (Brown, Adams, Parees, Edwards, & Friston, 2013), whereby the
perceptual system is made aware that a representation is being intrinsically generated,

though these possibilities have yet to be explored.
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Given the recent advances in neuroimaging analysis techniques, and the ensuing
tflood of multi-voxel pattern analyses in the literature, one of the most pressing current
concerns of WM research is to clarify the meaning of sustained elevated univariate
signal vs. multivariate patterns of information. Many years of WM research indicated
that lateral PFC and posterior parietal recruitment was critical to WM, while a newer
wave of findings has swung the pendulum in the opposite direction, with recent theories
contending that earlier visual activity patterns are the genuine substrate of WM. The
truth probably lies somewhere in between the two, and there are likely multiple routes
to successful performance. The observation that MVPA evidence for the WM content
appears unnecessary for successful WM, nonetheless, leaves us wondering what
purpose these activation patterns serve. In Chapter 4, for instance, we find that pattern
classification accuracy for the WM category dips down to chance in the face of high
visual attention demands, but can later be recovered for successful WM recognition
performance (cf. Lewis-Peacock et al., 2011). Where does it go? How is it reinstated? And
does it matter?

In addition to the issue of the particular role of multivariate patterns in WM is
the related question of how WM is sometimes maintained in the absence of attention.
We have made a strong claim for the importance of attention to WM processes—in fact
we have claimed that they are one in the same. How, then, can WM content sometimes

be remembered when attention is occupied elsewhere and neural evidence for the WM
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seemingly disappears? We have proposed that many observations of successful WM in
the face of competing demands can be explained by the fact that attention is not truly
persistently occupied, and thus WM can still be occasionally refreshed. Even when
attention is volitionally directed away from a WM item, however, or fully occupied by
an intensive secondary task, the WM content can sometimes still be remembered
(Gunseli et al., 2015; Kiyonaga et al., In prep; Lewis-Peacock et al., 2011; van Moorselaar,
Olivers, et al., 2015). Chapters 2 and 4 give us hints that WM content can be shifted to a
different activation state to maximize performance in a dual-task environment, but it is
still unclear what information coding scheme is put into place when such strategies are
used. The optimal coding scheme could furthermore be immensely impacted by
particulars of the task paradigm —Ilike choice of stimuli and style of WM probe —that
might provoke or allow encoding, maintenance, and retrieval strategies of varying
degrees of attention consumption. For instance, novel abstract visual images would
probably be time-consuming to encode, and would further require an active attention-
demanding maintenance strategy. On the other hand, familiar everyday objects could
potentially be incorporated into an existing semantic framework, or identified by a
familiarity-based judgment, without sustained active maintenance. Likewise, simple
match/non-match recognition probes of WM may require a less fine-grained visual

maintenance strategy than, for instance, a continuous report recall probe. In general, we
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should strive to design studies that tap into fundamental properties of cognition, rather
than just properties of performance on a particular task.

Finally, the current ambiguity surrounding the functional role of both particular
brain areas and distributed neural patterns in attending and retaining information
highlights the critical need to incorporate causal methods into our investigations of
neural function. In Chapter 2, we reported that temporary disruption of the right
posterior parietal cortex with TMS produced the opposite behavioral effect from what
was expected from the fMRI activation pattern. Likewise, despite the increasingly
common assertion that internal maintenance critically relies on the sensory regions that
are recruited to perceive the maintained content, disruption of those regions with TMS
has also been found to leave the WM content unharmed (Gosseries et al., 2014). Casual
methods (like TMS) thus have great potential to clear up misattributions of function to
brain areas or networks, and definitively determine the necessity and particular
contribution of those areas. Causal techniques must also be used with care, however,
bearing in mind that stimulation of one region of cortex may have unintended
consequences in connected regions. Not to mention the fact that we are still uncertain as
to the precise mechanisms of non-invasive brain stimulation action—as its impact
changes with stimulation frequency and intensity —an understanding of which will even

further benefit their application to questions about neural function.
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5.6 Concluding thoughts

There still remain a great number of unresolved issues in understanding what
limits (and maximizes) our ability to effectively prioritize representations from multiple
sources, and to manage competing demands for our attention to internal thought
processes and external tasks. Here we have found multiple converging pieces of
evidence that WM abides by core properties of attentional selection. These findings pave
the way for targeted investigations into the neuro-computational mechanisms
underlying high-level cognitive operations that govern perception, thought, and the

general principles by which the brain supports the mind.
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