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ABSTRACT

Goal-directed behaviour relies on the ability to store relevant information in visual short-
term memory (VSTM) and to briefly maintain its representation for manipulations (Visual
Working Memory, VWM). Crucial cognitive processes for this ability include perceptual
encoding, maintenance and retrieval of task-relevant stimuli, as well as selectively suppress task-
irrelevant information. Despite the relevance of these processes is known, their combined and
individual contribution is less clear, as well as the specific role of the initial perceptual accuracy
and individual variability in manipulating information held in memory.

This thesis addresses these issues by examining the cognitive and neural processes
underlying the maintenance of memory representations for short intervals.

In the first part of this work, we used a novel behavioural paradigm to study the role of
perceptual accuracy as well as of the combined and individual contribution of other cognitive
factors underlying visual short-term memory. A second study extended the investigation to the
maintenance period, providing task-based and endogenous electrophysiological correlates of
successful maintenance.

The second part of this thesis used a retro-cue based WM paradigm to investigate the
attentional and inhibitory mechanisms involve in the maintenance process, and required when
manipulating stored information. Considering the vulnerability of these processes in healthy
ageing, the investigation is also extended to an older sample.

This last part of the thesis provided cognitive and neural results that reconciled
contrasting findings on the WM literature based on retro-cue. Specifically, a novel concept of
cognitive flexibility and its electrophysiological predictors are proposed to underlie individual

variability in manipulating memory representation.
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CHAPTER 1: INTRODUCTION

This chapter provides the theoretical framework underlying the investigation of a specific component of
visual short-term memory (VSTM) and working memory (VWM): the ability to maintain and manipulate short-
term memory representations.

Particular focus s dedicated to experimental proxies to investigate VSTM, namely perceptual encoding,
stimulus complexity and attentional processes, as well as to the impact of age-related processes on this ability. For
each of these aspects, evidence from electrophysiology (EEG) ts presented, with a focus on the use of this technique
to tnvestigate and predict memory ability. This chapter represents the theoretical ground on which this thesis is
bult, which itself aims to examine the neural and cognitive predictors of the ability to manipulate visual short-

term memory representations in the young and ageing brain.

1.1 SHORT-TERM & WORKING MEMORY

1.1.1 DEFINITIONS

Visual short-term memory (VSTM) is the ability to retrieve visual information
representations after a short delay (Shimi, Nobre, Astle, & Scerif, 2014). This ability is not only
useful for detecting changes between two scenes, but also for integrating visual information to
provide a stable and unified view of surrounding scenes, as well as to guide movements (Brouwer
& Knill; 2010; Henderson & Hollingworth, 1999; Théau, 2012). While we hold visual
information, its manipulation relies on a more elaborate form of VSTM, known as Visual
Working Memory (VWM)(Ma, Husain, & Bays, 2014). This corresponds to the ability to
actively maintain visual information and it plays an important role in many aspects of cognition,
such as intelligence, decision-making, and planning (Luck & Vogel, 1997). In this context,
VSTM refers to the visual storage component of VWM (Alvarez & Cavanagh, 2004; Todd &

Marois, 2004) and in this thesis these terms will be used interchangeably.
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1.1.2 THEORETICAL ACCOUNTS

One of the most distinctive aspect of VSTM ability consists of its limited capacity, usually
intended in terms of set size. Past studies have often investigated this aspect by manipulating the
number of items presented in the initial stimuli array. For instance, Vogel and Luck (1997) used
a delay-to-sample match task whereby participants were presented with an array of up to 12
coloured squares, followed by 1-second delay and then another array of squares including one
that changed in colour relative to the initial display. Results showed that the number of items
stored did not exceed four, regardless of whether the stimulus feature to remember was one or
more (Cowan, 2001; Luck & Vogel, 1997). This was taken as evidence that items are
represented in memory as object “slots”, considered the unit of VSTM. Moreover, within this
theoretical framework, known as “slot model”, the probability to retrieve information after a
brief interval simply depends on the probability that the information is encoded (Cowan, 2001;
Luck & Vogel, 1997; Pashler, 1988). Based on this model, VSTM capacity is underpinned by
the activity of the posterior parietal cortex, which increases with the increment of the stimuli set
size (Todd & Marois, 2004). This model lies on the problematic assumption that visual stimuli
are encoded in a binary fashion (present or not), therefore neglecting the role of distracters (or
internal state) in probing false positive responses (Wilken & Ma, 2004).

Later studies suggested a more continuous processing of encoding. Rather than referring
to a limit on the number of stimuli that can be encoded, these models explained capacity limits
in terms of object complexity and internal noise, ultimately affecting the quality of the stimuli’s
representations (Alvarez & Cavanagh, 2004; Eckstein, Thomas, Palmer, & Shimozaki, 2000;
Verghese, 2004; Wilken & Ma, 2004). This new framework, known as “continuous-resource
models” (Bays & Husain, 2008b; Wilken & Ma, 2004), was further elaborated by suggesting that
VSTM capacity is represented by a shared and flexible pool of resources which are distributed

over the visual stimuli in different gradients, depending on the level of precision at the encoding
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level and decrease with set size (‘variable-precision model’) (van den Berg, Shin, Chou, George,
& Ma, 2012). Therefore, rather than being restricted by “slots”, recent theories conceptualize
the limited VSTM capacity in terms of the quality of stimulus encoding (Bays & Husain, 2008b;
Wilken & Ma, 2004). Since this thesis focuses on the quality of VSTM processes from encoding

to retrieval, it is based on the “Continuous Resource model” as the theoretical framework.

1.1.2. THE ROLE OF ATTENTION IN MEMORY PROCESSES

Because of the limited amount of data that can be held in VSTM, attentional processes
are crucial to select relevant information and suppress irrelevant information (Desimone, 1996).
Attention modulates stimulus selection based on bottom-up factors such as visual salience
(Desimone & Duncan, 1995) and top-down processes, and by flexibly identifying task-relevant
stimuli (Corbetta & Shulman, 2002). Attention influences memory and vice versa, as one can
determine or bias the content of the other (de Fockert, 2010; de Fockert, Rees, Frith, & Lavie,
2001), making their relationship bidirectional (Desimone, 1996). For instance, Kane and
colleagues found that individual differences in performing tasks tackling control of attention
towards task-relevant items correlated to WM capacity (Kane, Conway, Bleckley, & Engle,
2001), supporting the view that the ability to keep relevant information in an active and
accessible form reflects the ability to control attention.

The experimental part of this thesis will address how bottom-up and top-down attentional
processes can guide VSTM and VWM in the selection of task-relevant memory representations.
Furthermore, I will investigate how memory representation can be prioritized by attentional

goal-directed processes across the life span.

1.1.3 THE EFFECT OF LOAD AND INDIVIDUAL VARIABILITY IN VSTM

The ability to store and manipulate visual information varies substantially depending on

stimulus load and across individuals (Cowan, 2010).
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Stimulus-load depends on the increment in the number of stimuli to encode and
remember, and greater load typically corresponds to a decrease in performance (longer
response times and/or lower level of accuracy) (Baddeley, 2001; Hester & Garavan, 2005).
Another source of load for memory capacity is stimulus complexity (Alvarez and Cavanagh,
2004). This has been established using experimental paradigms such as a match-to-sample task
based on stimuli varying in complexity (letters, colours, Chinese characters, polygons and
shaded cubes), whereby less complex stimuli (i.e. colours versus shaded cubes) corresponded to
a significantly higher recall accuracy (Alvarez & Cavanagh, 2004). Subsequent studies further
indicated that perceptual complexity stimuli modulates memory performance irrespective of
the number of items presented (Eng et al., 2005).

Load can therefore be intended as memory- or information-based, depending on whether the
number of items or the stimulus complexity is manipulated (Eng, Chen, & Jiang, 2005a). In this
thests, mformation-based load will be manipulated in some of the experimental paradigms used (see
Chapters 3 and 4).

Another factor characterising the ability to hold information is that it varies between
individuals, and such variability can predict individual differences in intellectual abilities as well
as memory changes across the life span (Cowan, 2010). The reasons underlying such differences
have been of great interest in the memory domain. An obvious contributing factor is the amount
of information that can be stored, which becomes more challenging with each increment in
span length (Cowan, Fristoe, Elliott, Brunner, & Saults, 2006; Cowan, Morey, Aubuchon,
Zwilling, & Gilchrist, 2010). Other factors accounting for individual variability are linked to the
strategies used to manipulate memory information effectively. For instance, some studies have
shown that low-capacity participants hold more task-irrelevant information (Kane et al., 2001;

Vogel, McCollough, & Machizawa, 2005). The second half of the experimental chapters aim

16



to explain and predict different behavioural patterns emerging from the ability to maintain and

manipulate memory representations.

1.1.4 VSTM MODULATING COGNITIVE FACTORS

In laboratory settings, VSTM is often investigated using change detection tasks (Phillips,
1974). Such tasks consist of the brief presentation of a visual stimulus array (including one or
more targets), followed after a short interval by a similar array (probe). Participants’ task 1s
usually to compare the probe and its target, and to report any detected changes. Successful
performance in this type of task depends on the success of a number of distinct cognitive
processes: 1) perceptual encoding and the discrimination of the stimuli, 2) the creation and
maintenance of their visual representation in memory, and 3) their retrieval by comparing the
probe to the target stimulus (Jonides et al., 2008) . Successful performance is further challenged
by task-irrelevant information (referred to as no-target stimuli hereafter) which may appear
during any of these three processes.

Several studies investigated these cognitive processes, emphasizing the impact of one or another.
For instance, studies on perceptual encoding and on visual stimuli discrimination showed that
successful VSTM performance critically depends on the integrity of the perceptual encoding
(Craik & Lockhart, 1972; (Eng et al., 2005a). In their study, Eng and colleagues, varied the
duration of the stimulus array presentation to show that limited time at encoding prevents a
more stable and elaborate perception of a stimulus (i.e. perceptual grouping of similar items
only occurs at longer stimuli presentation) (Eng et al., 2005a).

Therefore, depending on the depth/stage of the perceptual analysis, the memory trace may be
characterized by richer or more sparse sensory representations, ultimately affecting the
performance in change detection tasks (Craik & Lockhart, 1972b; Galli, 2014; Rodrigues,

Sauzéon, Langevin, Raboutet, & N’Kaoua, 2010; Treisman, 1998).
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In a recent VSTM review, Jonides and colleagues (2008) indicated some reasons why
lack of explicit assessment of perceptual processes may generate misleading interpretation of
results. One such reason is based on the assumption that stimuli presented within the established
fixed-limit capacity fall within the attention focus, allowing memory representations to be
effectively encoded and retrieved (Garavan, 1998; McElree, 2006). However, perceptual
encoding is not limited to the focus of attention and participants could have control over this
process, for instance by ignoring incoming stimuli. Indeed, supporting evidence from
neuroimaging studies shows that the presentation of distracting stimuli, relative to the conditions
where no distracting stimuli were presented, is associated with increased activity in the
dorsolateral prefrontal cortex, selectively modulating more posterior perceptual areas and their
processing of incoming visual stimuli (Postle, 2006).

However, when the mechanism of ignoring incoming stimuli fails, distracting stimuli are
processed, which can have a detrimental effect on VSTM performance. Similarly, another point
reported in Jonides and colleagues’s (2008) review is the possibility that encoding and the
memory representation may be disrupted by a new stimulus entering the focus of attention,
either a distractor or a probe. These have the potential to overwrite features of the initial target
stimuli, ultimately affecting the quality of their early representation. Altogether, these points
reveal how relevant it is to assess the quality of perceptual stimuli encoding for a deep
understanding of VSTM performance.

Following perceptual encoding, stimulus representations are maintained in memory
(Hollingworth, 2003), a process that activates the same brain circuits involved in primitive
attentive processes such as perceptual encoding (Miller, 2000). This represents further evidence
that memory and perceptual processes provide a combined contribution to performance, which

motivates investigating their joint contribution.
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The final VSTM stage involved in change detection tasks corresponds to stimuli retrieval
or recognition, depending on task instruction (Smith & Nielsen, 1970). The retrieval or
recognition of task-relevant (target) information is substantially influenced by the degree of
similarity between a target and a probe (Awh et al., 2007; Eng et al., 2005; Jonides & Nee,
2006), with a strong involvement of lateral and anterior prefrontal cortex (Johnson et al., 2008).
Additionally, if participants have no a priori knowledge of the target stimulus among the
presented visual stimuli, successful performance also requires disregarding the memory
representations which do not correspond to the target (no-target stimulus) (Shin & Ma, 2017).

In this case, it is crucial to understand to what extent successful VSTM performance
reflects the quality of the initial encoding, the suppression of distracting stimuli, and/or the
unsuccessful discrimination of the stimuli. Moreover, this approach is based on the idea that
memory processes result from the contribution of different factors, which should be jointly
considered and explicitly tested. Chapters 3 and 4 aim at addressing these questions by using a
novel VSTM paradigm that allows us to assess the combined and the individual contribution
of perceptual, memory and inhibitory factors on change detection performance, while directly

controlling for perceptual discrimination accuracy.

1.1.5 MAINTENANCE IN VISUAL SHORT-TERM MEMORY (VSTM)

How we maintain information in memory has been a pressing question in the domain of STM
and different explanations have been proposed (Jonides et al., 2008). One of these concerns the
encoding of visual stimuli in VSTM in relation to each other, and more specifically that in
simultaneous presentations stimulus encoding influences the subsequent memory
representation. This is usually termed “relational processing” (Jiang, Olson, & Chun, 2000).
Stimulus representations can be related to each other in two ways: via semantic mechanisms,

when a stimulus matches a semantic context stored in long-term memory (for example, it is
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relatively easy to identify and remember a fridge in a kitchen, as it is a probable object to be
found in that specific context); or via perceptual grouping, when many stimuli are grouped
based on a salient feature (Jiang et al., 2000). This perceptual relational processing approach 1s
adopted in this thesis (Chapters 3 and 4), whereby two sinusoidal gratings (Gabor patches) with
no explicit semantic value could have the same or different gradients of similarity in terms of
degrees of orientation. Perceptual grouping is expected to occur when the two Gabor patches
have the same degree of orientation.

Stimulus maintenance could be also assessed by investigating the effect of memory capacity
during the delay interval (Vogel & Machizawa, 2004), for instance by providing visuo-spatial
attention cues (‘retrospective-cue’) which re-orient attention towards cued items held in memory
(Awh et al., 2007; Kuo, Stokes, & Nobre, 2012; Postle, 2006) (see section 1.1.4 for further
discussion), or by varying the length of the retention interval (Magnussen & Greenlee, 1992;
Magnussen, Greenlee, Asplund, & Dyrnes, 1990). The former method also corresponds to the
expedient implemented in this thesis (Chapters 4 and 5) to investigate the role of selective

attention processes during stimulus maintenance.

1.1.5.1 Neural correlates of maintenance in VSTM

Neuroimaging studies have shown that stimulus maintenance is associated with activity
in a set of fronto-parietal areas (Postle, 2015). Specifically, these areas allow keeping the
representations coming from sensory-posterior regions, and prevent their disruptions by new
incoming stimuli (Pasternak & Greenlee, 2005; Postle, 2006; Ranganath, 2006). The
involvement of posterior regions has been linked to the attentional process of rehearsal, which
activates the same brain circuits involved in low level attentive processes such as perceptual
encoding (Jonides, Lacey, & Nee, 2005; Wheeler et al., 2006), enabling us to maintain a stimulus

image with a certain degree of fidelity (Svein Magnussen, 2000).
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Posterior activation has also been successfully used to decode which information will
subsequently be remembered (Emrich, Riggall, LaRocque, & Postle, 2013; Harrison & Tong,
2009; Riggall & Postle, 2012) using Multivariate Pattern Analysis (MVPA, described in section
2.6). For instance, the accurate retention of mo