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Abstract

The relationship between mental representations based on external visual percepts (i.e.,
information held in short-term memory or via mental imagery) and the encoding of visual
input remains unsettled. What stimulates this debate is the share of overlapping neural
resources between visual short-term memory (VSTM), mental imagery and visual
perception in the realm of the early visual cortex (EVC). This overlap raises a number of
questions: how do internal memory and imagery representations affect the perception of
incoming visual information? What happens to imagery and VSTM abilities when
cognitive resources need to be shared with the encoding of visual input? In short: how do
visual memory/imagery and visual perception interact? This work addressed these
questions by the use of behavioral paradigms coupled with transcranial magnetic
stimulation (TMS) in situations where the encoding of the visual percept (measured via the
tilt after effect (TAE) magnitude or the detection of sub threshold stimulus) happens either
simultaneously or subsequently to holding information in VSTM/imagery.

Therefore, when VSTM and the encoding of external input occurred concurrently,
VSTM maintenance was found to inhibit the visual encoding, reflected as a reduction of the
TAE. Using TMS, it was shown that this inhibition takes place at the level of EVC. This
reduction was found when the VSTM content matched the visual input, and when they
were incongruent. However, when the encoding of external input occurred after VSTM
maintenance phase had ended, VSTM maintenance was found to facilitate the former only
when the VSTM content matched the visual input.

The subjective strength and the contrast of VSTM and mental imagery content (as
reported by participants) affect visual detection of a briefly presented masked target. The
reported visual contrast was positively associated with reporting target presence for both
VSTM and mental imagery, in other words, inducing a more liberal bias. However, a
differential effect was found for the subjective strength of the representations. Whereas the
subjective VSTM strength was positively associated with the visual detection of the target,
the opposite effect was observed for imagery. Finally, TMS applied at the EVC revealed a
partial dissociation in the neural basis of VSTM and mental imagery by inducing delayed
responses for the former selectively. Thus, while VSTM and mental imagery share neural
resources, their neural mechanisms are partly dissociable at the level of early visual cortex.



Tiivistelma

Visuaaliseen havaitsemiseen perustuvien mentaalisten representaatioiden (kuten
informaation sdilomisen lyhytkestoisessa muistissa tai kuvittelun) ja visuaalisen
informaation koodauksen yhteys on pysynyt toistaiseksi ratkaisemattomana kysymyksena.
Hermostollisten resurssien limittyminen ja jakaminen visuaalisen lyhytkestoisen muistin
(VSTM; visual short-term memory), kuvittelun sekd varhaisen visuaalisen aivokuoren
(EVC; early visual cortex) vililld herdttdd lukuisia kysymyksid: Kuinka sisdinen muisti ja
kuvittelun representaatiot vaikuttavat saapuvan visuaalisen informaation havaitsemiseen?
Kuinka vaikuttaa kuvitteluun ja visuaaliseen lyhytkestoiseen muistiin, kun kognitiivisia
resursseja tdytyy jakaa saapuvan visuaalisen informaation koodauksen kanssa? Lyhyesti
sanottuna: Kuinka visuaalinen muisti/kuvittelu ja visuaalinen havaitseminen ovat
vuorovaikutuksessa keskenddn? Téssd tyOssd vastataan ylld esitettyihin kysymyksiin
yhdistdmalla behavioraalisia paradigmoja transkraniaalisen magneettistimulaatioon (TMS)
asetelmissa, joissa visuaalinen havaitseminen (TAE-vaikutuksen avulla mitattuna; tilt after
effect) tapahtuu joko samanaikaisesti informaation yllipidon VSTM:ssa/kuvittelun kanssa
tai sen jélkeen.

Kun VSTM ja saapuvan ulkoisen informaation koodaus tapahtuivat samanaikaisesti,
VSTM:n ylldpidon havaittiin inhiboivan visuaalista koodausta, mikd ilmeni ns. TAE-
vaikutuksen heikkenemisend. TMS avulla osoitettiin tdmén inhiboivan vaikutuksen
tapahtuvan varhaisella ndkoaivokuorella. Vaikutus 16ydettiin  sekd  visuaalisen
Iyhytkestoisen muistin sisdllon ollessa yhtenevé ettd epdyhtenevd saapuvan visuaalisen
informaation kanssa. Jos kuitenkin saapuvan informaation koodaus tapahtui visuaalisen
lyhytaikaismuistin ylldpitovaiheen jélkeen, ylldpito fasilitoi koodausta VSTM:n sisdllon
ollessa yhtenevdinen saapuvan ulkoisen informaation kanssa.Visuaalisen lyhytkestoisen
muistin  subjektiivinen voimakkuus ja Kkontrasti sekd mielessd kuviteltu sisdltd
(koehenkildiden raportoimana) vaikuttavat lyhyesti esitetyn maskatun kohteen
havaitsemiseen. Koehenkildiden raportoima visuaalinen kontrasti assiosioitui positiivisesti
kohteeseen sekd VSTM:n ettd kuvittelun tapauksessa, toisin sanoen biasoituen
liberaalimmin. Representaatioiden subjektiiviseen voimakkuuteen liittyen [0ydettiin
kuitenkin erilainen vaikutus. Subjektiivisen visuaalisen Iyhytkestoisen muistin voimakkuus
assosioitui positiivisesti kohteen havaitsemiseen, kun taas kuvitellun sisdllon kanssa
tapahtui pdinvastoin. Lopuksi TMS:n antaminen varhaiselle nikodaivokuorelle paljasti
osittaisen dissosiaation VSTM:n hermostollisen perustan ja kuvittelun vililld aiheuttamalla
viivastetyn selektiivisen vasteen edelldimainitulle. Niin ollen samall kun VSTM ja
visuaalinen kuvittelu jakavat hermostollisia resursseja, niiden hermostolliset mekanismit
ovat kuitenkin osittain eroavia varhaisen nékaivokuoren tasolla.
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1 Introduction

Approximately 27% of the human cortex participates in encoding visual information from
the outer world (Van Essen 2003). This cortical share for vision is reflected in the
statement: “Thinking is visual” (Arnheim 1969). As the visual environment is constituted
by much information, only the most important and relevant information are extracted,
processed and retained in the brain.

The initial encoding of sensory information is the starting point for processes of other
visual cognitive abilities, such as visual short-term memory and visual mental imagery. It is
known that once retained or generated, memory and imagery representations share
overlapping resources in the visual cortex (Kosslyn et al., 1999a; Cattaneo et al., 2009;
Harrison & Tong, 2003, 2009; Serences et al., 2009).

However, even when the observer is engaged in processes such as working memory and
imagery, the perceptual systems continue to receive new information. The fact that
imagery, VSTM and the encoding of new input rely on overlapping neural resources raises
a number of questions: how do the internal memory and imagery representations, which are
initially based on external visual inputs, affect the perception of incoming visual
information? What happens to imagery and VSTM abilities when cognitive resources need
to be shared with the encoding of visual input? In short: how do visual memory/imagery
and visual perception interact? This thesis will detail mental representations held in visual
short-term memory and mental imagery, which are exclusively based on the encoding of
recently presented external input.

1.1 Visual perception: Information pathway from the retina to
Early Visual Cortex

Visual perception is the perceptual outcome of the brain response to external visual input;
in other words, the outcome of brain’s response to information entering through the eye.
This process is essential to higher-level cognitive processes because it lays the foundation
to learn, visually memorise (Brown et al., 2007), and enables the ability to navigate through
mental images (Bartolomeo, 2002).

After receiving perceptual input, in the form of light reflected from physical objects, the
photoreceptors (or light receptor cells, i.e., cones and rods), situated at the level of the
retina, convert the light energy captured by their receptive fields into an electrical signal,
and transmit it to the lateral geniculate nucleus (LGN) via the optic chiasm. At the level of
the LGN, ganglion cells innervated by cones will transmit the carried signal to the
parvocellular (P) layers (layers 3-6) at the dorsal LGN (Kaplan, 2005). These parvocellular
neurons discrimination sensitivity for fine details high spatial frequency are sensitive to



colour (Xu et al., 2001) and chromatic contrast (DeYoe & Van Essen, 1988; Livingstone &
Hubel, 1988). This electrically-encoded visual information at the level of P neurons will
transmit their contents to primary visual cortex layer 4C-f via optical radiations
(Livingstone & Hubel, 1988, Casagrande & Kaas, 1994 for review). Ganglion cells
innervated by rods will transmit the signal to the Magnocelluar (M) layers (layer 1 and 2) at
the ventral LGN. Magnocellular neurons are sensitive to high contrast, motion and have
low spatial resolution (DeYoe & Van Essen, 1988; Livingstone & Hubel, 1988). M neurons
will send the signal via optical radiations to primary visual cortex (V1) layer 4C- o
(Livingstone & Hubel, 1988, Casagrande & Kaas, 1994 for review). A third less
documented LGN cell class are the Koniocellular cells which are located in thinner layers
found between the P and M layers (Kaplan, 2004).

1.1.1 Encoding perceptual features at the level of early visual cortex

After reaching the primary visual cortex, features constituting the object such as colour,
motion, and surface texture are encoded (Desimone & Duncan, 1995). Incoming
information will be treated, in a parallel fashion, in different cells of the primary visual
cortex, also known as V1 (Livingstone & Hubel, 1988; Felleman & Van Essen, 1991). V1
is organized in a retinotopic manner, i.e. nearby neurons have receptive fields encoding
nearby locations in the field of vision. Cells at V1 level are organised in functional units
called cortical columns, which are vertically organized and compromise several different
neuronal populations (Hubel & Wiesel, 1974). V1 cortical columns include ocular
dominance columns that are excited by input arriving from one eye (Adams et al., 2007).
Within the ocular dominance columns different features-specific columns exist. The
orientation column refers to neuronal population that is excited by only specific orientation.
Blobs are sections of the visual cortex where groups of wave-length sensitive neurons are
assembled in cylindrical shapes (Wong-Riley, 1979).

The early visual cortex (EVC) represents specific features via channels that are tuned to
a particular range of orientation and/or spatial frequency (Campbell & Kulikowski, 1966;
Graham, 1989; Wandell, 1995), and contrast (Avidan et al., 2002). Two main streams
emanate from V1; the dorsal and the ventral stream. The ventral stream (also referred to as
the “What” pathway), projects via the lateral occipital regions, includes the ventrolateral
regions in the occipitotemporal cortex, and has been proposed to be responsible of object
vision (Goodale & Milner, 1992). The dorsal stream (also referred to as the “Where”
pathway), projects via dorsal extrastriate regions, includes regions in the dorsaloccipital
and intraparietal sulcus, is implicated in spatial vision and action (Mishkin & Ungerleider,
1982), and triggers visual information to guide attention (Goodale & Milner, 1992).
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1.2 Visual Short-Term Memory

Visual short term memory (VSTM) can be defined as the ability of maintaining and
manipulating information beyond the presentation of the stimulus for a short period of
time, and in the range of seconds (e.g. Baddeley & Hitch 1974). Prior to 1970s, most
researches conducted on visual memory were not based on visual encoding selectively.
Paradigms were based on stimuli which were either easily verbalized (i.e. a letter) and
could be rehearsed on basis of their sound, or stimuli that were already represented in long-
term memory (e.g., Sperling, 1960, 1963; Sperling, 1967; Cermak, 1971). Thus
performance on these tasks did not purely assess visual short-term memory as the
implemented stimuli were not exclusively visually encoded. The pioneering works of
Philipps (Phillips, 1974; Phillips & Baddeley, 1971) established the base of visual short-
term memory assessment. In his paradigms, Philipps used stimuli that were highly unlikely
to be verbalized, and unlikely to exist as long-term representations. His paradigm was
based on a 5 x 5 chessboard-like matrix composed of black-and white squares in a specific
arrangement. Participants viewed two matrices separated with different delays (e.g. ranging
from 300 ms to 9 seconds), and had to report if the two matrices were identical. With these
experiments, assessing visual memories based on purely visual encoding became
established.

The finding by Phillips on the existence of a selective visual memory gave rise to new
models of memory. In 1974, Baddeley and Hitch, in a series of experiments, assessed the
ability of holding a sequence of six digits in mind while simultaneously speaking out loud.
Based on the findings they judged the multistore model of Atkinson and Shriffin (1968) as
being too simple to explain the human memory system; rather, storing information was the
outcome of independent functional processors that actively communicate. The Baddeley
and Hitch model (1974) of working memory comprised three major components: A main
central executive and two subordinate storage systems, referred to as slave systems,
responsible for holding information in short-term: the phonological loop, and the
Visuospatial Sketchpad (VSSP) (Baddeley & Liberman, 1980). In this model, the central
executive is responsible for manipulating information held in slave stores, and ensuring
bidirectional communication with the two subordinate storage systems. The phonological
loop stores and maintains information in phonological forms, and the VSSP maintains
visual and spatial information. The model has been updated several times and the latest
version compromises an additional forth component; the episodic buffer (Baddeley, 2000)
which refers to a limited capacity store allowing the binding of information with the aim of
creating integrated events.

Years later, Logie (1995) proposed two subdivisions of the VSSP inspired by earlier
findings (Wilson et al., 1993). Specifically, Wilson and colleagues suggested that the
organization of the visual system, and in particular the “what”/”where” pathways, could be

11



similarly applied to visual aspects of working memory. Logie proposed two subsidiary
components of the VSSP: The inner scribe and the visual cache. Whereas the inner scribe is
responsible of actively rehearsing the information related to spatial and movement stimuli,
the visual cache is a passive store that stores static visually perceived objects. The visual
cache is believed to rely on the posterior parietal cortex (PPC) (Todd & Marois, 2004,
2005). The segregation between spatial and visual components of the VSSP was already
emerging before the fractionation of the VSSP (Tresch et al., 1993), and subsequently
confirmed by many studies (Smith et al., 1995; Courtney et al., 1996; Della Sala et al.,
1999; Hecker & Mapperson, 1997) supporting the idea that visually based mental codes are
distinct for spatial and object components.

1.21 VSTM maintenance fidelity, capacity limit, and neural bases

Studies investigating VSTM storage (Phillips, 1974; Phillips & Baddeley, 1971) gave rise
to many questions; 1) How is the item held in memory; is it stored as a whole or rather in
parts via selective storage of specific intrinsic features (i.e., spatial frequency, luminance,
or contrast)? 2) When the features are stored, do these representations remain faithful to the
real percept or are they modified?

The answer to these questions remains open as investigations on VSTM capacity are
still ongoing. Many studies have assessed the online manipulation of VSTM content via the
change detection task. Luck and Vogel (1997) showed that participants are able to
successfully maintain and accurately recall the color and the orientation of up to 4 different
objects. Additionally their results revealed that several features constituting a single object
(up to 4 features) are easily encoded and recalled. These results suggest that VSTM
capacity is set to the number of objects rather than features (Vogel et al., 2001). Another
theory which focuses on the limited pool of resources argues that as the number of item or
object complexity increases, the VSTM capacity of maintenance decreases (Vogel et al.,
2001; Alvarez & Cavanagh, 2004; Wilken & Ma, 2004). In other words, the higher the
stimulus complexity, the less accurate the precision of encoding and maintenance becomes
(Zhang & Luck, 2008). Many researchers agree with the conclusion that VSTM capacity
limit reaches 3-4 items (e.g., Cowan, 2001; Anderson et al., 2011; Delvenne et al, 2011;
Gao et al., 2011).

An attempt to explain the results was introduced by Magnussen and colleagues (1996)
who suggested the existence of different memory stores; each responsible of the encoding
of a specific feature. Hence features are more easily stored when they form a single object
(Xu et al., 2002a; 2002b). Recently, Hardman and Cowan (2014) re-discussed the storage
capacity in visual memory. Based on a series of studies they found a consistent effect of
features load on the visual limit storage in visual memory. Thus the authors conclude that
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both the number of objects and the relevant features of those objects determine the limit of
the storage.

In order to be held in VSTM the information needs to be monitored and safeguarded
against interference (Postle 2005; Bor et al., 2003; D’Esposito et al., 1999). This happens
via attentional selection of important information (Lebedev et al., 2004; Sakai et al., 2002)
a process supported by the prefrontal cortex. At the level of the early visual cortex, the
maintenance of visual features evokes sustained neural activity (cf: sensory recruitment
hypothesis Awh & Jonides 2001; Postle, 2006; Ester et al., 2009; Serences et al., 2009;
Harrison & Tong, 2009; D’Esposito, 2007; Riggall & Postle, 2012). The role of the
prefrontal cortex in distractor and interference control has been demonstrated in patient
studies; prefrontal lesions impair VSTM only when many distracters are present
(D’Esposito & Postle, 1999; Thompson-Schill et al., 2002). A growing number of evidence
suggests a role also for the posterior parietal cortex (PPC) in VSTM encoding and
maintenance (Berryhill, 2012). For example, Todd and Marois (2004) found that activity in
the PPC was correlated with the amount of information retained in VSTM. Therefore, the
PPC appears to be the neural substrate of the limited VSTM retention capacity (Todd &
Marois, 2004; 2005). Additionally, the capacity limit of items held in short-term memory
(STM) has been shown to be meditated by competition for space in the anatomically
delimited visual maps (Franconeri et al. 2013), which recently was found to be larger in
individuals with a higher visual working memory capacity (Bergmann et al., 2014).

1.2.2 How do VSTM and external visual input interact?

Visual short-term memory induces activity in modality-specific (Slotnick, 2004), feature-
specific (Postle et al., 2004), and domain-specific (Caramazza & Shelton, 1998) regions
that processes incoming visual information; the content of VSTM can be decoded from the
activity patterns of the visual cortex (Harrison & Tong, 2009; Serences et al, 2009; Emrich
et al, 2013) during the maintenance phase (Pasternak & Greenlee, 2005). Given this
overlap in neural resources, how do VSTM and the processing of incoming visual
information interact? Maintaining numerous items in VSTM has been shown to impair the
detection of concurrently presented visual targets (Konstantinou et al., 2012). The opposite
pattern is observed when a single item is maintained as perceptual sensitivity increases
during VSTM maintenance when its contents match the visual target (Ishai & Sagi, 1997,
Soto et al., 2010). Therefore VSTM maintenance can boost visual processing of matching
items by enhancing the baseline activation level of early perceptual representations (Soto et
al., 2010; Soto et al., 2012). Additionally, transcranial magnetic stimulation applied during
the early maintenance of VSTM reveals that VSTM maintenance is able to modulate the
pattern of visual activation reaching awareness (Silvanto & Cattaneo, 2010).
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How does external input affect memory? In memory masking studies, a distractor is
presented during the maintenance period, with the aim of assessing how the features of the
distracter affect memory fidelity. Memory masking studies conducted on spatial frequency
(Magnussen et al., 1991; Magnussen, 2009) and orientation maintenance (Silvanto & Soto,
2012; Bona et al., 2013) show that disruptive effect of a distractor is high when the spatial
frequency/orientation of the maintained cue differs from that of the distractor. Specifically,
the larger is the difference in spatial frequency/orientation between the memory item and
the distractor, the stronger the disruption (Magnussen et al., 1991; Magnussen, 2009;
Silvanto & Soto, 2012; Bona et al., 2013). This has been explained in terms of the
distracter activating a different orientation or spatial frequency channel than the one
engaged in VSTM maintenance, thus inducing inhibitory competition between the channels
(e.g. Magnussen et al., 1991).

1.3 Mental Imagery and its neural basis

Mental imagery is often described as “visualizing,” “seeing in the mind's eye,” “hearing in
the head,” “imagining the feel of”. In other words, it refers to a conscious experience
resembling sensory experience occurring in the absence of perceptual input (Kosslyn,
1994). Mental images are the “artwork” of the brain as it reconstructs the spatial geometry
of the object in the absence of perceptual input (Kosslyn, 1994). It is distinct from sensory
perception that involves the encoding and perception of external input. In everyday life,
imagery is used when answering questions such as “what is the colour of the shirt you wore
yesterday? Responding to such question often involve visualizing the object and then
focusing on the attributes in question. Mental images can arise in two ways: information
stored in long-term memory can be activated, or the mental image can be formed from
recently presented visual information (e.g. Kosslyn et al, 2001). This thesis will detail
imagery representations based on the encoding of recently presented external input.

The pioneering work in mental imagery research field took place in the early 1900’s. In
1910, Perky instructed her participants to fixate at a screen and to visualize a certain object
(e.g. a banana, a tomato, a leaf, an orange, or a lemon). Unknown to the participant, during
their imagery, pictures of the same items were projected onto the screen. Participants never
reported perceiving the items on the screen, even though items were presented above
normal vision threshold, such that they were always detected when participants were not
engaged in imagery. This indicated that imagery suppresses the detection of external input.
The replication of the experiment (Segal & Nathan, 1964; Segal, 1971) provided further
information on the interaction between imagery and the encoding of external input. Segal
asked her participants to imagine New York skyline; during imagery, faint pictures of a
tomato were projected onto the screen. The result revealed that participants incorporated
the tomato into their imaged skyline without noticing that it was not the product of their
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own imagination; specifically, observers reported New York skyline at sunset, thus
incorporating the red colour into their mental image. Segal concluded that this confusion is
mainly due to an overlap in neural bases between imagery generation and perception. In
summary, visual imagery leads to an increase of the perceptual detection thresholds, but
sometimes the visual input is incorporated into the mental image (Segal, 1971; Segal &
Fusella, 1971).

Once generated, mental images are stored in a topographically organized area (due to
the shared neural subtract with perception) known as the visual buffer (Kosslyn, 1980,
1994; Kosslyn & Thompson, 2003; Kosslyn et al., 2006) located in the early visual cortex.
The visual buffer transfers its content into the visual cache (described above in VSTM
section), which is responsible for both the encoding and the maintenance of short-term
visual representations and mentally generated images (Logie 1995). The maintenance of
mental images is very effortful as the resolution of the image starts to blur (starting with the
edges of the object) and decays very quickly (Kosslyn, 1975, 1980), with an average
duration of only 250ms (Kosslyn 1994). The fast decay of the image requires an urgent and
continuous re-activation of the visual memory representations (Kosslyn, 1980; Kosslyn et
al., 2006). Therefore it becomes dependent on attentional resources (Logie & Salway,
1990; Pearson et al., 1996; Salway & Logie, 1995), and thus implicates the central
executive (Pearson et al., 1999) of working memory. VSTM representations and visual
imagery may rely upon a common ‘depictive representation’ system, as visual imagery is
disrupted by the maintenance of an object held within visual short-term memory (Borst et
al., 2012). Therefore, the capacity limit of the visual buffer is similar to that of the VSTM
(Kosslyn 1975). The third phase in mental imagery is image inspection. After being
generated and maintained the mental image is interpreted in the sense that it inspects
object’s features and spatial properties (Kosslyn et al., 2001). Image transformation and
manipulation is the fourth phase of mental imagery, and it refers to the manipulation of the
image such as mental rotation (Shepard & Cooper, 1982) or the reconstruction of the image
(Reisberg & Logie, 1993).

The early visual cortex has been shown to be involved in visual imagery. In a task used
by Kosslyn and co-workers (1995), participants were asked to visualize line drawings of
objects of different size while blindfolded; activity in the early visual cortex was associated
with this task. Early visual cortex activation was observed also in a subsequent study
(Kosslyn et al., 1999a) during which participants had to memorize four quadrants of black
and white strips and eventually visualize these shapes (Kosslyn et al., 1996). This is
important, because if mental imagery involves the early visual cortex, then it might affect
the encoding of external input in this region. This may explain the suppressive effect of
imagery on visual detection.

A growing amount of evidence points to mental imagery as a function of visual
association cortex as it is found to be associated with neuronal firing in the same neurons
that are activated by the visual presentation of those stimuli (Kreiman et al., 2000). This

15



interference is mainly due to the competition between imagery maintenance and visual
perception for a limited pool of resources (Farah, 1989). Besides the role of EVC during
image generation phase (Farah et al., 1988; Mellet et al., 1995), an increase of visual cortex
excitability, by transracnial magnetic stimulation of the EVC, during imagery maintenance
has also been reported (Sparing, 2002).

The effects of imagery on subsequent perceptual detection revealed two directional
modulations of mental imagery interference with visual perception. The Perky effect
(described above) revealed that the spatial overlap between the mental image and the visual
target induces reduction in target energy (Craver-Lemley & Reeves 1992), and an increase
of the perceptual detection thresholds (Segal, 1971; Segal & Fusella, 1971). Facilitation in
visual perception has also been reported; however these effects have been explained in
terms of priming and bias effects (Farah et al., 1998).
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2 Aims of the study

Effects of VSTM maintenance on subsequent and concurrent visual perception
(Studies: I & IT)

Study I

The aim of study I was to examine how active VSTM maintenance affects subsequent
visual processing. For this purpose we developed a sequential adaptation paradigm in
which the first half of each trial involved VSTM maintenance, and the second half involved
visual adaptation. (Visual adaptation was used as a measure of visual encoding efficacy).
Previous studies using concurrent paradigms have shown an enhancement of tilt after
effect (TAE) when memory cues and adapter were of similar orientation and reduction
when the two differed (Greenlee & Magnussen, 1988). We thus posited that if VSTM
maintenance induces effects similar to that of summation observed by two sequential visual
stimuli (Greenlee & Magnussen, 1988) then its effects should summate with the
subsequently presented adapter.

Study II

The aim of this study was to investigate how VSTM maintenance influences the encoding
of visual input in the absence of prioritization of the latter. In previous studies assessing the
impact of VSTM on visual encoding, the impact was measured in the form of how
detection of a briefly presented external stimulus is affected by concurrent VSTM
maintenance. Such a paradigm prioritises the encoding of external input, as high
performance accuracy is encouraged. Here this was not the case; rather, we used the TAE
as a measure of the magnitude of the visual encoding during VSTM maintenance. We
expected that the magnitude of the TAE will depend on how VSTM maintenance affects
simultaneous encoding of visual input. Therefore, if VSTM enhances encoding, the
magnitude of the TAE should be increased. The opposite pattern of results should be
observed if VSTM inhibits the encoding of visual input. TMS experiments were also
carried out in order to investigate whether the interaction between VSTM content and the
TAE occurs at the level of early visual cortex.
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Dissociating VSTM and mental imagery at EVC, and in visual detection paradigm
(Studies: III, IV)

Study III

Study IIT aimed to assess the strength and the visual quality of VSTM and mental imagery
maintenance on subsequent visual perception. In order to understand if these effects may be
independent of any subjective experience or might correlate with visual detection, We used
a detection task during which observers were engaged either in VSTM maintenance or
visual imagery of a similar grating. Subjective experience of memory/imagery was
assessed by the use of a scale ranging from 1 to 9. Additionally, the visual quality of the
memory/imagery content was assessed by asking participants to match the contrast of their
memory/mental image to exemplars of gratings presented at the end of the trial.

Study IV

This study aimed to assess whether a dissociation in the neural bases of mental imagery and
visual short-term memory is present in the early visual cortex (EVC). For this purpose we
applied TMS as a probe of visual cortical activation state. We assessed both the memory of
the original cue and the accuracy of the mental image on a trial by trail basis. This was
done during two different conditions: VSTM and mental imagery were assessed either in
separate blocks or in intermixed blocks.
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3 General Methods

3.1 Transcranial magnetic stimulation and visual cognition

Transcranial magnetic stimulation (TMS) is a tool for noninvasively modulating human
brain activity. It differs from other widely used tools in cognitive neuroscience in that in
contrasts to techniques such as functional magnetic resonance imaging (fMRI),
electroencephalography (EEG) and magnetoencephalography (MEG) which measure brain
activity, with TMS it is possible to modulate brain activity (Walsh & Pascual-Leone,
2003). It thus enables a direct assessment of brain-behavior relationship: if stimulation of a
cortical region modulates behavior, then this indicates that the targeted region plays a
causal role in that behavior.

3.1.1 Physics of TMS

When the TMS coil is placed over the scalp, a rapidly change current, called eddy currents,
with a peak magnetic fields as high as 2T, will pass from the coil, through the scalp, to the
brain tissue. This induces changes in the resting membrane potentials by inducing electric
field inside and outside the axon (Nagarajan et al., 1993). This will engender a cascade of
biochemical reactions, starting with an initiation of a transmembrane potential (Rudiak &
Marg, 1994) inducing a depolarization of the membrane which in turns provokes an action
potential. In order to induce current within the axons, the electric field should not be even
at cell membrane level. Therefore, it is important that the electric field traverses an unbent
axon (i.e., orientation of the axon) or that the axon is bent under the electric field (i.e.,
stimulation coil orientation). The strong brief current, of up to 8 kA is discharged from the
TMS machine through the stimulating coil, which generates a magnetic fast short rise pulse
(approx. 0.1-0.2ms) and decays after 1ms. The faster the rise phase of the magnetic field is,
the less time there is available for neurons to lose charge.

Figure of eight stimulation coils (Ueno et al., 1988) (used in the current studies)
comprises two circular coils that carry current flowing in the opposite directions. The
intersection of these coils bears the summation of both electrical and results a cone-shapes
magnetic field (Walsh and Pascual-Leone, 2003). Therefore placing the center of the coil
on the stimulation site enables a focal stimulation with a spatial resolution of 1cm” (Barker,
1999). The depth of the stimulation is 4 mm below figure of eight coil that will
approximately cover an area of 7 by 6 cm, which decreases to 4 by 3 cm at 20 mm below
the coil (Barker, 1999). Therefore TMS can mostly be use to study regions close to the
cortical surface.
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3.1.2 Spatial resolution of TMS

The spatial resolution of TMS can be discussed in terms of primary and secondary effects.
The primary effects are observed in the cortex directly underneath the center of the TMS
coil. Mapping the visual and the motor cortex are good examples. Phosphene mapping (i.e.,
the ability of perceiving an illusionary flash of light; described below) was reported to have
a spatial resolution of 1 cm from the center of TMS coil when stimulating phosphene focus
in the occipital area (Kammer, 1999). The ability of inducing muscle twitches with TMS
has shown that stimulation of the motor cortex with a spatial difference of 0.5 to lcm was
enough to stimulate each of these different muscles selectively (Brazil-Neto et al., 1992).
The secondary effects of TMS is observed at anatomically connected sites, therefore TMS
effects spreads over connected areas via trans-synaptic activation as suggested by longer
electromyography latencies induced by TMS (Amassian et al., 1990). This anatomical
distance-effect induced by TMS has been supported by concurrent TMS and fMRI (Bohnin
et al, 1999), and TMS and EEG (Ilmoniemi et al., 1997) studies. Specifically, in
pioneering work combining TMS and EEG, Ilmoniemi et al (1997) showed that neural
effect of a TMS pulse spreads to the contralateral hemisphere in approximately 10
milliseconds.

3.1.3 Temporal resolution of TMS

The temporal resolution of TMS ranges between few milliseconds to seconds, depending
on the stimulus parameters such as the duration, intensity and frequency of the pulse train.
With single pulses and short pulse trains, temporal resolution in millisecond range is
achieved. Amassian et al (1989, 1993) applied single pulse TMS over the calcarine fissure
at different time windows ranging from 0 to 200ms after the presentation of trigrams of
randomly chosen letters. TMS was found to impair the ability to detect the letters when
applied at 80-120ms. Other studies extended these results by showing TMS disturbance
effect at 40ms (Ashbridge et al, 1997). The temporal resolution of TMS can unveil, in
milliseconds range, the flow of information between different cortical areas. Silvanto et al
(2005) administered TMS over V1 and V2 (secondary visual cortex) or V5/MT, in different
times windows, and showed that V1 feed forwards the visual information to V5/MT which,
in turns, feeds back the info to V1 in order to be consciously perceived (Pascual-Leone and
Walsh, 2001). When millisecond precision is not required, many studies use pulse trains
consisting of 3-5 pulses (with a total duration of 300-500ms) which is applied during the
experimental trial (Walsh & Pascual-Leone, 2003). Such pulse trains were used in present
work.
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3.1.4 How TMS affects the underlying neural population of stimulated areas

TMS effects were first explained in terms of virtual lesions, which refer to TMS inducing
effects akin to a brain lesion in the stimulated areas (Walsh & Pascual-Leone, 2003).
However this earlier concept has been expanded as TMS effects were more considered as
an online interaction between the TMS pulse and the stimulated areas (Silvanto &
Muggelton, 2008; Miniussi et al., 2010). TMS is believed to act by activating neurons
randomly in the targeted region, thereby adding noise to the highly organized pattern of
neural activity associated with perceptual processes (see e.g. Pascual-Leone & Walsh,
2003; Ruzzoli et al, 2010). When TMS is applied during a visual perception task, an
activity imbalance exists at neuronal level of the stimulated areas. Neurons that are not
involved in the process are less active than those directly involved in the processing. TMS
affects neural population that is less excitable or active which reduces the signal to noise
ratio. Thus, a behavioural disruption is observed (Silvanto & Muggleton, 2008). Whether
TMS enhances or disrupt performance could be explained by the concept of stochastic
resonance (Miniuissi et al., 2010) which refers to a system where the signal is too weak to
be detected but can be boosted by adding noise to it, thereby lowering the response
threshold of the system. Also the directional effect of TMS (i.e., facilitation or inhibition)
depends on two factors; the initial state of the targeted region and the interaction between
the stimulus strength and the TMS intensity. Therefore, whereas high-intensity induces
impairment in discrimination of high coherent motion due to a drowning effect of added
noise; low intensity stimulation facilitates the discrimination of low coherent motion by the
introduction of low level noise to the system (Schwarzkopf et al., 2011).

Application of TMS over visual areas induces perceptual illusions called phosphenes.
Phosphene is a visual sensation of light perception in the absence of visual stimuli that
arises only when the stimulated neural population reaches a high level of excitation, in
other words when the excitation of the neurons is strong enough to bypass the perceptual
threshold. Therefore phosphene perception not only reflects the properties of the visual
cortex (Rudiak & Mang, 1994) but also reflects its excitability level (Silvanto et al., 2007;
Thilo et al., 2005; Romei et al., 2012). Studies on visual deficits show that the application
of TMS at midline in the occipital area corresponds to foveally presented stimuli (Kastner
et al., 1998).

3.1.5 TMS studies of VSTM and mental imagery

How TMS applied over the early visual cortex affects VSTM depends on a range of
factors, such as how many items are being maintained, whether distracters are present, and
the time point at which TMS is applied. TMS increased reaction times when applied after
the probe offset (Beckers et al., 1991) and at 200 ms into the maintenance interval during
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the retention of 3 to 4 items (Van de Ven et al., 2012). In the presence of a distractor, TMS
has been found to facilitate memory performance, possibly by impairing distracter
encoding (Silvanto & Soto, 2012). In the clock task, TMS impaired memory performance
when applied at the onset of the maintenance period but facilitated it when applied towards
the end of the delay period (Cattaneo et al., 2009). TMS over the early visual cortex has
been shown to impair performance in visual imagery tasks, thus implicating this region in
imagery processes (Kosslyn et al., 1999b; Aleman et al., 1999; Sparing et al., 2002). The
use of TMS-induced phosphenes as a measure of visual cortical excitability has revealed
that engagement in imagery increases visual cortical excitability (Sparing et al, 2002).

3.2 Measurement of visual processing by means of visual
adaptation

To investigate the efficacy of visual encoding and perception, various paradigms can be
used. Adaptation paradigms are important tools because the resulting after-effects can
reveal the underlying properties of perceptual systems (Gibson & Radner, 1973; Webster,
2011); for this reason, adaptation is often referred to as the psychologist’s microelectrode
(Frisby, 1979). One phenomenon that reveals the magnitude of visual adaptation is the tilt
after-effect (TAE). The tilt after effect is a striking visual illusion in which prolonged
adaptation to an oriented visual stimulus causes subsequent stimuli to appear rotated away
from the adapting orientation (Gibson & Radner 1937; Magnussen & Johnsen 1986; He &
MacLeod, 2001). In other words, the viewing of an oriented stimulus causes shifts in
subsequently perceived orientations i.e., prolonged adaptation to a leftward tilted grating
induces the rightward vertical grating to appear rotated away from the orientation of the
adaptor (Gibson & Radner, 1937; Hofmann & Biclschowsky, 1909; Kohn, 2007). At
neuronal level, these adaptation effect result from suppression of neural responses in early
visual cortex (EVC) near the adapting orientation. The strength of the TAE was used here
as a measure of how efficiently incoming visual information is processed. The logic is that
if VSTM inhibits the encoding of incoming visual information, then the TAE induced by an
adapter is reduced. In other words, the adapter has a smaller effect on the early visual
cortex.
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4 General procedures

4.1 Stimuli

In all studies, stimuli and tasks were controlled by E-Prime 2.0 (Psychology Software
Tools, Inc., Pittsburgh, PA; http:// www.pstnet.com/eprime.cfm). Stimuli were either
sinusoidal luminance- modulated gratings (with a diameter of 6° of visual angle; generated
with MATLAB, The MathWorks, Natick, MA), or blue or red squares that were either
small (diameter = 4.5° of visual angle) or large (diameter = 6.5° of visual angle), presented
foveally on a gray background from a viewing distance of 57 cm. The spatial frequency of
the gratings was 1.44 cycles/°. Stimuli had a Michelson contrast of 0.9 for memory cue in
studies I and II, of 0.3 Memory/imagery cues in study III, and of 0.3, 0.2, 0.3, 0.4, or 0.5 in
study IV. Targets contrast’s was of 0.12 in study III, and 0.5 for TAE probe (in studies I
and II). The visual probe test in study IV differed from the Memory/imagery contrast by
either +/- 0.06 (“difficult” difficulty level) or 0.09 (“easy” difficulty level) of Michelson
contrast. Memory cues orientations were £20° or £40° in study I, £20 or 50° in study II,
and +/-20, 30 or 40 tilted from the vertical in study III. The visual adapter orientation was
of £20° in study I, and £20, 30, 40 or 50° from the vertical in study II. In study III the
visual target orientation was either +/- 20, 30 or 40 degree from the vertical. TAE probe (In
studies I and IT) was a grating tilted —1, 0 or +1° from the vertical, whereas memory tests
were tilted £10° from the vertical. The mask was a uniformly black circle with the same
diameter as the gratings.

4.1.1 Calculation of TAE magnitude used across studies | & Il

The magnitude of the TAE was calculated by averaging responses across the three TAE
probes (i.e., tilt of —1°, 0°, and +1° from the vertical). Observers were asked to press “1”
for perceived leftward tilt and “2” for perceived rightward tilt. We combined trials with
leftward-tilting (i.e., —20°) and rightward-tilting (i.e., +20°) adapters, and thus calculated an
overall TAE measure by subtracting the mean response for the rightward adapter trials
from the mean response for the leftward-adapter trials.

4.1.2 Measure of discriminability and bias in studies Ill and IV
Signal detection theory is a measure of detection and discrimination performance used by

many vision scientists. The basic idea behind SDT is that it is a measure of the observer’s
ability to distinguish a signal (such as a visual stimulus) from noise which is always present
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(Green & Swets, 1966). The sensitivity or discriminability (d’) and bias (C) are parameters
that are calculated from the observer responses. Sensitivity (d’) refers to the observer’s
ability to discriminate the signal from noise; the criterion refers to observer’s tendency,
independently of sensitivity, to report the target being present or absent.

The SDT calculation is based on four types of responses: Hits, misses, false alarms and
correct rejections. To illustrate, in Study III participants were asked to report whether they
had detected the target by a Yes/No answer. Hits represent trials in which participants
successfully reported the presence of the target; false alarms denote reporting the target
being present in trials where the target was absent. Correct rejections are the successful
reports of the absence of the target whereas Misses are “No” responses when the target was
present.

4.1.3 TMS stimulation and site localization in studies (Il, IV)

Biphasic TMS train pulses (consisting of five pulses applied at 10 Hz; i.e., pulse gap of 100
ms; e.g. Ashbridge et al., 1997; Campana et al., 2002, 2006; Muggleton et al., 2003) were
delivered using a Nexstim stimulator (Nexstim Ltd, in study II) or Magstim rapid2
(Magstim super Rapid Plus, Magstim company, UK, In study VI) using a figure-of-eight
coil. The coil was placed tangentially on the skull. To stimulate the early visual cortex,
fixed coordinates were used such that the coil was positioned 2 cm above the inion and 0.5
cm laterally, on the right hemisphere (e.g. Campana et al., 2002). In study VI, phosphene
localization was used in 14 out of 23 participants where TMS targeted the phosphene locus.
For these participants phosphene threshold was measured using a Modified Binary Search
Paradigm (MOBS; Tyrrell & Owens, 1988). Half of the participants in experiment IV (4 in
Experiment II) had their MRI scans and these were used with the neuronavigation to
confirm that the location of stimulation was in the vicinity of the calcarine sulcus. TMS
intensity was 45% of the maximum output of the stimulator in experiment II. During
Experiment IV, TMS intensity was adjusted for each participant such that an intensity of
90% of the phosphene threshold was used. For sham TMS, the coil was placed tangentially
over the central midline (above POZ electrode), with foam placed between the coil surface
and the scalp to increase the distance between the scalp and the coil.
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5 Detailed studies

5.1 Study I: How Visual Short-Term Memory Maintenance
Modulates Subsequent Visual Aftereffects

Whereas the maintenance process of VSTM activates the early visual cortex (e.g.,
Pasternak & Greenlee, 2005), visual system sensitivity was shown to be modulated by
prolonged external input as revealed by the magnitude of the TAE (Gibson & Radner,
1937; Hofmann & Bielschowsky, 1909; Kohn, 2007). This study aimed at investigating
how the active maintenance of a stimulus in VSTM modulates the impact of a subsequent
visual adaptation that is introduced only after that memory maintenance has ended.

5.1.1 Methods

The first half of the sequential adaptation paradigm involved an active VSTM maintenance
of a grating followed by a distractor (Figure 1, Panel a). Participants were requested to hold
the memory cue in mind (for =10sec) and cease holding it when the fixation cross appears.
The second half of the paradigm involved visual adaptation; during which an adapter was
presented followed by a TAE probe. Participants were asked to report the orientation of the
perceived tilt. Additional randomized memory catch trails were included to control for
active maintenance.

In a separate experiment (Experiment 2, Figure 1 panel 1b) we controlled for memory
load by asking participants to hold in memory stimulus features that were irrelevant for the
TAE. To dissociate effects induced by VSTM maintenance from effects induced by passive
viewing of the stimuli, we included a control condition (in both experiments) in which
participants did not have to hold in memory the memory cue. Experiments order was
contour balanced.
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Memuory cue orientations:
Memary Cue (300 ms) + 20° or +40°
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Figure 1 Timelines of experimental trials in the two experiments.
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5.1.2 Results

Figure 2 (a&b) highlights the TAE magnitude induced by the visual adaptation as a
function of the orientation difference between the memory cue and the visual adapter.
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Orientation Difference Between the Orientation Difference Between the
Memory Cue and Adapter (°) Memory Cue and Adapter (°)

Figure 2 TAE magnitude as function of the orientation difference between the memory cue and the
visual adapter. Error bars indicate £1 SEM.

Combined analysis of Experiments 1 and 2 shows that holding actively an item in VSTM
significantly increased the magnitude of the TAE induced by a subsequent visual adapter
only when the memory cue orientation was congruent with that of the adapter. When the
memory cue and the adapter had incongruent orientations, the magnitude of the TAE was
reduced by VSTM maintenance.
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5.2 Study II: How visual short-term memory maintenance
modulates the encoding of external input: Evidence from
concurrent visual adaptation and TMS

Whereas high load (numerous items) maintenance in VSTM impairs the precision of the
encoding of external visual input (Konstantinou et al., 2012), lower load (single item)
maintenance increases perceptual sensitivity (Ishai and Sagi, 1997; Soto et al., 2010).
These paradigms however have implemented tasks that prioritized the encoding of the
visual percept. Here we address the question of how VSTM maintenance modulates
perception when both mechanisms are concurrently processed, and in the absence of any
prioritization of the visual encoding.

5.2.1 Methods

Unlike Study I paradigm, in study II we used a concurrent VSTM-adaptation paradigm in
which visual adaptation was carried out during VSTM maintenance (Figure 3).

ey

Adapter
(3 sec)

TAE probe
(40 ms)

Figure 3 Timelines of experimental trials of the experiments.
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Participants were asked to hold in mind the memory cue orientation, and at the same time,
keep attending at the adapter that proceeded (after 2sec) the memory cue. The TAE was
assessed afterwards by the introduction of the TAE probe. Participants were requested to
report the direction of the perceived tilt. In 25% of trials we assessed memory maintenance
only as no TAE probe was assessed. Baseline TAE was assessed in different blocks during
which the memory cue was replaced by a black circle. In Experiment 1b three conditions
were conducted: passive, shape, and baseline TAE condition. The later was identical to that
of Experiment la. During the passive condition participants were not requested to
memorize the memory cue orientation but rather to report vertical memory cues. During the
shape condition, participants were asked to hold in memory a shape (which replaced the
grating memory cues), and report whether the shape was 1) blue and small; 2) blue and
large; 3) red and small; 4) red and large. In Experiment 1c, only 1 condition was run. In this
condition the visual adapter was replaced by a black circle and the memory cue orientation
ranged from £20° to £50° by steps of 10°. Experiment 1d, was a replication of Experiment
la conditions with the exception of inclusion of 20% catch trials were the adapter was a
vertical grating. Aims of Each of these experiments are summarized in table 1. For a
detailed description on the methods please refer to study II article appended at the end of
the booklet.

Table 1 Summary of the aims of each Experiment

Experiment Aims

la Studies the impact of concurrent VSTM maintenance of orientation
information on the TAE
1b Highlights the impact of:

passive viewing of memory cues on the TAE
concurrent VSTM maintenance of shape information on the TAE

1c Investigates the impact of the VSTM maintenance on participants'
responses to the TAE probe without any visual adapter

1d Studies the impact of concurrent VSTM maintenance of orientation
information on the TAE, while controlling the attention to the adapter

2 Assesses the impact of concurrent VSTM maintenance of orientation
information on the TAE: TMS applied at EVC

3 Assesses the impact of concurrent VSTM maintenance of shape

information on the TAE: TMS applied at EVC

Experiments 2 included a VSTM (orientation) and a passive condition similar to those of
Experiment 1a with the exception that the memory cue was only £20° and the adapter was
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either £20 or + 40°. Two TMS conditions were conducted; EVC-TMS and sham-TMS both
applied at either adapter onset or adapter offset.

Experiment 3 included a VSTM (shape) and a passive condition similar to those of
Experiment 1b with the exception that only two adaptation orientations were used £20° and
+40°. Two TMS conditions were conducted; EVC-TMS and sham-TMS both applied at
adapter onset.

5.2.2. Results

The impact of concurrent VSTM maintenance of orientation information on the TAE
(Experiments la), of passive viewing (Experiment 1b), in the absence of visual adapter
(Experiment Ic), and when attention to the adapter is controlled (Experiments 1d).
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Figure 4 The mean TAE magnitude (n=8 in each experiment) in Experiments la—d. The x-axis
indicates the orientation of the visual adapter (or VSTM in Experiment Ic). Error bars indicate +1
SEM.
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The results of Experiments la (Figure 4A) show that: VSTM maintenance of orientation
information reduced the TAE, regardless of the orientation congruency between the
memory item and the adapter. Experiment 1b (Figure 4B) reveals that VSTM maintenance
of shape information reduced the TAE. Additionally, the modulation of the TAE was
absent during passive viewing of the memory cues. Experiment lc (Figure 4C) reveals that
in the absence of visual adaptation, VSTM maintenance induces a very small TAE. Finally
Experiment 1d (Figure 4D) reveals that the effects observed in experiment la cannot be

due to lack of attention to the adapter.

The impact of concurrent WM maintenance of orientation information on the TAE: a TMS

study
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Figure 5 The mean TAE magnitude when TMS is applied at adapter onset (Panel A) and adapter

offset (Panel B)

The same pattern of results was observed in both set up; i.e., when TMS was applied at
adapter onset (Figure 5.A), and at adapter offset (Figure 5.B). In details, TMS applied over
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the early visual cortex (EVC) reduced the magnitude of the TAE compared to Sham TMS
when participants were concurrently engaged in VSTM maintenance of orientation. This
pattern of results was absent during the “passive” condition, where the memory cue was not
held in mind, as TMS did not modulate the magnitude of the TAE.

Experiment 3: Shape VSTM

<

'_ U.ﬂ— T

w "\-..\5

f-_- 06 = ,} -=-Sham TMS
o T_

o o4 S~ T EVC TMS
3 L

L=

E 0.2

1-]

=

20 deg 40 deg
Passive condition

20 deg 40 deg
V5TM condition

Figure 6 The mean TAE magnitude when TMS is applied at adapter onset during shape

maintenance

TMS applied at adapter onset during the VSTM maintenance of shape had no impact on the
TAE (Figure 6). The same pattern of results was observed in both EVC TMS and Sham
TMS.
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Figure 7 The magnitude of the TMS effect of each participant as a function of the “baseline” TAE
(Fig. 7A: VSTM condition; Fig. 7B: passive condition).

The interaction between memory demand and TMS condition is not due to a weaker TAE
in the VSTM condition rendering it more susceptible to TMS as shown by figure 7.
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5.3 Study llI: Contrast and Strength of Visual Memory and Imagery
Differentially Affect Visual Perception

Whereas mental imagery interacts with visual encoding by reducing target energy (Kosslyn
and Thompson, 2003), VSTM facilitates the detection of perceived information (Farah et
al., 1989). However, the subjective experience underlying the impact of memory and
imagery on visual encoding was never assessed on a trial by trial basis. This study aims to
assess the subjective experience and the strength of the encoding for both VSTM and
mental imagery during a visual detection task.

5.3.1: Methods

8A)

Mask
Memory cue orientations:

Delay +20°, £30° or +40°

fRec) Visual target orientations:

+20°, £30° or £40°

8 B) Memory/imagery item

(300ms)

Figure 8 Timeline of an experimental trial.
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Observers were asked either to hold in memory (VSTM condition) or to project their
mental image of the main grating at a fixation point presented on the computer screen
(imagery condition). During the maintenance, they were asked to report if they perceived a
masked grating which was presented on 50% of trials. This was followed by an orientation
assessment of the main cue based on the memory/imagery item. At the end of each trial,
participants were asked to provide a rating of the strength of their memory or imagery on a
1-9 scale, and match the contrast of the grating held by memory/imagery to the exemplars
presented on the screen (Figure 8). In Experiments 2 and 3, we assessed the impact of
VSTM/imagery when the two involve items of different nature, thus VSTM/imagery
involved colored shapes (rectangle) whereas the visual target was a sinusoidal grating (see
figure §B). In all the experiments we included trials in which the memory cue was replaced
by a black circle in order to measure the detection of the visual target in the absence of the
VSTM/imagery load.

5.3.2 Main Results

Relationship between memory/imagery image contrast and detection performance

Contrast Scale

A)
a f
2
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© 35 @ Hits
3
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=
E @ False alarams
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§ B Misses
=
2.5

VSTM Imagery

Figure 94 Relationship between VSTM/imagery contrast (panel A) and visual detection.

The contrast, reported by participants, for both Imagery and VSTM was positively
associated with the ability to correctly report target presence (hits), such that the reported
contrast was higher for hits than for misses (Figure 9A). Higher mental image contrast was
equally associated to false alarms (i.e. trials on which participants tended to report target
presence regardless of whether or not it was there). This indicates that participants were
biased to report target presence when the mental image contrast was high.
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Relationship between subjective memory/imagery image and detection performance
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Figure 9B Relationship between VSTM/imagery Subjective strength and visual detection.

Subjective strength of VSTM is positively associated with the ability to correctly report
target presence (hits). In contrast, for mental imagery false responses (i.e. misses) are
associated with higher subjective mental image (Figure 9B).

Relationship between subjective strength of memory and detection performance

Experiment 2
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Figure 10 A Mean subjective strength of VSTM in Experiment 2 as a function of performance in
the detection task.

The results (Figure 10 A) show that trials on which participants tended to correctly report
target presence and absence were associated with higher VSTM strength.
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Relationship between subjective strength of imagery image and detection performance
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Figure 10 B Mean subjective strength of mental imagery in Experiment 3 as a function of
performance in the detection task.

The results in figure 10B show that trials on which participants tended to correctly report
the presence and the absence of the visual target were associated with higher mental image
strength. In addition, holding in VSTM/imagery (Figures 10 A&B) a stimulus of a different
class of the visual target has different effects than those observed while maintaining and
perceiving identical stimulus classes.

5.4 Study IV: Partial dissociation in the neural bases of VSTM
and imagery in the EVC

VSTM and mental imagery are believed to engage overlapping resources in the visual
cortex (cf.; “sensory—recruitment” model of working memory; e.g. Awh and Jonides, 2001,
Postle, 2006; D'Esposito, 2007). VSTM and mental imagery maintain their representations
at the level of the visual cache. Thereby, the visual cache is believed to involve the EVC.
This study aimed at investigating if a divergence in the neural base of the maintenance of
VSTM/imagery representations happens at the EVC.
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5.4.1 Methods
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Figure 11 Experimental timeline in alone and concurrent blocks.

During the alone session, Figure 11A, participants were requested to either hold in memory
or form a mental image of the main cue contrast until asked to judge their own
representations content by a forced choice task. Thus, to report whether the test cue
contrast was lower or higher than that of their own representations (Memory or imagery) of
the main cue. In the concurrent condition, figure 11B, they were requested to do both; hold
in memory the main cue and form a mental image of it, until the assessment of each at the
end of the trail. In both conditions TMS was applied at 2.5 sec from the 4 sec maintenance
period.
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5.4.2 Results

Overall effects of VSTM and Imagery on sensitivity
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Figure 12(a-d) The mean (n=18) sensitivity (d’) for VSTM and imagery as a function of TMS site
and difficulty level.

Figure 12 shows that TMS applied over the EVC facilitated the sensitivity for both VSTM
and mental imagery when each was conducted alone. This effect was absent during the
mixed condition as TMS had no effect on sensitivity level. Additionally, baseline
performance for VSTM and imagery did not differ across conditions.
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Overall effects of TMS on reaction times
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Figure 13(a-d) The mean (n=15) median reaction time during VSTM and imagery conditions as a
Sfunction of TMS site and contrast difficulty level.

TMS applied over the EVC induced delayed responses for VSTM and therefore increased
reactions times compared to the sham condition. This effect was selective to VSTM as
imagery reaction time was not modulated by TMS (Figure 13).
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6 Discussion

6.1 VSTM maintenance and subsequent visual processing

Study I has contributed to the literature by showing that VSTM maintenance can modulate
the strength of subsequent visual processing, as measured here by the TAE. When the
memory cue and the visual adapter orientations were congruent the TAE strength was
enhanced, the opposite pattern of results was observed for incongruent orientations. These
results line up with previous findings showing that visual adaptation was facilitated in
paradigms where two adapters were of similar orientation and reduced when both adapters
orientations differed by 30° to 60° (Greenlee & Magnussen, 1988). These effects reflect
summation within and between orientation channels at the level of the early visual cortex
(e.g., Blakemore & Campbell, 1969; Campbell & Maffei, 1971; Tolhurst & Thompson,
1975). The main finding of this study is that the neural effects of VSTM maintenance
outlast the actual maintenance period.

6.2 VSTM maintenance and concurrent visual processing

The results of Study II show that, in the absence of any prioritization of visual encoding,
active VSTM maintenance reduced the efficacy of visual encoding (measured here in the
form of the strength of concurrent visual adaptation). This reduction in the magnitude of
the TAE is observed regardless of whether the adapter and memory cue are identical or
different. The reduction of TAE was highest during orientation maintenance (vs shape
maintenance) highlighting that the encoding of both adapter and VSTM features
(orientation) was taking place at the level of same neural substrate i.e., orientation
channels. Therefore these results are indicative of a competition within the orientation
channels between VSTM and adapter features (e.g., Blakemore & Campbell, 1969;
Campbell & Maffei, 1971; Tolhurst & Thompson, 1975). The TMS component of this
study showed that the competition takes place in the early visual cortex, as real TMS has
reduced the magnitude of the TAE compared to sham TMS. TMS did not modulate the
TAE magnitude during passive encoding. This lines up with the mechanisms of TMS,
affecting differentially non adapted and adapted neural representations (Silvanto et al.,
2007; Cattaneo and Silvanto, 2008). In contrast TMS did not modulate the strength of the
TAE when the maintenance was dealing with shape information. This suggests that the
competition of the visual adapter and the VSTM was taking place beyond EVC, probably
in the extra striate region such as the lateral occipital cortex (see e.g. Postle, 2006; van de
Ven et al., 2012 for reviews). Shape maintenance inducing reduction of TAE magnitude
could be explained by the involvement of fronto-parietal regions (see e.g. Feredoes et al.,
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2011) revealing a competition between the VSTM content and the encoding of the adapter,
therefore concurrent allocation of attention to VSTM content can reduce the TAE.

In summary, these results show that in the absence of the prioritization of the visual
encoding, the encoding of concurrent visual input is inhibited during VSTM maintenance
of information even when the visual input matched the VSTM content. This interaction
occurs within the orientation channels at the level of the EVC pointing at a competition
between VSTM and visual adapter features.

6.3 VSTM/imagery contrast and strength and visual detection

The results of study III reveal that the subjective strength of VSTM and contrast of memory
content positively correlated with successful visual detection performance of a stimulus
presented during imagery/VSTM maintenance. In both scales the hits were associated with
higher subjective strength and contrast. Therefore, the engagement in VSTM maintenance
enhanced the encoding of visual input. This effect is not due to the modulation of visual
detection by VSTM content fidelity as only correct memory assessment trials were
included.

In opposition to these effects, subjective strength of mental imagery was negatively
correlated with successful performance in visual detection (Hits). Rather, mental image
strength was found to correlate with misses and false alarms. In other words, participants
were more accurate in the detection task when they had a weaker mental image. These
results are indicative of a competition for limited resources between mental imagery and
visual perception (Farah, 1989) as the accuracy in one worsens the performance in the
other. In sum, whereas VSTM subjective strength facilitates the visual perception, mental
imagery worsens it.

In line with VSTM results, mental imagery contrast was associated with successful
visual detection therefore individuals reporting the presence or the absence of the visual
target was positively correlated to a higher contrast. However, the strength of the mental
image was negatively correlated with accurate perception of the target. Thus, the weaker
the mental image strength, the higher the accuracy of visual detection. However, the
subjective strength of the content of VSTM/imagery and visual target when both are of
different classes did not differ.

The differential effect observed for mental imagery on both scales could be explained in
terms of processing level in the visual system; whereas the contrast is a low level visual
feature decoded at the level of EVC, the competition between visual processing and visual
imagery is more likely to take place at higher level areas.
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6.4 Neural bases of VSTM/mental imagery maintenance

Study IV shows that TMS applied over the EVC during the maintenance of both VSTM or
mental imagery enhanced the sensitivity (d”) of these mental representations compared to
sham condition. This enhancement was selective to the alone condition; i.e., when VSTM
and mental imagery were conducted separately and therefore is consistent with previous
findings of facilitation induced by TMS for mental imagery and VSTM (Cattaneo et al,
2009; Silvanto & Cattaneo, 2010; Silvanto & Soto, 2012). No such effect was observed
during the concurrent condition. In a separate measure, TMS dissociated VSTM and mental
imagery by selectively inducing delayed responses for VSTM compared to sham condition.
TMS, however, had no effect on mental imagery reaction times. The qualitative divergence
of the effects between sensitivity and reaction times can be explained by two different
mechanisms; first TMS is believed to act by indiscriminately activating neurons in the
stimulated region, therefore adding noise to the highly organized pattern of neural activity
associated with perceptual processes (see e.g. Pascual-Leone & Walsh, 2003; Ruzzoli et al,
2010). Therefore as both VSTM and mental imagery sensitivity were equally modulated by
TMS, the results found at the reaction times could not be due to noise affecting selectively
mental imagery. Second, whereas accessing mental imagery representation is a conscious
process (Logie, 1995) VSTM contents require a separate stage of retrieval to allow
consciousness to access the content.

In sum, TMS enhanced the sensitivity of both VSTM and mental imagery when each
was conducted alone. Additionally, TMS induced delayed responses for VSTM only. These
modulatory effects were observed at the level of EVC. The differential effect on reaction
times indicates that mental imagery and VSTM share overlapping resources in the EVC but
their resources are yet dissociable even at low-level representations.
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7 Conclusions

The maintenance of information in short-term memory affects the encoding of incoming
visual information. The nature of this interference depends on two main factors: 1) whether
both processes are engaged concurrently or not, and 2) the nature of the task.

Memory maintenance has been reported to facilitate the encoding of external input
during tasks that prioritized the latter (Soto et al., 2010). However, in the prior study of
Soto et al (2010), the task emphasized the importance of detecting the visual target.
Similarly, in Study III of this thesis, where a detection task was used, strong subjective
experience of VSTM enhanced the likelihood to report stimulus presence. However, in
Study 1II in the absence of any prioritization of the encoding of external input (i.e. where
participants were asked to view an adapter concurrently with VSTM maintenance, but
where there was no task associated with this), VSTM maintenance reduced the impact of
the adapter (i.e. the magnitude of the TAE was reduced). In the situation where visual
processing began at the end of the memory maintenance (Study I), an enhancement of
visual perception by maintenance was found (reflected as increased TAE) when VSTM
contents matched the visual input. When the content of VSTM did not match the visual
input, the maintenance inhibited the encoding of the external input. In summary, these
studies (I and II) showed that VSTM is critical when processed before or simultaneously
with visual perception as its maintenance effects can affect visual perception and these
effects outlasts the end of the maintenance period.

Study IV has implications on Logie’s STM model (1995). Logie proposed that both
VSTM and mental imagery representations are held at the level of the visual cache in a
common store. Studies III and IV challenges this view by showing dissociations in the
cognitive and neural mechanisms associated with VSTM and imagery. Study III showed
this at cognitive level by showing that the subjective strength of VSTM and imagery has a
differential effect on visual detection. In turn, in Study IV, TMS applied over the early
visual cortex differentially affected reaction times in the VSTM and imagery tasks. These
dissociations are inconsistent with the view that the cognitive and neural substrate of
imagery and VSTM maintenance are identical. Therefore, a theoretical contribution of this
thesis is to provide evidence for a view that VSTM and imagery maintenance rely on
distinct stores.

Visual hallucinations in schizophrenia (Meuser et al., 1990) hinder the ability to
discriminate what is perceived from what is internally generated. Interestingly, high
vividness of the mental image is a prominent trait in schizophrenia (Oretal et al., 2009,
Sack et al., 2005). In healthy population, high vividness of mental imagery can be obtained
by training (Sacks, 2010) and can trigger the use of mental imagery as a default cognitive
strategy in memory maintenance (Keogh et al., 2014). Study III showed that higher
strength of the mental image (which corresponds to vividness) alters visual perception, with
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participants more likely to report stimulus present, even on target Absent trials. This has
parallels with schizophrenia, in which high vividness of mental imagery may confuse the
patient to infer that the internal image was externally induced.
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