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ABSTRACT

Recent literature suggests that the primary somatosensory cortex (S1), once thought to be a low-level area only
modality-specific, is also involved in higher-level, cross-modal, cognitive functions. In particular,
electrophysiological studies have highlighted that the cross-modal activation of this area may also extend to
visual Working Memory (WM), being part of a mnemonic network specific for the temporary storage and
manipulation of visual information concerning bodies and body-related actions. However, the causal
recruitment of S1 in the WM network remains speculation.

In the present study, by taking advantage of repetitive Transcranial Magnetic Stimulation (rTMS), we look for
causal evidence that S1 is implicated in the retention of visual stimuli that are salient for this cortical area. To
this purpose, in a first experiment, high-frequency (10 Hz) rTMS was delivered over S1 of the right
hemisphere, and over two control sites, the right lateral occipital cortex (LOC) and the right dorsolateral
prefrontal cortex (dIPFC), during the maintenance phase of a high-load delayed match-to-sample task in which
body-related visual stimuli (non-symbolic hand gestures) have to be retained. In a second experiment, the
specificity of S1 recruitment was deepened by using a version of the delayed match-to-sample task in which
visual stimuli depict geometrical shapes (non-body related stimuli).

Results show that rTMS perturbation of S1 activity leads to an enhancement of participants’ performance that
is selective for body-related visual stimuli; instead, the stimulation of the right LOC and dIPFC does not affect
the temporary storage of body-related visual stimuli. These findings suggest that S1 may be recruited in visual
WM when information to store (and recall) is salient for this area, corroborating models which suggest the
existence of a dedicated mnemonic system for body-related information in which also somatosensory cortices

play a key role, likely thanks to their cross-modal (visuo-tactile) properties.
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1. INTRODUCTION

In the last two decades, the role of the primary somatosensory cortex (S1) in high-order cognitive functions
has been widely investigated. Studies using different techniques, like functional magnetic resonance imaging
(fMRI), electroencephalography (EEG) or non-invasive brain stimulation, showed that S1 is activated not only
during the elaboration of afferent somatosensory stimuli and vicarious somatosensation by touch observation,
but it is also involved in higher-order cognitive functions such as emotion recognition, motor learning by
observation and body representation (e.g., Avenanti, Bolognini, Maravita, & Aglioti, 2007; Blakemore,
Bristow, Bird, Frith, & Ward, 2005; Bolognini, Rossetti, Fusaro, Vallar, & Miniussi, 2014; Lametti & Watkins,
2016; McGregor, Cashaback, & Gribble, 2016; Pisoni, Romero Lauro, Vergallito, Maddaluno, & Bolognini,
2018; Pitcher, Garrido, Walsh, & Duchaine, 2008; Rossetti, Miniussi, Maravita, & Bolognini, 2012; Sel,
Forster, & Calvo-Merino, 2014; Valchev, Tidoni, Hamilton, Gazzola, & Avenanti, 2017; Zazio, Guidali,
Maddaluno, Miniussi, & Bolognini, 2019). The activation of S1 seems to extend also to memory and attention
of touch (e.g., Bauer, Oostenveld, Peeters, & Fries, 2006; Forster, Tziraki, & Jones, 2016; Gallace & Spence,
2009; Ku et al., 2015; Papagno, Cecchetto, Pisoni, & Bolognini, 2016; Papagno, Minniti, Mattavelli,
Mantovan, & Cecchetto, 2017; Preuschhof, Heekeren, Taskin, Schubert, & Villringer, 2006; Taylor-Clarke,
Kennett, & Haggard, 2002; Zhao & Ku, 2018).

In particular, considering the domain of memory, Christophel and Haynes (2014), in an fMRI experiment,
showed that the retention of complex visuo-spatial pattern stimuli (i.e., moving dots), besides activating lower-
level visual areas and the posterior parietal cortex, also recruited S1. This result would suggest that visual
features may be encoded through a cross-modal (visual-tactile) mapping, a process by which S1 takes part into
the storage of visual information in working memory (WM) (Christophel & Haynes, 2014). Other clues on the
potential cross-modal recruitment of somatosensory cortical areas in visual WM are provided by the studies
of Ku and colleagues (2015, 2017, 2018): these authors showed that participants’ performance in a tactile-
visual delayed match-to-sample task was impaired when single-pulse transcranial magnetic stimulation (TMS)
over Sl is delivered 300 ms after the onset of the tactile stimulus. Instead, high-order cortical areas, like the
posterior parietal cortex and the dorsolateral prefrontal cortex (dIPFC), were recruited during this cross-modal
task at different (longer) timepoints of the mnemonic process. However, in such experiments, the tasks were

not purely visual; indeed, the authors adopted cross-modal (tactile-to-visual) WM paradigms requiring to



exchange information between touch and vision (Ku et al., 2015; D. Zhao & Ku, 2018; D. Zhao, Zhou, Bodner,
& Ku, 2017).

In addition, there are convergent findings that our brain is equipped with a WM sub-system that is specific for
the temporary storage and manipulation of visual information concerning bodies and body-related actions
(Galvez-Pol, Forster, & Calvo-Merino, 2020; Rumiati & Tessari, 2002; Shen, Gao, Ding, Zhou, & Huang,
2014; Smyth, Pearson, & Pendleton, 1988; Smyth & Pendleton, 1989; Wood, 2007). The neural underpinnings
of this visual ‘body-related’ memory system comprise a complex network of cerebral areas including
specialized visual regions, such as the fusiform gyrus and the extrastriate body area (Peelen & Downing, 2005;
Urgesi, Candidi, lonta, & Aglioti, 2007), premotor and tempo-parietal regions related to the action observation
network (Cai et al., 2018; Liu, Lu, Wu, Shen, & Gao, 2019; Lu et al., 2016), but also ‘low-level’ somatosensory
and motor areas (Arslanova, Galvez-Pol, Calvo-Merino, & Forster, 2019; Galvez-Pol, Calvo-Merino, Capilla,
& Forster, 2018; Galvez-Pol, Forster, & Calvo-Merino, 2018). Overall, this memory network strongly overlaps
the ones implicated in the processing of our own body and motor representations (Longo, Azafién, & Haggard,
2010; Molenberghs, Cunnington, & Mattingley, 2012). The role of S1 in this WM sub-system has been recently
highlighted in an EEG study showing that contralateral delayed activity (CDA), a neurophysiological marker
of WM (for a review, see: Luria, Balaban, Awh, & Vogel, 2016), increased in left and right somatosensory
cortices selectively during the maintenance of visual body-related stimuli (i.e., non-symbolic hand gestures);
moreover, the magnitude of this increase was correlated with the number of stimuli to memorize (Galvez-Pol,
Calvo-Merino, et al., 2018).

Despite these recent findings, no study has investigated the causal involvement of S1 in visual WM so far. To
this aim, we have run a TMS study to obtain the first causal evidence of the actual recruitment of S1 during a
visual body-related WM task. Indeed, as repetitive TMS (rTMS) allows to prove the causal relationship
between the stimulated cortical area and its involvement in a cognitive function (Bolognini & Ro, 2010), we
applied this technique ‘online’ to interfere with S1 functioning while participants performed a WM task, i.e.,
delayed match-to-sample task (e.g., Galvez-Pol, Calvo-Merino, et al., 2018; Vogel & Machizawa, 2004;
Vogel, McCollough, & Machizawa, 2005) where the visual stimuli to memorize depicted body-related
information (hand gestures — Experiment I). If S1 is recruited for processing bodily stimuli during visual WM

tasks, then the perturbation of its activity should affect participants’ performance when rTMS is delivered at a



timepoint corresponding to the maintenance phase of the mnemonic process. Following the evidence that
higher memory loads lead to a greater CDA in the electrodes overlapping somatosensory cortices (Galvez-Pol,
Calvo-Merino, et al., 2018), we decided to use an experimental task with a high number of visual body-related
stimuli to memorize (Luck & Vogel, 2013). We chose S1 of the right hemisphere, following Baddeley’s model
(2000) proposing that visual WM is mainly represented in the right hemisphere (Baddeley, 2000), as well as
evidence of a right hemisphere dominance for touch observation (e.g., Blakemore et al., 2005; Bolognini,
Rossetti, Convento, & Vallar, 2013) and body representation (e.g., Longo et al., 2010; Tsakiris, Hesse, Boy,
Haggard, & Fink, 2007).

Two cortical areas of the right hemisphere were also targeted with TMS: the lateral occipital cortex (LOC) and
dIPFC. In our starting hypothesis, the right LOC should act as a control site; this extrastriate area is implicated
in the feature-based analysis of visual information (e.g., Amedi, Malach, Hendler, Peled, & Zohary, 2001;
Grill-Spector, Kourtzi, & Kanwisher, 2001; Kourtzi & Kanwisher, 2001; Malach et al., 1995) but its role in
the processing and the possible storing of body-related visual stimuli still needs to be determined (Gayet,
Paffen, & Van der Stigchel, 2018; Heuer, Schub6, & Crawford, 2016; Pitcher, Charles, Devlin, Walsh, &
Duchaine, 2009; Xu, 2018; Xu & Chun, 2006). Conversely, the dIPFC was chosen according to a recent
proposal that visual WM storage does not rely on sensory processing areas, but rather on specialized frontal
(and parietal) areas not involved in low-level sensory processing per se (such as S1) (Xu, 2017). The right
dIPFC is considered a key node of the WM network; indeed, recent studies suggest that its activation is related
to the manipulation of stored information rather than to their maintenance (e.g., Barbey, Koenigs, & Grafman,
2013; C. Kim, Kroger, Calhoun, & Clark, 2015; Postle et al., 2006; Rowe, Toni, Josephs, Frackowiak, &
Passingham, 2002; Veltman, Rombouts, & Dolan, 2003). However, previous TMS studies, where both the
right and left dIPFC were stimulated, not always were successful in modulating participants’ performance
during either visual and non-visual WM tasks (e.g., Bagherzadeh, Khorrami, Zarrindast, Shariat, & Pantazis,
2016; Beynel et al., 2019; Chung, Rogasch, Hoy, & Fitzgerald, 2018; Hamidi, Tononi, & Postle, 2009). Hence,
by stimulating LOC and dIPFC of the right hemisphere, we aimed at verifying the causal involvement of S1
in WM, assessing its main role in processing visual body-related stimuli (at variance with LOC) and in their
storage (at variance with dIPFC); this would offer a better comprehension of its role in visual WM as compared

to other areas of the same network: by targeting two other functionally relevant areas, our study provides



stronger clues on the functional selectivity of S1 in visual WM tasks, rather than simply controlling for sensory
and placebo rTMS confounds, as it would have happened if we had used a sham stimulation or a functionally
‘neutral’ area (such as the vertex) (Duecker & Sack, 2015).

In the second experiment (Experiment 2), we further explored the selective recruitment of the right S1 for
body-related visual stimuli by assessing the effect of S1 rTMS on a delayed match-to-sample task depicting
geometric shapes; we expected no effect of rTMS over S1 if visual stimuli are not body-related (e.g., Galvez-

Pol, Calvo-Merino, et al., 2018).

2. MATERIALS and METHODS

2.1. Participants

Forty healthy male and female volunteers were initially recruited, 20 for each experiment. Two participants in
Experiment I and one in Experiment 2 were then excluded because their averaged accuracy in the experimental
tasks without rTMS was below chance level (< 50%), while one participant of Experiment 2 dropped out before
having completed all the experimental sessions, leaving thus the final analyzed sample to 18 participants in
each experiment (Experiment I: 4 males, mean age + standard deviation — S.D.= 23.6 &+ 2.7, mean education
+S.D.=15.4 £2.1; Experiment 2: 9 males, mean age + S.D.= 23.7 £ 2.3, mean education = S.D.= 15.5 + 1.8).
A-priori estimation of the sample size by using the software G¥*Power suggested the need of a sample of at
least 17 participants (i.e., effect size /' =.3; alpha error level: p = .05; statistical power = .80, actual power =
.81) (Faul, Erdfelder, Buchner, & Lang, 2009).

All subjects were right-handed accordingly to the Edinburgh Inventory (Oldfield, 1971); exclusion criteria
included a history of peripheral sensory disorders and/or central neurological and psychiatric diseases, and
contraindications to TMS (among which: familiarity with epilepsy, assumption of neuroleptic drugs,
pregnancy state; Rossi, Hallett, Rossini, & Pascual-Leone, 2009). All subjects were naive to the purpose of
the study; every participant took part in only one of the two experiments. Before undergoing the experiment,
all of them gave their written informed consent. Participants received European University Credits (ECTS; 0.1
ECTS for 30 min of experiment) for their participation. The protocol was performed following the ethical
standards of the Declaration of Helsinki and was approved by the Ethical Committee of the University of

Milano-Bicocca.



2.2. Delayed match-to-sample task

The delayed match-to-sample task adopted in the two experiments was adapted from previous studies (e.g.,
Galvez-Pol, Calvo-Merino, et al., 2018; Galvez-Pol, Forster, et al., 2018; Vogel & Machizawa, 2004). The set
of six grey-scaled hand gestures (not having any meaning or symbolism) presented in Experiment 1
(dimension: 1.2° X 2.4° of visual angle) was the same used by Galvez-Pol and colleagues (2018a, b).
Geometric shapes in Experiment 2 were obtained from the outline of hand gestures and were matched for
dimension and scale of color (Figure 1a).

During the task, participants sat comfortably on a chair in a slightly lit room in front of a PC screen placed at
a distance of 57 cm. Each trial started with a frame (dimension: 10° X 10°) in which a fixation cross appeared
on a white background with a duration jittered between 5500 and 6000 ms (‘fixation cross’ frame). This first
frame was followed by one depicting a black arrow over the fixation cross pointing to the hemifield (i.e., right
or left) in which the arrays would appear (duration: 200 ms). Participants were instructed to always look at the
fixation cross and not move their eyes in the direction indicated; they could use the arrow as a clue and focus
their attention on a specific hemifield. As soon as the attentional arrow disappeared, a second “fixation cross”
frame was presented (duration: 800 ms). Then, the ‘memory’ array appeared for just 200 ms followed by a
frame depicting only the fixation cross (‘maintenance phase’, duration: 1000 ms) and, then, the ‘test’ array
appeared. The test array remained on the screen until participants pressed one of the keys of the mouse with
his/her right hand (Figure 1b). If the stimuli presented in ‘memory’ and ‘test’ arrays were the same,
participants were instructed to press, as fast as possible, the left key of the mouse; conversely, if they were
different, the right key had to be pressed. The ‘test’ arrays could differ for just 1 of the 3 stimuli presented in
the ‘memory’ arrays. During the task, stimuli were presented in fixed positions (i.e., 1 stimulus in the upper
side, 1 central and 1 in the lower side of the array) and the arrays appeared randomly in the right or left
hemifield. All stimuli arrays were presented within two 5° X 10° rectangular regions that were centered 2.5°
to the left and right of the fixation cross. The distance (center to center) between stimuli within a hemifield
was 2.8°.

Three stimuli per array were selected according to previous literature that highlighted how a delayed match-
to-sample task with such several stimuli had a high memory load (Luck & Vogel, 2013; Luria et al., 2016). A

pilot study was conducted on 10 participants to verify the difficulty of the task: results showed that with 3-



stimuli arrays, the average accuracy was of about 65%; conversely, when the task was easier (2-stimuli arrays),
it was above 85%, while, when the task was harder (4-stimuli arrays), it was at chance level (i.e., 50%).
During the task, a total of 64 couple of arrays was presented: in 32 of them, there were no differences between
‘memory’ and ‘test’ arrays (‘same’ trials) while in the other half the two differed (‘different’ trials). For every
trial condition (‘same’ or ‘different’), 16 trials showed stimuli lateralized to the left hemifield and 16 to the
right one. For ‘different’ trials, the position of the different stimulus in the array was balanced between the two
hemifields. In every testing session and for every participant, trials were presented in a randomized order.
Overall, the task lasted about 12 minutes. All 64 ‘memory’ arrays were unique and the same composition of
visual stimuli was never presented twice during a single task. In Experiment 1, half of the arrays depicted
gestures made with the left hand while the other half gestures made with the right hand (balanced for every
trial condition). These conditions were applied equally to both experiments; the only difference between the
two relied on the stimuli depicted in the arrays (i.e. hand gestures in Experiment I and geometric shapes in
Experiment 2).

In every session, the delayed match-to-sample task was administered twice: with and without rTMS. rTMS
was delivered online during the ‘maintenance phase’ of the task, namely, 200 ms after the disappearing of the
‘memory’ array. This timepoint was selected according to previous neurophysiological evidence that CDA,
the neurophysiological marker of the WM retention phase, starts over somatosensory cortices at this timing
after the disappearing of the stimulus to memorize (e.g., Galvez-Pol, Calvo-Merino, et al., 2018), hence
following the earlier perceptual processing stage of the visual stimuli (e.g., Koivisto, Henriksson, Revonsuo,
& Railo, 2012; Mullin & Steeves, 2011).

Before starting each experimental session, a brief version of the task (10-trials) was administered to
participants as a training.

Trials randomization and timing of the frames were presented under computer control using the software E-

Prime (version 2.0, Psychology Software Tool, Inc.).

2.3. Repetitive Transcranial Magnetic Stimulation (rTMS)
High-frequency (10 Hz) rTMS was delivered online, during the task, in the two experiments. rTMS was

delivered using a biphasic Magstim Super Rapid 2 stimulator and a figure-of-eight coil (diameter=70 mm;



Magstim, Whitland, UK). Stimulation lasted for 300 ms (i.e. 3 pulses) and, for every participant, the intensity
was fixed, set at 60% of the maximum stimulator output (e.g., Bolognini & Ro, 2010; Robertson, Théoret, &
Pascual-Leone, 2003). These parameters were selected according to previous literature showing its efficacy
for influencing performance in WM tasks (e.g., Bona, Herbert, Toneatto, Silvanto, & Cattaneo, 2014; Cattaneo
et al., 2015; Cattaneo, Pisoni, Papagno, & Silvanto, 2011; Cohen Kadosh et al., 2007; Heuer et al., 2016;
Mullin & Steeves, 2011; Pitcher et al., 2009; Silvanto, Schwarzkopf, Gilaie-Dotan, & Rees, 2010). A total of
192 pulses (3 pulses x 64 trials) was delivered in each experimental session.

We localized the targeted areas (Figure 1c¢) using the neuronavigation software SoftAxic Optic 2.0 (E.M.S.,
Bologna, Italy, ww.softaxic.com; see, for instance, Giurgola, Pisoni, Maravita, Vallar, & Bolognini, 2019;
Guidali, Pisoni, Bolognini, & Papagno, 2019 for a similar procedure) and reconstructing a virtual volume of
each participant’s brain. This software allows creating a magnetic resonance image (MRI) of the cerebral
cortex in Talairach coordinates from a template through a warping procedure. Parameters for warping the
template image are estimated on the basis of four digitized skull landmarks (i.e., nasion, inion, and the right/left
preauricular points), and 60 uniformly distributed points mapped on the participant’s scalp, with a mean error
of 2.11 mm and a standard deviation of 2.04 mm. Digitalization and neuronavigation were achieved via a
graphic user interface and a 3D optical digitizer (NDI, Polaris Vicra). For each participant, the location of S1
was identified following the Talairach coordinates X =47, Y =-32, Z = 57 on the MRI template and using a
3D virtual reconstruction of the participant’s brain. The S1 coordinates were derived from fMRI studies
(Boakye, Huckins, Szeverenyi, Taskey, & Hodge, 2000). Importantly, previous TMS studies using similar
coordinates to stimulate S1 found related functional effects like the induction of tactile extinction or paresthesia
(e.g., Bolognini, Papagno, Moroni, & Maravita, 2010; Bolognini et al., 2014). The stimulation site on the scalp
corresponding to the right S1 was also localized by using an additional anatomical criterium consisting in
moving the coil 2 cm posterior from the left-hand motor hotspot (i.e., right primary motor cortex), as previously
done in some studies stimulating S1 (e.g., Avenanti et al., 2007; Fiorio & Haggard, 2005; Giurgola et al., 2019;
Zazio et al., 2019).

The left-hand motor hotspot and participants’ resting motor threshold (rMT) were determined by calculating
the minimum stimulator output able to elicit visually detectable motor twitches in the contralateral left hand

(with particular attention to the first dorsal interosseus muscle) 3 times out of 5 while right M1 was stimulated



(Rossi et al., 2009). Mean rMT was of (mean + S.D.) 61 = 5.8% in Experiment 1 and 58.5 = 7.7% in Experiment
2. Additionally, we further checked to not stimulating M1, few TMS pulses were delivered over the S1 scalp
location to determine whether its stimulation could induce movements in the left hand; none of the participants
showed detectable motor twitches when TMS was applied to S1 with the intensity used during the experiment
(i.e. at 60% of the maximum stimulator output, see above).

In Experiment 1, the same neuronavigation procedure was used to localize LOC and dIPFC: mean Talairach
coordinates of right LOC (X =41, Y =-72, Z =4) and right dIPFC (X =42, Y = 28, Z = 26) were taken from
previous rTMS and fMRI studies using similar tasks (Daniel, Katz, & Robinson, 2016; Xu & Chun, 2006).
During S1 and dIPFC stimulation, the coil was placed tangentially to the scalp with the handle hold backward
and laterally at a 45° angle to the sagittal plane (e.g., Bagherzadeh et al., 2016; Orth & Rothwell, 2004); during
LOC stimulation, the coil handle pointed upwards, parallel to the midline (e.g., Pitcher et al., 2009; Silvanto
et al., 2010). Throughout the experiment, the correct and stable position of the coil was then monitored on-line

with the same neuronavigation system.

2.4. Experimental procedure

The study took place in the TMS laboratory of the Department of Psychology of the University of Milano-
Bicocca. Experimental procedure and setting were the same in both experiments, what differed was the number
of sessions in which participants had to take part. Experiment I comprised 3 sessions differing only for the
cortical area stimulated with rTMS during the experimental task (i.e., S1, LOC, and dIPFC). The order of the
3 sessions was randomized and counterbalanced among participants. Experiment 2 comprised 1 session in
which the only S1 was stimulated.

In both experiments, during the first session, the informed consent, the Edinburgh Inventory, and the TMS
safety checklist questionnaire were administered to the participants. At the beginning of every session,
participants underwent training with the delayed match-to-sample task to familiarize themselves with it. In
each session, the delayed match-to-sample task was administered twice, without (baseline) and with rTMS (15

minutes inter-tasks break); the order of these two conditions was kept fixed within the experimental sessions

10



but randomized between participants. Before administering the task with rTMS, the neuronavigation
procedures were carried out. Each rTMS session lasted approximately 60 minutes and, in Experiment I, an
interval of at least 24 hours separated one session from the other.

At the end of both experiments, participants were informally inquired about their perception of experimental
visual stimuli. In Experiment 1, all participants reported that the viewed visual stimuli represented human hand
gestures. In FExperiment 2 participants defined the visual stimuli as ‘geometric’ or ‘meaningless’

shapes/figures; importantly, nobody described them as ‘human hands’.

2.5. Statistical analysis

In both experiments, participants’ performance in the delayed match-to-sample task was analyzed accordingly
to Signal Detection theory (Green & Swets, 1966). Signal detection measures have the advantage of allowing
for the separation of perceptual level and decision level by assessing the contribution of stimulus-related (i.e.,
perceptual sensitivity, d’) and subject-related (i.e., response bias, ¢) influences on performance: the d’
parameter reflects the subject’s accuracy to discern a sensory event from its background (perceptual
sensitivity), while the ¢ parameter reflects the subject’s decision criterion of response (response bias).

In Experiment 1, baseline performance in the 3 sessions was compared through a 1-way ANOV A with Session
(S1, LOC, dIPFC) as the main within-subjects factor. Given the absence of difference between baselines (F 3,
=.99, p = .38, n?, = .055), to simplify the model, the 3 baselines were mediated and a repeated measures
ANOVA (rmANOVA) with within-subjects factors Session (Baseline, S1-rTMS, LOC-rTMS, dIPFC-rTMS)
and Hemifield (right, left, according to the side of visual stimuli presentation in the task’s trials) was performed
on d’ and c values. In Experiment 2, a similar Session (Baseline, S1-r'TMS) X Hemifield (left, right)
rmANOVA was run. Statistical significance was set at p-values < .05. The Shapiro-Wilks test confirmed the
normality of the distributions and when data sphericity was not confirmed by Mauchly’s test, the Greenhouse-
Geisser correction was applied. Significant main effects were further explored with post-hoc comparisons
using t-tests and applying the Bonferroni correction for multiple comparisons. As effect size values, partial
eta-squared (n?,) was calculated in every rmANOVA, and Cohen’s d was reported in post-hoc tests. For each
variable, the mean + standard error (S.E.) is reported. Statistical analyses were performed using the software

Jamovi (version 1.1.9, the Jamovi project, www.jamovi.org)
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3. RESULTS

3.1. Experiment 1

With respect to perceptual sensitivity (d’), results showed a main effect of factor Session (F;s5; = 5.74, p =
.009, n?, = .251) but neither of factor Hemifield (F;5; = .002, p = .96, %, <.001) nor their interaction (F 5; =
.89, p=.451, %, = .05), suggesting a modulation of participants’ performance independently of the stimulated
hemifield. Hence, statistical significance of factor Session was further explored with post-hoc comparisons
which highlighted that the stimulation of S1 enhanced participants’ performance (d’ = 1.23 £ .1) with respect
to all other conditions (vs. baseline =.95 £ .09, t=2.92, p =.021, Cohen’s d =.72; vs. LOC-r'TMS = .94 £+ .09,
t=2.93, p =.021, Cohen’s d = .72; vs. dIPFC-rTMS = .85 £ .11, t = 3.9, p = .002, Cohen’s d = .89; Figure
2a). The analysis of the response bias (c) showed no significant effects of Session (£ 5, = 2.35, p = .083, n?%,
=.12), Hemifield (F35, <.01, p =.99, n?, <.01) and of their interaction (F; 5, = .22, p = .883,n?, = .01; Figure
2a), suggesting that the modulation of performance found was not due to a different way in which participants

tended to respond at the experimental task in the different conditions.

3.2. Experiment 2

In Experiment 2, rmANOVA on d’ values showed no significant effects of all main factors and interactions
(Session: F; ;;=1.01, p = .33, n?, = .06; Hemifield: F; ;,= .61, p = .445, n?, = .04; Session X Hemifield: F; ;;
=.67, p = .416, n?, = .04; Figure 2b), hence rTMS over S1 was not effective when the visual stimuli depicted
geometric shapes. Similarly, the rmANOVA on ¢ values showed no effects (Session: F;;; =2.29, p = .149,
n?%, =.12; Hemifield: F; ;;= .83, p =375, n?,=.05; Session X Hemifield: F; ;;=.3, p =.594, n?, = .02; Figure
2b).

We also run an explorative independent-samples t-test to compare the baseline performance in Experiments 1
and 2, which showed no significant differences suggesting that the two tasks have a similar difficulty and
participants tend to respond with the same criterion (d: #;, = .51, p = .617, Cohen’s d = .17; ¢: t3,=-93,p =
.357, Cohen’s d = -.31). A second, explorative, independent-samples t-test was run to compare participants
performance during S1-rTMS in the two experiments: as expected, d’ values differed between Experiment 1

and 2 (t3, = 1.79, p = .042, Cohen’s d = .6) while ¢ did not (t;, = .9, p = .373, Cohen’s d = -.3).
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Finally, in both experiments, we also checked whether the participant’s sex may have influenced our findings,
given the difference in the number of males and females in the two experiments (indeed, Experiment 1
comprised 4 males and 14 females, while 9 male and 9 females took part to Experiment 2). To this aim we run
two additional rmANOVAs (one for each experiment) with the between-subjects factor Sex. In both
experiments, Sex (Experiment 1: F345=1.27, p = 276, n?, = .07; Experiment 2: F; ;5= .01, p = 913, n?, <
.01) and the interaction Session X Sex (Experiment I: F’; ;5= .65, p = .585, 1%, = .04; Experiment 2: F; ;5< .01,
p=.995,n?, <.01) did not attain the significance level, excluding the influence of sex differences in the two

experiments.

4. DISCUSSION

The present study has investigated whether S1 is causally involved in the maintenance of body-related
information (i.e., hand gestures) in visual WM. We have found that participants’ performance in a delayed
match-to-sample task visually presenting hand gestures to-be-remembered is enhanced by high-frequency
rTMS delivered over the right S1. Importantly, this enhancement effect is area- and stimulus-specific: indeed,
when rTMS is delivered over the right LOC or the right dIPFC (Experiment 1), or when the task shows visual
stimuli that are not body-related (geometrical shapes — Experiment 2), rTTMS is ineffective. At the same time,
the enhancement of performance during S1 stimulation is independent of the hemifield of visual presentation
(and thus from the activated hemisphere). Overall, our findings provide novel evidence about the cross-modal
recruitment of S1 by visual WM, highlighting its role not only for perceiving bodily sensation but also for
encoding and maintaining visual bodily information in memory.

The present results show the existence, in the human WM network, of a sub-system that is specific for visual
body-related stimuli (Galvez-Pol, Forster, et al., 2020), where S1 represents an important node. Our findings
extend the conclusions of recent EEG studies: by using a subtractive event-related potentials method (Galvez-
Pol, Calvo-Merino, & Forster, 2020), Galvez-Pol and colleagues (2018a, b) found that primary somatosensory
and motor cortices are recruited during the maintenance phase of a visual WM task where body-related

information had to be retained (Galvez-Pol, Calvo-Merino, et al., 2018; Galvez-Pol, Forster, et al., 2018).
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However, EEG suffers from low spatial resolution and the causal relationship between the activation of a
specific primary sensory area and the recorded signal (i.e., CDA) in the overlapping electrodes cannot be fully
ruled out. Thus, the involvement of S1 remained speculation. By taking advantage of rTMS, the results of the
present study provide the first causal evidence of S1 involvement in visual WM.

Nowadays, there are convergent findings that alpha-band neuronal oscillations with a frequency of about 10
Hz (i.e. the same frequency of our rTMS protocol) are fundamental for WM coding and storage, likely through
the suppression of distracting information (e.g., Bonnefond & Jensen, 2012; Foster, Bsales, Jaffe, & Awh,
2017; Foster, Sutterer, Serences, Vogel, & Awh, 2015; Jensen, Gelfand, Kounios, & Lisma, 2002; Leiberg,
Lutzenberger, & Kaiser, 2006; Roux & Uhlhaas, 2014). Furthermore, online rTMS can enhance cognitive
performance when is delivered with this frequency (e.g., Emrich, Johnson, Sutterer, & Postle, 2017; Heuer et
al., 2016; Klimesch, Sauseng, & Gerloff, 2003; Luber & Lisanby, 2014; Preston, Anderson, Silva, Goldberg,
& Wassermann, 2010). Accordingly, we have found that 10 Hz rTMS induces a facilitatory effect during the
visual WM task, leading to behavioral enhancement, which may be the result of enhanced synchronization of
visuo-tactile responses in S1 by rTMS, transiently entraining them to an alpha band-like frequency (Thut &
Miniussi, 2009; Thut et al., 2011). The delivery of high-frequency rTMS might have acted by transiently
entraining visuo-tactile S1 neurons to the correct, alpha-like, brain rhythm, leading to better retention of visual
information pertaining to the body. An alternative hypothesis to explain the performance enhancement brought
about by high-frequency rTMS over S1 could be that, under normal conditions, the cross-modal recruitment
of S1 might exert a sort of inhibitory influence on visual WM. If this is the case, rTMS, by perturbating S1
activity, would reduce such inhibitory drive allowing a better retention of the information. Both these
interpretations remain at a speculation level since we could only conjecture on the direction of the rTMS effects
(inhibition vs facilitation); at this level, we have only obtained evidence of the causal involvement of S1 in
visual WM for hand gestures.

The S1 specificity in WM-related processing is highlighted by the results from Experiment 2 that show that
S1 is not recruited during a visual WM task if geometric shapes have to be memorized. Hence, we speculate
that S1 plays a role in WM thanks to its cross-modal properties which are helpful to enhance the computational
— and, thus, the maintenance — capacity of the memory network, especially when the task is difficult (as the

present). This proposal is supported by neurophysiological evidence that CDA over somatosensory cortices is
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greater when the number of body-related stimuli to memorize is high (Galvez-Pol, Calvo-Merino, et al., 2018)
and alpha-band oscillations (and synchronization) increase with the memory load (Jensen et al., 2002; Leiberg
et al., 2006).

Another interesting finding is that the visual functions of S1 are not related to the hemifield of visual stimuli
presentation. Previous evidence indicated that CDA is recorded only over somatosensory cortices contralateral
to the hemifield of visual stimuli presentation (Arslanova et al., 2019; Galvez-Pol, Calvo-Merino, et al., 2018),
which has led to suggest that the somatosensory cortex is mainly activated by stimuli processed by the
ipsilateral visual cortices. The present findings lead us to hypothesize that the activation of the S1 during the
maintenance phase, at least in the right hemisphere that seems to have a special role in touch observation (e.g.,
Bolognini et al., 2013), may influence visual processing for memory functions regardless of the hemifield
lateralization of the visual information; hence, S1 would be involved in both intra- and inter-hemispheric
processing of body-related visual information. However, future studies are needed to further explore the
contribution of the left S1 in order to clarify the hemifield selectivity of S1 for visual processing and its
hemispheric dominance for WM-related functions.

The timing of rTMS delivery provides a further reflection on the phase of S1 recruitment in WM. In the present
work, rTMS was applied over S1 200 ms after the offset of the visual stimuli to be remembered. We have
chosen this timing following previous evidence highlighting that the time-course of the maintenance phase
(CDA) in delayed match-to-sample visual tasks starts at this timepoint after the visual elaboration of the stimuli
(e.g., Galvez-Pol, Calvo-Merino, et al., 2018; Vogel & Machizawa, 2004; Vogel et al., 2005). Likely, S1 might
be activated also during the encoding, and maybe the recalling phases of the mnemonic process.

The results of Experiment 1 also show that the perturbation of right LOC and right dIPFC does not modulate
participants’ performance in our delayed match-to-sample task. Considering LOC, previous works in the field
of the ‘semsory recruitment’ models of WM (D’Esposito & Postle, 2015) showed that the activation of
extrastriate areas participates to visual WM, beyond the low-level visual processing (e.g., Cattaneo et al., 2011;
Harrison & Tong, 2009; Parra, Della Sala, Logie, & Morcom, 2014; Song & Jiang, 2006; Y. Zhao, Kuai,
Zanto, & Ku, 2020). Even if these models are still debated (for a review, see: Xu, 2017), studies that applied
rTMS over LOC found a modulation of participants’ performance in visual WM tasks after or during its

stimulation (Bona et al., 2014; Heuer et al., 2016; Mullin & Steeves, 2011, 2013; Romei, Gross, & Thut, 2010).
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Independently from the direction (excitatory/inhibitory) of rTMS effects, in all the previous works, the visual
stimuli to process and retain depicted simple geometric shapes, like dots or squares, or objects, but not body-
related visual stimuli. Both neuroimaging and non-invasive brain stimulation studies reported that LOC is
active selectively during the visual processing and the retention of non-biological objects (e.g., Heuer et al.,
2016; J. G. Kim, Biederman, & Juan, 2011; Mullin & Steeves, 2011; Myers, Walther, Wallis, Stokes, & Nobre,
2015). For instance, Pitcher and colleagues (2009) showed that rTMS over the right LOC impairs object
recognition; visual recognition of faces and bodies was impaired by stimulating the right occipital face area
and the right extrastriate body area, respectively (Pitcher et al., 2009). Hence, our findings provide further
support that LOC is not specialized for body-related stimuli.

The absence of modulation during right dIPFC stimulation can be explained considering that, within the WM
network, this area is fundamental for the manipulation of stored information (Baddeley, 2012) and we
delivered rTMS while participants have to simply retain the stored visual information rather than manipulating
it. In line with the present results, previous rTMS studies did not find any significant modulation of
participants’ performance when TMS was delivered over the right dIPFC during the maintenance phase of a
memory task (e.g., Hamidi, Tononi, & Postle, 2008; Hamidi et al., 2009; Luber et al., 2007; Postle et al., 2006;
Rossi et al., 2011, 2006). Conversely, two recent high-frequency rTMS studies, investigating the effects of
dIPFC stimulation on WM functions, found a modulation of participants’ performance selectively during high-
load WM tasks in which the manipulation of stored information is essential (i.e., delayed response
alphabetization task and spatial 3-back task) (Bakulin et al., 2020; Beynel et al., 2019). Again, studies using
fMRI and near-infrared spectroscopy highlighted that right dIPFC activation is greater during backward span
tasks, which required manipulation of the stored information, rather than forward ones, which instead required
maintenance (Gerton et al., 2004; Hoshi et al., 2000). Overall, these findings are consistent with the hypothesis
that the role of dIPFC is not the storage of information in WM itself, rather this area is crucial for stimuli
manipulation and control of their retention in other brain areas (Baddeley, 2012). Hence, we suggest that the
absence of effects in the present study is mainly due to the timing at which rTMS is delivered (i.e., during the
maintenance phase) and the intrinsic characteristics of the used WM task.

The present study suffers from some methodological limitations that need to be taken into consideration. First

of all, we cannot exclude that S1-rTMS effects may have widespread to the nearby secondary somatosensory
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cortex, which could also be involved in the retention of body-related information, especially considering that
also this area has neurons with visuo-tactile properties (e.g., Keysers et al., 2004; Schaefer, Heinze, & Rotte,
2012; Schaefer, Xu, Flor, & Cohen, 2009; Sun, Welchman, Chang, & Di Luca, 2016). At the same time, the
use of a standardized template to found target cortical areas, instead of individual MRIs, might have reduced
the precision of the stimulation. However, the adopted neuronavigation procedure has been successfully used
in previous studies to localize (and stimulate) focal areas like the ones of our study with precision within few
mm (e.g., Bolognini, Rossetti, Maravita, & Miniussi, 2011; Carducci & Brusco, 2012; Collins & Jacquet,
2018; Guidali et al., 2019; Rossi et al., 2011) and thus we can assume to have targeted the correct brain regions.
Furthermore, the use of the same fixed intensity for all participants, an approach commonly used to stimulate
nonmotor areas, could have led to under- or over-stimulate some participants (Bolognini & Ro, 2010;
Robertson et al., 2003). The ideal determination of the stimulation intensity would require the estimation of
the TMS-induced electric field in the different targeted areas, overcoming individual differences in scalp-to-
cortex distance of different brain regions (Janssen, Oostendorp, & Stegeman, 2014).

A final note: since Experiment 2 aimed solely at verifying the stimulus-selectivity of S1 for the maintenance
of hand gesture stimuli, we did not assess the selective involvement of other cortical sites, such as extrastriate
areas of the ventral stream (including LOC) or the inferior parietal sulcus, for the maintenance of geometric
visual stimuli during WM, as previously demonstrated in other studies (e.g., Parra et al., 2014; Pitcher et al.,
2009; Todd & Marois, 2004; Xu & Chun, 2006).

In conclusion, the present work demonstrates the causal, cross-modal, involvement of S1 in a visual WM task
where body-related stimuli are depicted, showing the higher-order recruitment of such primary area. This
evidence corroborates WM models speculating the existence of a dedicated mnemonic sub-system for body-
related information in which cortical regions underpinning the representation of one’s body in the brain play
a key role, likely through the mediation of cross-modal processes (Galvez-Pol, Forster, et al., 2020).
Accordingly, the results of our study suggest that the visuo-tactile properties of S1 might be helpful to enhance
the computational capacity of such WM system, especially when a mnemonic process is particularly difficult

and additional cognitive resources are required.

FIGURE CAPTIONS
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Figure 1. a) Set of hand gestures and related geometrical shapes used in Experiments 1 and 2 respectively.
Stimuli are taken from Galvez-Pol et al. (2018a). b) Delayed match-to-sample task used in the two experiments
of the study. Three rTMS pulses at a frequency of 10 Hz are delivered 200 ms from the offset of the ‘memory’
array. c¢) Lateral view of a 3-D brain reconstruction showing the localization of the 3 rTMS sites of Experiment
1. In Experiment 2, only right S1 was stimulated.

Figure 2. Results of Experiment 1 (a) and Experiment 2 (b). Left panel: d prime (d°); right panel: response
bias (c). Bonferroni correction for multiple comparisons was applied. * = p < .05; ** = p <.01. Error bars =

S.E.

Declaration of interests

The authors declare no competing interest.

Data statement

Dataset, analysis, and stimuli are publicly achieved at the Open Science Framework (OSF):

https://osf.i0/k2eb9/

Further information will be available from the corresponding author on a reasonable request.

Acknowledgment

We would like to thank Rolando Bonandrini for his valuable technical help with neuronavigation procedures.

CRediT authorship

Giacomo Guidali: conceptualization, methodology, investigation, data curation, formal analyses, writing —
original draft. Camilla Roncoroni: methodology, investigation, data curation, formal analyses, writing —
review and editing. Costanza Papagno: methodology, writing — review and editing. Nadia Bolognini:

conceptualization, methodology, supervision, writing — original draft.

REFERENCES
Amedi, A., Malach, R., Hendler, T., Peled, S., & Zohary, E. (2001). Visuo-haptic object-related activation in the ventral

18


https://osf.io/k2eb9/

visual pathway. Nature Neuroscience, 4(3), 324-330. https://doi.org/10.1038/85201

Arslanova, 1., Galvez-Pol, A., Calvo-Merino, B., & Forster, B. (2019). Searching for bodies: ERP evidence for
independent somatosensory processing during visual search for body-related information. Neurolmage,
195(October 2018), 140—149. https://doi.org/10.1016/j.neuroimage.2019.03.037

Avenanti, A., Bolognini, N., Maravita, A., & Aglioti, S. M. (2007). Somatic and Motor Components of Action
Simulation. Current Biology, 17(24), 2129-2135. https://doi.org/10.1016/j.cub.2007.11.045

Baddeley, A. (2000). The episodic buffer: a new component of working memory? Trends in Cognitive Sciences, 4(11),
417-423.

Baddeley, A. (2012). Working Memory: Theories, Models, and Controversies. Annual Review of Psychology, 63(1), 1—
29. https://doi.org/10.1146/annurev-psych-120710-100422

Bagherzadeh, Y., Khorrami, A., Zarrindast, M. R., Shariat, S. V., & Pantazis, D. (2016). Repetitive transcranial
magnetic stimulation of the dorsolateral prefrontal cortex enhances working memory. Experimental Brain
Research, 234(7), 1807—-1818. https://doi.org/10.1007/s00221-016-4580-1

Bakulin, 1., Zabirova, A., Lagoda, D., Poydasheva, A., Cherkasova, A., Pavlov, N, ... Piradov, M. (2020). Combining
HF rTMS over the left DLPFC with concurrent cognitive activity for the offline modulation of working memory
in healthy volunteers: A proof-of-concept study. Brain Sciences. https://doi.org/10.3390/brainsci1 0020083

Barbey, A. K., Koenigs, M., & Grafman, J. (2013). Dorsolateral prefrontal contributions to human working memory.
Cortex, 49(5), 1195-1205. https://doi.org/10.1016/j.cortex.2012.05.022

Bauer, M., Oostenveld, R., Peeters, M., & Fries, P. (2006). Tactile spatial attention enhances gamma-band activity in
somatosensory cortex and reduces low-frequency activity in parieto-occipital areas. Journal of Neuroscience,
26(2), 490-501. https://doi.org/10.1523/JINEUROSCI.5228-04.2006

Beynel, L., Davis, S. W., Crowell, C. A., Hilbig, S. A., Lim, W., Nguyen, D., ... Appelbaum, L. G. (2019). Online
repetitive transcranial magnetic stimulation during working memory in younger and older adults: A randomized
within-subject comparison. PLoS ONE, 14(3), 1-19. https://doi.org/10.1371/journal.pone.0213707

Blakemore, S.-J., Bristow, D., Bird, G., Frith, C., & Ward, J. (2005). Somatosensory activations during the observation
of touch and a case of vision-touch synaesthesia. Brain, 128(7), 1571-1583. https://doi.org/10.1093/brain/awh500

Boakye, M., Huckins, S. C., Szeverenyi, N. M., Taskey, B. 1., & Hodge, J. (2000). Functional magnetic resonance
imaging of somatosensory cortex activity produced by electrical stimulation of the median nerve or tactile
stimulation of the index finger. Journal of Neurosurgery, 93(5), 774-783.
https://doi.org/10.3171/jns.2000.93.5.0774

Bolognini, N., Papagno, C., Moroni, D., & Maravita, A. (2010). Tactile temporal processing in the auditory cortex.

19



Journal of Cognitive Neuroscience, 22(6), 1201-1211. https://doi.org/10.1162/jocn.2009.21267

Bolognini, N., & Ro, T. (2010). Transcranial Magnetic Stimulation: Disrupting Neural Activity to Alter and Assess
Brain Function. Journal of Neuroscience, 30(29), 9647-9650. https://doi.org/10.1523/JINEUROSCI.1990-10.2010

Bolognini, N., Rossetti, A., Convento, S., & Vallar, G. (2013). Understanding other’s fellings: the role of the right
primary somatosensory cortex in encoding the affective valence of other’s touch. The Journal of Neuroscience,
33(9), 4201-4205. https://doi.org/10.1523/JNEUROSCI.4498-12.2013

Bolognini, N., Rossetti, A., Fusaro, M., Vallar, G., & Miniussi, C. (2014). Sharing social touch in the primary
somatosensory cortex. Current Biology, 24, 1513—1517. https://doi.org/10.1016/j.cub.2014.05.025

Bolognini, N., Rossetti, A., Maravita, A., & Miniussi, C. (2011). Seeing touch in the somatosensory cortex: A TMS
study of the visual perception of touch. Human Brain Mapping, 32(12), 2104-2114.
https://doi.org/10.1002/hbm.21172

Bona, S., Herbert, A., Toneatto, C., Silvanto, J., & Cattaneo, Z. (2014). The causal role of the lateral occipital complex
in visual mirror symmetry detection and grouping: An fMRI-guided TMS study. Cortex, 51, 46-55.
https://doi.org/10.1016/j.cortex.2013.11.004

Bonnefond, M., & Jensen, O. (2012). Alpha oscillations serve to protect working memory maintenance against
anticipated distracters. Current Biology, 22(20), 1969—1974. https://doi.org/10.1016/j.cub.2012.08.029

Cai, Y., Urgolites, Z., Wood, J., Chen, C., Li, S., Chen, A., & Xue, G. (2018). Distinct neural substrates for visual
short-term memory of actions. Human Brain Mapping, 39(10), 4119—4133. https://doi.org/10.1002/hbm.24236

Carducci, F., & Brusco, R. (2012). Accuracy of an individualized MR-based head model for navigated brain
stimulation. Psychiatry Research: Neuroimaging, 203(1), 105—108.
https://doi.org/10.1016/j.pscychresns.2011.12.013

Cattaneo, Z., Lega, C., Ferrari, C., Vecchi, T., Cela-Conde, C. J., Silvanto, J., & Nadal, M. (2015). The role of the
lateral occipital cortex in aesthetic appreciation of representational and abstract paintings: A TMS study. Brain
and Cognition, 95, 44-53. https://doi.org/10.1016/j.bandc.2015.01.008

Cattaneo, Z., Pisoni, A., Papagno, C., & Silvanto, J. (2011). Modulation of visual cortical excitability by working
memory: Effect of luminance contrast of mental imagery. Frontiers in Psychology, 2(FEB), 1-9.
https://doi.org/10.3389/fpsyg.2011.00029

Christophel, T. B., & Haynes, J. D. (2014). Decoding complex flow-field patterns in visual working memory.
Neurolmage, 91, 43-51. https://doi.org/10.1016/j.neuroimage.2014.01.025

Chung, S. W., Rogasch, N. C., Hoy, K. E., & Fitzgerald, P. B. (2018). The effect of single and repeated prefrontal

intermittent theta burst stimulation on cortical reactivity and working memory. Brain Stimulation, 11(3), 566—

20



574. https://doi.org/10.1016/j.brs.2018.01.002

Cohen Kadosh, R., Cohen Kadosh, K., Schuhmann, T., Kaas, A., Goebel, R., Henik, A., & Sack, A. T. (2007). Virtual
Dyscalculia Induced by Parietal-Lobe TMS Impairs Automatic Magnitude Processing. Current Biology, 17(8),
689—-693. https://doi.org/10.1016/j.cub.2007.02.056

Collins, T., & Jacquet, P. O. (2018). TMS over posterior parietal cortex disrupts trans-saccadic visual stability. Brain
Stimulation, 11(2), 390-399. https://doi.org/10.1016/j.brs.2017.11.019

D’Esposito, M., & Postle, B. R. (2015). the Cognitive Neuroscience of Working Memory. Annu Rev Psychol., (66),
115-142. https://doi.org/10.1146/annurev-psych-010814-015031.THE

Daniel, T. A., Katz, J. S., & Robinson, J. L. (2016). Delayed match-to-sample in working memory: A BrainMap meta-
analysis. Biological Psychology, 120, 10-20. https://doi.org/10.1016/j.biopsycho.2016.07.015

Duecker, F., & Sack, A. T. (2015). Rethinking the role of sham TMS. Frontiers in Psychology, 6(FEB), 1-5.
https://doi.org/10.3389/fpsyg.2015.00210

Emrich, S. M., Johnson, J. S., Sutterer, D. W., & Postle, B. R. (2017). Comparing the effects of 10-Hz repetitive TMS
on tasks of visual STM and attention. Journal of Cognitive Neuroscience, 29(2), 286-297.
https://doi.org/10.1162/jocn

Faul, F., Erdfelder, E., Buchner, A., & Lang, A. G. (2009). Statistical power analyses using G*Power 3.1: Tests for
correlation and regression analyses. Behavior Research Methods, 41(4), 1149—-1160.
https://doi.org/10.3758/BRM.41.4.1149

Fiorio, M., & Haggard, P. (2005). Viewing the body prepares the brain for touch: Effects of TMS over somatosensory
cortex. European Journal of Neuroscience, 22(3), 773—777. https://doi.org/10.1111/1.1460-9568.2005.04267.x

Forster, B., Tziraki, M., & Jones, A. (2016). The attentive homunculus: ERP evidence for somatotopic allocation of
attention in tactile search. Neuropsychologia, 84, 158—166.
https://doi.org/10.1016/j.neuropsychologia.2016.02.009

Foster, J. J., Bsales, E. M., Jaffe, R. J., & Awh, E. (2017). Alpha-Band Activity Reveals Spontaneous Representations
of Spatial Position in Visual Working Memory. Current Biology, 27(20), 3216-3223.¢6.
https://doi.org/10.1016/j.cub.2017.09.031

Foster, J. J., Sutterer, D. W., Serences, J. T., Vogel, E. K., & Awh, E. (2015). The topography of alpha-band activity
tracks the content of spatial working memory. Journal of Neurophysiology, 115(1), 168—177.
https://doi.org/10.1152/jn.00860.2015

Gallace, A., & Spence, C. (2009). The Cognitive and Neural Correlates of Tactile Memory. Psychological Bulletin,

135(3), 380—-406. https://doi.org/10.1037/a0015325

21



Galvez-Pol, A., Calvo-Merino, B., Capilla, A., & Forster, B. (2018). Persistent recruitment of somatosensory cortex
during active maintenance of hand images in working memory. Neurolmage, 174(March), 153—163.
https://doi.org/10.1016/j.neuroimage.2018.03.024

Galvez-Pol, A., Calvo-Merino, B., & Forster, B. (2020). Revealing the body in the brain: An ERP method to examine
sensorimotor activity during visual perception of body-related information. Cortex, 125, 332-344.
https://doi.org/10.1016/j.cortex.2020.01.017

Galvez-Pol, A., Forster, B., & Calvo-Merino, B. (2018). Modulation of motor cortex activity in a visual working
memory task of hand images. Neuropsychologia, 117(March), 75-83.
https://doi.org/10.1016/j.neuropsychologia.2018.05.005

Galvez-Pol, A., Forster, B., & Calvo-Merino, B. (2020). Beyond action observation: neurobehavioral mechanisms of
memory for visually perceived bodies and actions. Neuroscience & Biobehavioral Reviews, 116(May), 508-518.
https://doi.org/10.1016/j.neubiorev.2020.06.014

Gayet, S., Paffen, C. L. E., & Van der Stigchel, S. (2018). Visual Working Memory Storage Recruits Sensory
Processing Areas. Trends in Cognitive Sciences, 22(3), 189-190. https://doi.org/10.1016/j.tics.2017.09.011

Gerton, B. K., Brown, T. T., Meyer-Lindenberg, A., Kohn, P., Holt, J. L., Olsen, R. K., & Berman, K. F. (2004). Shared
and distinct neurophysiological components of the digits forward and backward tasks as revealed by functional
neuroimaging. Neuropsychologia, 42(13), 1781-1787. https://doi.org/10.1016/j.neuropsychologia.2004.04.023

Giurgola, S., Pisoni, A., Maravita, A., Vallar, G., & Bolognini, N. (2019). Somatosensory cortical representation of the
body size. Human Brain Mapping, 40(12), 3534-3547. https://doi.org/10.1002/hbm.24614

Green, D. M., & Swets, J. A. (1966). Signal detection theory and psychopsycs. New York: Wiley.

Grill-Spector, K., Kourtzi, Z., & Kanwisher, N. (2001). The lateral occipital complex and its role in object recognition.
Vision Research, 41(10-11), 1409-1422. https://doi.org/10.1016/S0042-6989(01)00073-6

Guidali, G., Pisoni, A., Bolognini, N., & Papagno, C. (2019). Keeping order in the brain: The supramarginal gyrus and
serial order in short-term memory. Cortex, 119(October), 89-99. https://doi.org/10.1016/j.cortex.2019.04.009

Hamidi, M., Tononi, G., & Postle, B. R. (2008). Evaluating frontal and parietal contributions to spatial working
memory with repetitive transcranial magnetic stimulation. Brain Research.
https://doi.org/10.1016/j.brainres.2008.07.008

Hamidi, M., Tononi, G., & Postle, B. R. (2009). Evaluating the role of prefrontal and parietal cortices in memory-
guided response with repetitive transcranial magnetic stimulation. Neuropsychologia, 47(2), 295-302.
https://doi.org/10.1016/j.neuropsychologia.2008.08.026

Harrison, S. A., & Tong, F. (2009). Decoding reveals the contents of visual working memory in early visual areas.

22



Nature, 458(7238), 632—635. https://doi.org/10.1038/nature07832

Heuer, A., Schubd, A., & Crawford, J. D. (2016). Different Cortical Mechanisms for Spatial vs. Feature-Based
Attentional Selection in Visual Working Memory. Frontiers in Human Neuroscience, 10(August), 1-9.
https://doi.org/10.3389/fnhum.2016.00415

Hoshi, Y., Oda, I., Wada, Y., Ito, Y., Yutaka Yamashita, Oda, M., ... Mamoru Tamura. (2000). Visuospatial imagery is
a fruitful strategy for the digit span backward task: A study with near-infrared optical tomography. Cognitive
Brain Research, 9(3), 339-342. https://doi.org/10.1016/S0926-6410(00)00006-9

Janssen, A. M., Oostendorp, T. F., & Stegeman, D. F. (2014). The effect of local anatomy on the electric field induced
by TMS: evaluation at 14 different target sites. Medical and Biological Engineering and Computing, 52(10), 873—
883. https://doi.org/10.1007/s11517-014-1190-6

Jensen, O., Gelfand, J., Kounios, J., & Lisma, J. E. (2002). Oscillations in the Alpha Band (9-12 Hz) Increase with
Memory Load during Retention in a Short-term Memory Task. Cerebral Cortex, 12(8), 877-882.
https://doi.org/10.1093/cercor/12.8.877

Keysers, C., Wicker, B., Gazzola, V., Anton, J.-L., Fogassi, L., & Gallese, V. (2004). A Touching Sight: SII/PV
Activation during the Observation and Experience of Touch. Neuron, 42, 335-346. Retrieved from http://ac.els-
cdn.com/S0896627304001564/1-52.0-S0896627304001564-main.pdf? tid=5f0bfd46-54be-11e7-b748-
00000aacb35d&acdnat=1497856407 24bf5672ef1ed92b805e4f9¢3bb6dceb2

Kim, C., Kroger, J. K., Calhoun, V. D., & Clark, V. P. (2015). The role of the frontopolar cortex in manipulation of
integrated information in working memory. Neuroscience Letters, 595, 25-29.
https://doi.org/10.1016/j.neulet.2015.03.044

Kim, J. G., Biederman, I., & Juan, C.-H. (2011). The Benefit of Object Interactions Arises in the Lateral Occipital
Cortex Independent of Attentional Modulation from the Intraparietal Sulcus: A Transcranial Magnetic
Stimulation Study. Journal of Neuroscience, 31(22), 8320-8324. https://doi.org/10.1523/INEUROSCI.6450-
10.2011

Klimesch, W., Sauseng, P., & Gerloff, C. (2003). Enhancing cognitive performance with repetitive transcranial
magnetic stimulation at human individual alpha frequency. European Journal of Neuroscience, 17(5), 1129—
1133. https://doi.org/10.1046/j.1460-9568.2003.02517.x

Koivisto, M., Henriksson, L., Revonsuo, A., & Railo, H. (2012). Unconscious response priming by shape depends on
geniculostriate visual projection. FEuropean Journal of Neuroscience, 35(3—4), 623—633.
https://doi.org/10.1111/.1460-9568.2011.07973 x

Kourtzi, Z., & Kanwisher, N. (2001). Representation of perceived object shape by the human lateral occipital complex.

23



Science, 293(August), 1506-1509.

Ku, Y., Zhao, D., Hao, N., Hu, Y., Bodner, M., & Zhou, Y. Di. (2015). Sequential roles of primary somatosensory
cortex and posterior parietal cortex in tactile-visual cross-modal working memory: A single-pulse transcranial
magnetic stimulation (spTMS) study. Brain Stimulation, 8(1), 88-91. https://doi.org/10.1016/j.brs.2014.08.009

Lametti, D. R., & Watkins, K. E. (2016). Cognitive Neuroscience: The Neural Basis of Motor Learning by Observing.
Current Biology, 26(7), R288—R290. https://doi.org/10.1016/j.cub.2016.02.045

Leiberg, S., Lutzenberger, W., & Kaiser, J. (2006). Effects of memory load on cortical oscillatory activity during
auditory pattern working memory. Brain Research, 1120(1), 131-140.
https://doi.org/10.1016/j.brainres.2006.08.066

Liuw, Y., Lu, X., Wu, F., Shen, M., & Gao, Z. (2019). Biological motion is stored independently from bound
representation in working memory. Visual Cognition, 27(9-10), 701-713.
https://doi.org/10.1080/13506285.2019.1638479

Longo, M. R., Azafon, E., & Haggard, P. (2010). More than skin deep: Body representation beyond primary
somatosensory cortex. Neuropsychologia, 48(3), 655—668.
https://doi.org/10.1016/j.neuropsychologia.2009.08.022

Lu, X., Huang, J., Yi, Y., Shen, M., Weng, X., & Gao, Z. (2016). Holding biological motion in working memory: An
fMRI study. Frontiers in Human Neuroscience, 10(June). https://doi.org/10.3389/fnhum.2016.00251

Luber, B., Kinnunen, L. H., Rakitin, B. C., Ellsasser, R., Stern, Y., & Lisanby, S. H. (2007). Facilitation of performance
in a working memory task with rTMS stimulation of the precuneus: Frequency- and time-dependent effects. Brain
Research. https://doi.org/10.1016/j.brainres.2006.10.011

Luber, B., & Lisanby, S. H. (2014). Enhancement of human cognitive performance using transcranial magnetic
stimulation (TMS). Neurolmage, 85(3), 961-970. https://doi.org/10.1038/jid.2014.371

Luck, S. J., & Vogel, E. K. (2013). Visual working memory capacity: From psychophysics and neurobiology to
individual differences. Trends in Cognitive Sciences, 17(8), 391-400. https://doi.org/10.1016/j.tics.2013.06.006

Luria, R., Balaban, H., Awh, E., & Vogel, E. K. (2016). The contralateral delay activity as a neural measure of visual
working memory. Neuroscience and Biobehavioral Reviews, 62, 100—108.
https://doi.org/10.1016/j.neubiorev.2016.01.003

Malach, R., Reppas, J. B., Benson, R. R., Kwong, K. K., Jiang, H., Kennedy, W. A., ... Tootell, R. B. H. (1995).
Object-related activity revealed by functional magnetic resonance imaging in human occipital cortex.
Proceedings of the National Academy of Sciences of the United States of America, 92(18), 8135-8139.

https://doi.org/10.1073/pnas.92.18.8135

24



McGregor, H. R., Cashaback, J. G. A., & Gribble, P. L. (2016). Functional Plasticity in Somatosensory Cortex Supports
Motor Learning by Observing. Current Biology, 26(7), 921-927. https://doi.org/10.1016/j.cub.2016.01.064
Molenberghs, P., Cunnington, R., & Mattingley, J. B. (2012). Brain regions with mirror properties: A meta-analysis of
125 human fMRI studies. Neuroscience and Biobehavioral Reviews, 36(1), 341-349.
https://doi.org/10.1016/j.neubiorev.2011.07.004

Mullin, C. R., & Steeves, J. K. E. (2011). TMS to the lateral occipital cortex disrupts object processing but facilitates
scene processing. Journal of Cognitive Neuroscience, 23(12), 4174—4184. https://doi.org/10.1162/jocn_a_00095

Mullin, C. R., & Steeves, J. K. E. (2013). Consecutive TMS-fMRI reveals an inverse relationship in BOLD signal
between object and scene processing. Journal of Neuroscience. https://doi.org/10.1523/JNEUROSCI.2537-
13.2013

Myers, N. E., Walther, L., Wallis, G., Stokes, M. G., & Nobre, A. C. (2015). Temporal Dynamics of Attention during
Encoding versus Maintenance of Working Memory: Complementary Views from Event-related Potentials and
Alpha-band Oscillations. Journal of Cognitive Neuroscience, 27(3), 492—508.
https://doi.org/10.1162/jocn_a_ 00727

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia, 9(1),
97-113. https://doi.org/10.1016/0028-3932(71)90067-4

Orth, M., & Rothwell, J. C. (2004). The cortical silent period: Intrinsic variability and relation to the waveform of the
transcranial magnetic stimulation pulse. Clinical Neurophysiology, 115(5), 1076—1082.
https://doi.org/10.1016/j.clinph.2003.12.025

Papagno, C., Cecchetto, C., Pisoni, A., & Bolognini, N. (2016). Deaf, blind or deaf-blind: Is touch enhanced?
Experimental Brain Research, 234(2), 627-636. https://doi.org/10.1007/s00221-015-4488-1

Papagno, C., Minniti, G., Mattavelli, G. C., Mantovan, L., & Cecchetto, C. (2017). Tactile short-term memory in
sensory-deprived individuals. Experimental Brain Research, 235(2), 471-480. https://doi.org/10.1007/s00221-
016-4808-0

Parra, M. A., Della Sala, S., Logie, R. H., & Morcom, A. M. (2014). Neural correlates of shape-color binding in visual
working memory. Neuropsychologia, 52(1), 27-36. https://doi.org/10.1016/j.neuropsychologia.2013.09.036

Peelen, M. V., & Downing, P. E. (2005). Selectivity for the human body in the fusiform gyrus. Journal of
Neurophysiology, 93(1), 603—608. https://doi.org/10.1152/jn.00513.2004

Pisoni, A., Romero Lauro, L., Vergallito, A., Maddaluno, O., & Bolognini, N. (2018). Cortical dynamics underpinning
the self-other distinction of touch : A TMS-EEG study. Neuroimage, 178(3), 475-484.

https://doi.org/10.1016/j.neuroimage.2018.05.078

25



Pitcher, D., Charles, L., Devlin, J. T., Walsh, V., & Duchaine, B. (2009). Triple Dissociation of Faces, Bodies, and
Objects in Extrastriate Cortex. Current Biology, 19(4), 319-324. https://doi.org/10.1016/j.cub.2009.01.007

Pitcher, D., Garrido, L., Walsh, V., & Duchaine, B. C. (2008). Transcranial magnetic stimulation disrupts the
perception and embodiment of facial expressions. Journal of Neuroscience, 28(36), 8929-8933.
https://doi.org/10.1523/INEUROSCI.1450-08.2008

Postle, B. R., Ferrarelli, F., Hamidi, M., Feredoes, E., Massimini, M., Peterson, M., ... Tononi, G. (2006). Repetitive
transcranial magnetic stimulation dissociates working memory manipulation from retention functions in the
prefrontal, but not posterior parietal, cortex. Journal of Cognitive Neuroscience, 18(10), 1712—1722.
https://doi.org/10.1162/jocn.2006.18.10.1712

Preston, G., Anderson, E., Silva, C., Goldberg, T., & Wassermann, E. M. (2010). Effects of 10 Hz rTMS on the neural
efficiency of working memory. Journal of Cognitive Neuroscience, 22(3), 447—456.
https://doi.org/10.1162/jocn.2009.21209

Preuschhof, C., Heekeren, H. R., Taskin, B., Schubert, T., & Villringer, A. (2006). Neural correlates of vibrotactile
working memory in the human brain. Journal of Neuroscience, 26(51), 13231-13239.
https://doi.org/10.1523/INEUROSCI.2767-06.2006

Robertson, E. M., Théoret, H., & Pascual-Leone, A. (2003). Studies in Cognition: The Problems Solved and Created by
Transcranial Magnetic Stimulation. Journal of Cognitive Neuroscience, 15(7), 948-960.
https://doi.org/10.1162/089892903770007344

Romei, V., Gross, J., & Thut, G. (2010). On the role of prestimulus alpha rhythms over occipito-parietal areas in visual
input regulation: Correlation or causation? Journal of Neuroscience. https://doi.org/10.1523/JNEUROSCI.0160-
10.2010

Rossetti, A., Miniussi, C., Maravita, A., & Bolognini, N. (2012). Visual perception of bodily interactions in the primary
somatosensory cortex. European Journal of Neuroscience, 36(3), 2317-2323. https://doi.org/10.1111/j.1460-
9568.2012.08137.x

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). Safety, ethical considerations, and application
guidelines for the use of transcranial magnetic stimulation in clinical practice and research. Clinical
Neurophysiology, 120(12), 2008-2039. https://doi.org/10.1016/.clinph.2009.08.016

Rossi, S., Innocenti, 1., Polizzotto, N. R., Feurra, M., De Capua, A., Ulivelli, M., ... Cappa, S. F. (2011). Temporal
dynamics of memory trace formation in the human prefrontal cortex. Cerebral Cortex, 21(2), 368-373.
https://doi.org/10.1093/cercor/bhq103

Rossi, S., Pasqualetti, P., Zito, G., Vecchio, F., Cappa, S. F., Miniussi, C., ... Rossini, P. M. (2006). Prefrontal and

26



parietal cortex in human episodic memory: An interference study by repetitive transcranial magnetic stimulation.
European Journal of Neuroscience, 23(3), 793-800. https://doi.org/10.1111/j.1460-9568.2006.04600.x

Roux, F., & Uhlhaas, P. J. (2014). Working memory and neural oscillations: Alpha-gamma versus theta-gamma codes
for distinct WM information? Trends in Cognitive Sciences, 18(1), 16-25.
https://doi.org/10.1016/j.tics.2013.10.010

Rowe, J. B., Toni, L., Josephs, O., Frackowiak, R. S. J., & Passingham, R. E. (2002). The prefrontal cortex: Response
selection or maintenance within working memory? Biomedical Imaging V - Proceedings of the 5th IEEE EMBS
International Summer School on Biomedical Imaging, SSBI 2002, 288(June), 1656—1661.
https://doi.org/10.1109/SSB1.2002.1233973

Rumiati, R. I., & Tessari, A. (2002). Imitation of novel and well-known actions: The role of short-term memory.
Experimental Brain Research, 142(3), 425—433. https://doi.org/10.1007/s00221-001-0956-x

Schaefer, M., Heinze, H. J., & Rotte, M. (2012). Embodied empathy for tactile events: Interindividual differences and
vicarious somatosensory responses during touch observation. Neurolmage, 60(2), 952-957.
https://doi.org/10.1016/j.neuroimage.2012.01.112

Schaefer, M., Xu, B., Flor, H., & Cohen, L. G. (2009). Effects of different viewing perspectives on somatosensory
activations during observation of touch. Human Brain Mapping, 30, 2722-2730.
https://doi.org/10.1002/hbm.20701

Sel, A., Forster, B., & Calvo-Merino, B. (2014). The emotional homunculus: ERP evidence for independent
somatosensory responses during facial emotional processing. Journal of Neuroscience, 34(9), 3263-3267.
https://doi.org/10.1523/INEUROSCI.0106-13.2014

Shen, M., Gao, Z., Ding, X., Zhou, B., & Huang, X. (2014). Holding biological motion information in working
memory. Journal of Experimental Psychology: Human Perception and Performance, 40(4), 1332—-1345.
https://doi.org/10.1037/a0036839

Silvanto, J., Schwarzkopf, D. S., Gilaie-Dotan, S., & Rees, G. (2010). Differing causal roles for lateral occipital cortex
and occipital face area in invariant shape recognition. European Journal of Neuroscience, 32(1), 165-171.
https://doi.org/10.1111/.1460-9568.2010.07278.x

Smyth, M. M., Pearson, N. A., & Pendleton, L. R. (1988). Movement and Working Memory: Patterns and Positions in
Space. The Quarterly Journal of Experimental Psychology Section A, 40(3), 497-514.
https://doi.org/10.1080/02724988843000041

Smyth, M. M., & Pendleton, L. R. (1989). Working Memory for Movements. The Quarterly Journal of Experimental

Psychology Section A, 41(2), 235-250. https://doi.org/10.1080/14640748908402363

27



Song, J. H., & Jiang, Y. (2006). Visual working memory for simple and complex features: An fMRI study.
Neurolmage, 30(3), 963-972. https://doi.org/10.1016/j.neuroimage.2005.10.006

Sun, H. C., Welchman, A. E., Chang, D. H. F., & Di Luca, M. (2016). Look but don’t touch: Visual cues to surface
structure drive somatosensory cortex. Neurolmage, 128, 353-361.
https://doi.org/10.1016/j.neuroimage.2015.12.054

Taylor-Clarke, M., Kennett, S., & Haggard, P. (2002). Vision modulates somatosensory cortical processing. Current
Biology, 12(3), 233-236. https://doi.org/10.1016/S0960-9822(01)00681-9

Thut, G., & Miniussi, C. (2009). New insights into rhythmic brain activity from TMS-EEG studies. Trends in Cognitive
Sciences, 13(4), 182—189. https://doi.org/10.1016/j.tics.2009.01.004

Thut, G., Veniero, D., Romei, V., Miniussi, C., Schyns, P., & Gross, J. (2011). Rhythmic TMS causes local entrainment
of natural oscillatory signatures. Current Biology, 21(14), 1176—1185. https://doi.org/10.1016/j.cub.2011.05.049

Todd, J. J., & Marois, R. (2004). Capacity limit of visual short-term memory in human posterior parietal cortex. Nature,
428, 751—754.

Tsakiris, M., Hesse, M. D., Boy, C., Haggard, P., & Fink, G. R. (2007). Neural signatures of body ownership: A
sensory network for bodily self-consciousness. Cerebral Cortex, 17(10), 2235-2244.
https://doi.org/10.1093/cercor/bhl131

Urgesi, C., Candidi, M., Ionta, S., & Aglioti, S. M. (2007). Representation of body identity and body actions in
extrastriate body area and ventral premotor cortex. Nature Neuroscience, 10(1), 30-31.
https://doi.org/10.1038/nn1815

Valchev, N., Tidoni, E., Hamilton, A. F. d. C., Gazzola, V., & Avenanti, A. (2017). Primary somatosensory cortex
necessary for the perception of weight from other people’s action: A continuous theta-burst TMS experiment.
Neurolmage, 152(September 2016), 195-206. https://doi.org/10.1016/j.neuroimage.2017.02.075

Veltman, D. J., Rombouts, S. A. R. B., & Dolan, R. J. (2003). Maintenance versus manipulation in verbal working
memory revisited: An fMRI study. Neurolmage, 18(2), 247-256. https://doi.org/10.1016/S1053-8119(02)00049-6

Vogel, E. K., & Machizawa, M. G. (2004). Neural activity predicts individual differences in visual working memory
capacity. Nature, 428(6984), 748—751. https://doi.org/10.1038/nature02447

Vogel, E. K., McCollough, A. W., & Machizawa, M. G. (2005). Neural measures reveal individual differences in
controlling access to working memory. Nature, 438(7067), 500-503. https://doi.org/10.1111/nyas.13652

Wood, J. N. (2007). Visual Working Memory for Observed Actions. Journal of Experimental Psychology: General,
136(4), 639-652. https://doi.org/10.1037/0096-3445.136.4.639

Xu, Y. (2017). Reevaluating the Sensory Account of Visual Working Memory Storage. Trends in Cognitive Sciences,

28



21(10), 794-815. https://doi.org/10.1016/j.tics.2017.06.013

Xu, Y. (2018). Sensory Cortex Is Nonessential in Working Memory Storage. Trends in Cognitive Sciences, 22(3), 192—
193. https://doi.org/10.1016/j.tics.2017.12.008

Xu, Y., & Chun, M. M. (2006). Dissociable neural mechanisms supporting visual short-term memory for objects.
Nature, 440(7080), 91-95. https://doi.org/10.1038/nature04262

Zazio, A., Guidali, G., Maddaluno, O., Miniussi, C., & Bolognini, N. (2019). Hebbian associative plasticity in the
visuo-tactile domain: A cross-modal paired associative stimulation protocol. Neurolmage, 201, 116025.
https://doi.org/10.1016/j.neuroimage.2019.116025

Zhao, D., & Ku, Y. (2018). Dorsolateral prefrontal cortex bridges bilateral primary somatosensory cortices during
cross-modal working memory. Behavioural Brain Research, 350(August 2017), 116—121.
https://doi.org/10.1016/j.bbr.2018.04.053

Zhao, D., Zhou, Y.-D., Bodner, M., & Ku, Y. (2017). The Causal Role of the Prefrontal Cortex and Somatosensory
Cortex in Tactile Working Memory. Cerebral Cortex, (August), 1-10. https://doi.org/10.1093/cercor/bhx213

Zhao, Y., Kuai, S., Zanto, T. P., & Ku, Y. (2020). Neural Correlates Underlying the Precision of Visual Working

Memory. Neuroscience, 425, 301-311. https://doi.org/10.1016/j.neuroscience.2019.11.037

29


https://doi.org/10.1016/j.neuroscience.2019.11.037

Cross-modal involvement of the primary somatosensory cortex in visual

Working Memory: a repetitive TMS study

Giacomo Guidali, Camilla Roncoroni, Costanza Papagno & Nadia Bolognini

- CREDIT AUTHOR STATEMENT -

Giacomo Guidali: conceptualization, methodology, investigation, data curation, formal analyses,
writing — original draft.

Camilla Roncoroni: methodology, investigation, data curation, formal analyses, writing — review
and editing.

Costanza Papagno: methodology, writing — review and editing.

Nadia Bolognini: conceptualization, methodology, supervision, writing — original draft.

30



