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The present study focuses on the functional interactions of cognition and manual
action control. Particularly, we investigated the neurophysiological correlates of the
dual-task costs of a manual-motor task (requiring grasping an object, holding it, and
subsequently placing it on a target) for working memory (WM) domains (verbal and
visuospatial) and processes (encoding and retrieval). Thirty participants were tested in
a cognitive-motor dual-task paradigm, in which a single block (a verbal or visuospatial
WM task) was compared with a dual block (concurrent performance of a WM task
and a motor task). Event-related potentials (ERPs) were analyzed separately for the
encoding and retrieval processes of verbal and visuospatial WM domains both in single
and dual blocks. The behavioral analyses show that the motor task interfered with
WM and decreased the memory performance. The performance decrease was larger
for the visuospatial task compared with the verbal task, i.e., domain-specific memory
costs were obtained. The ERP analyses show the domain-specific interference also
at the neurophysiological level, which is further process-specific to encoding. That is,
comparing the patterns of WM-related ERPs in the single block and dual block, we
showed that visuospatial ERPs changed only for the encoding process when a motor
task was performed at the same time. Generally, the present study provides evidence for
domain- and process-specific interactions of a prepared manual-motor movement with
WM (visuospatial domain during the encoding process). This study, therefore, provides
an initial neurophysiological characterization of functional interactions of WM and manual
actions in a cognitive-motor dual-task setting, and contributes to a better understanding
of the neuro-cognitive mechanisms of motor action control.

Keywords: ERPs, dual-task interference, manual actions, verbal working memory, visuospatial working memory,
encoding processes, retrieval processes

INTRODUCTION

The vast majority of interaction with the physical world is accomplished through manual actions.
For example, we reach for objects at different distances, we grasp and lift objects with different
shapes, weight and texture, and we manipulate objects depending on our goals while keeping
our current tasks available [in working memory (WM)]. Planning and executing skilled manual
actions require precise motor control which is provided by the integration of not only the sensory
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and motor systems, but also of the cognitive systems (Castiello,
2005; Olivier et al., 2007; Grafton, 2010). The present study
focuses on the functional interactions of cognition and manual
actions. Particularly, in a dual-task setting, we investigate the
neurophysiological correlates of the functional interactions of
WM and a manual-motor movement which includes grasping an
object and placing it on a target.

The way how we interact with and manipulate an object is
shaped by both the external and internal factors. External factors
refer to both an objects intrinsic physical properties such as
size, shape and texture, and extrinsic physical properties such
as location and orientation (Galletti et al., 2003; Castiello and
Begliomini, 2008). In natural environments, manual actions are
not performed solely based on the external factors. Indeed, they
are performed based also on the internal factors which are mainly
cognitive variables (for reviews, see Glover, 2004; Rosenbaum
et al., 2012, 2014). For example, the goals of the agents, the
intentions about the object use, familiarity with the object, and
the affordances the object provides also shape the way how we
interact with and manipulate objects (e.g., Creem and Proffitt,
2001; Tucker and Ellis, 2001, 2004; Grezes et al., 2003; Ansuini
et al., 2008; Herbort and Butz, 2010, 2011). Think about a hand
movement toward a fork. We would reach for and grasp the fork
differently depending on whether we place it in a cupboard or
use it for eating. Moreover, in the natural environments manual
actions are often performed concurrently with other cognitive
tasks. For example, we can engage in a conversation with a
friend while interacting with the fork in that particular context.
Therefore, considering the required sensory, motor and cognitive
systems, it can be suggested that cognition and manual actions are
not functionally independent from each other; rather there may
be a cross-talk between them.

Working memory is one of the cognitive domains, besides,
for example, language (e.g., Glover et al., 2004; Lindemann
et al., 2006) or perception (e.g., Deubel et al., 1998), being
shown to interact with manual actions. WM is the cognitive
process which temporarily stores and manipulates information
for coordinating various activities such as maintaining an action
goal (grasping the fork to place it in the cupboard) and holding
a conversation (Baddeley, 2003). WM and motor actions have a
close functional interaction, which has been shown for different
actions such as finger tapping (e.g., Smyth et al., 1988; Smyth
and Pendleton, 1989), pointing (e.g., Hale et al,, 1996), arm
movements (e.g., Quinn and Ralston, 1986; Lawrence et al., 2001)
as well as eye movements (e.g., Lawrence et al, 2001; Postle
et al., 2006). WM for objects with affordances has been shown
to depend on the activation of motor programs associated with
object use, which in turn, reflects the involvement of motor
processes in WM (e.g., Mecklinger et al., 2002, 2004). Moreover,
WM processes have been shown to be involved in complex
motor actions including sequences such as dance movements
(e.g., Cortese and Rossi-Arnaud, 2010). WM processes are also
employed during grasping movements, for example, to keep
the goal relevant information for a subsequent execution of
the grasp (e.g., Fiehler et al, 2011; Fournier et al., 2014).
Accordingly, the execution of the grasping movements after a
delay has been shown to depend on WM (e.g., Kohler et al., 1989;

Binsted et al, 2006; Singhal et al, 2007; Hesse and Franz,
2010).

Cognitive-motor dual-task paradigms have been used to
investigate the functional interactions of WM and motor actions
(e.g., Voelcker-Rehage and Alberts, 2007; Weigelt et al., 2009;
Logan and Fischman, 2011; Spiegel et al., 2012, 2013, 2014;
Guillery et al, 2013). The logic of dual-task paradigms is
that simultaneous performance of two tasks would result in
interference between the tasks if both tasks compete for the same
capacity-limited cognitive resources. This interference would be
demonstrated by means of decreases in performance of either
of the tasks or both (Pashler, 1994; Saling and Phillips, 2007;
Wickens, 2008). Studies employing dual-task paradigms have
shown that motor tasks requiring manual actions recruit the
capacity-limited cognitive resources which are also required for
performing a memory task. That is, concurrent motor tasks
interfere with WM and result in memory performance decrease
(e.g., Weigelt et al., 2009; Logan and Fischman, 2011; Spiegel
et al., 2012, 2013, 2014). For example, Weigelt et al. (2009)
combined a perceptual-motor task (opening a sequence of
drawers to grasp cups in the drawers) with a verbal short-term
memory task (recalling a sequence of letters positioned in the
cups). By doing so, they investigated whether and how the
motor planning and verbal short-term memory would interfere
with each other. Weigelt et al. (2009) showed that the motor
planning eliminated the recency effect, i.e., the tendency of recent
items to be recalled better than earlier items in a list, which
otherwise is a robust memory effect. The researchers interpreted
this finding as suggesting that the motor planning recruits the
capacity-limited cognitive resources which are also required for
performing the (working) memory task. Logan and Fischman
(2011), in a complex everyday task setup, showed that not only
the motor activity requiring complex planning, but also the
motor activity requiring no or limited planning could eliminate
the recency effect.

Recently, Spiegel et al. (2013) investigated the functional
interactions of WM and manual actions in a cognitive-motor
dual-task paradigm taking two points into consideration. First,
goal-directed actions have been suggested to consist of two
functionally distinct components, i.e., planning and execution
(online control), which rely on different perceptual and cognitive
representations (Elliott et al., 2001; Glover, 2004). Second,
WM has been suggested to have functionally distinct verbal
and visuospatial domains, which are selectively interfered by
motor actions (Baddeley and Hitch, 1974; Baddeley, 2003; Logie,
2011). Spiegel et al. (2013) first investigated the dual-task costs
of performing a prepared movement for WM by combining
verbal and visuospatial versions of a WM task with a
manual-motor task which included the condition of grasping
an object and placing it on a target position. They showed
that performing a prepared movement (execution) interfered
more with memorizing the visuospatial material compared with
the verbal material and decreased the memory performance
for the visuospatial WM task, i.e., domain-specific memory
costs. Second, they investigated the dual-task costs of changing
the plan of an ongoing movement (movement re-planning).
Unlike the execution, (re-)planning of the movement interfered
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with memorizing both the verbal and visuospatial material
to a similar degree and decreased the memory performance
for both WM tasks, i.e., domain-general memory costs. These
findings suggest that both movement components recruit distinct
WM resources and therefore lead to unique interference with
WM domains. While, the movement execution shares the
capacity-limited cognitive resources mainly with the visuospatial
domain, movement planning shares the cognitive resources with
both domains.

As aforementioned, it has been shown that manual actions
have a close functional interaction with WM, which is complex
and dependent of variety of factors (e.g., Spiegel et al,
2013). However, there is still lack of research investigating the
underlying cortical activity. Therefore, the goal of the present
study is to extend the knowledge for WM and manual action
interactions to the neurophysiological level. Specifically, the
present study investigated the neurophysiological correlates of
dual-task costs of a manual-motor task for WM. This motor task
(requiring limited motor planning) included grasping an object,
holding it, and then subsequently placing it on a target. Therefore,
in the rest of the paper, we will use the term ‘grasping-and-placing
movement’ descriptively to refer to the manual action required in
this study.'

We adapted the cognitive-motor dual-task paradigm
from the behavioral work by Spiegel et al. (2012, 2013,
2014) to the electroencephalogram (EEG) setting. This
way, we aimed to replicate their findings and could use an
established experimental paradigm for the present exploration
of the underlying neurophysiological activity (EEG). In the
baseline single-task condition, participants performed the
verbal (recall of letters) or visuospatial (recall of symbols
positioned in a 4 X 4 matrix) version of a WM task.
In the dual-task condition, the WM task was embedded
in a manual-motor task which included grasping-and-
placing movement. To investigate the neurophysiological
correlates of dual-task costs of the motor task, EEG data was
recorded during the WM tasks both in single and dual-task
conditions.

The present study aims to determine the source of dual-task
costs of the motor task for WM domains. Depending on
the function, WM has been suggested to have three cognitive
processes (i.e., encoding, maintenance, and retrieval) which
represent distinct cognitive operations of information in WM
and arise from separate neural sources (e.g., Hale et al., 1996;
Geffen et al., 1997; Manoach et al., 2003; Bledowski et al., 2006;
Studer et al., 2010; Pinal et al., 2014). Encoding is the process
during which a stimulus is perceived and a representation of
it is generated. Maintenance is the process during which the
stimulus must be retained active in memory when the perceptual
input of the stimulus is not available. Retrieval is the process
during which the stored information is accessed for performing
the task at hand (Jonides et al., 2008). Given the distinct cognitive
operations in encoding, maintenance and retrieval processes, the
motor task could interfere with WM domains uniquely in each
process.

!Note that we did not examine ‘grasping’ per se in this study.

With the aim of determining the source of the interference
with WM domains, the present study made use of the
event-related potentials (ERPs). ERPs are voltage fluctuations
being extracted from EEG recordings in response to a cognitive
or motor process (Hillyard and Kutas, 1983; Friedman and
Johnson, 2000). ERPs have high temporal resolution in order
of milliseconds, so they can be used to measure rapidly
changing dynamics of any cognitive process (Pinal et al,
2014). ERPs also provide useful information about the scalp
distribution of the neural activity related to different cognitive
processes. That is, comparisons of the spatial distribution
of ERPs elicited by different experimental conditions could
indicate whether these conditions entail different patterns of
cortical activity, thus, likely reflect different cognitive processes
(Woodman, 2010). Therefore, ERPs are particularly suitable for
studying spatio-temporal characteristics of transient operations
independently in each WM domain and each WM process,
i.e., encoding, maintenance and retrieval. This is feasible since
each WM process shows stable time relationships to separately
defined reference events, such as stimulus presentation (encoding
process), offset of stimulus presentation (maintenance process) or
recall (retrieval process) (Friedman and Johnson, 2000).

Consistently, EPRs also provide a reliable method for
investigating the distinct motor task interference with each WM
process, which would be very difficult to address only with
behavioral data. The present study, therefore, investigated the
WM processes during which the motor task interferes with WM,
i.e., whether the interference arises during either of the encoding
or retrieval of WM material or both (see Materials and Methods
section for the reason we could not include maintenance process).
For this aim, ERPs were analyzed separately for encoding and
retrieval processes during verbal and visuospatial WM tasks both
in single and dual-task conditions.

The present study has three objectives: First, we aim to
replicate the findings of the behavioral study by Spiegel et al.
(2013) in an EEG setting. Second, as our main objective, we
aim to provide an initial neurophysiological characterization
of the functional interactions of WM and manual actions by
focusing on separate WM domains and processes. To the best
of our knowledge, the present study is one of the few studies
investigating the ERPs in an experimental setting requiring
movement execution (e.g., van Schie and Bekkering, 2007;
Westerholz et al., 2013, 2014) and the first study investigating the
ERPs of the functional interactions of WM and manual actions
in a dual-task setting. Therefore, in a more general level, the
present study also aims to demonstrate whether reliable ERPs
can be analyzed in complex experimental settings which involve
movement execution such as grasping an object to place it on
a target, and hand writing for reporting the WM items. This,
in turn, should encourage future research options with more
sensitive measures such as ERPs as opposed to the behavioral
measures for the investigation of multiple cognitive processes in
motor action control (e.g., Spiegel et al., 2012, 2013, 2014).

Regarding the behavioral analyses, we formulated our
hypothesis based on the previous findings by Spiegel et al. (2013).
We expected that concurrently performed prepared movement
would interfere with WM and decrease the memory performance,
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which would be larger for the visuospatial task compared with the
verbal task. That is, the prepared manual-motor movements are
expected to entail domain-specific memory costs.

Regarding the ERP analyses, given a lack of comparable
ERP studies investigating the WM-manual action interactions,
we formulated our hypotheses based on the limited, available
ERP findings on either WM or manual actions. To the best of
our knowledge, most ERP studies have focused mainly on the
maintenance process of WM, although the gaining a complete
understanding of the cortical activity involved in WM requires
dissociating cognitive processes of encoding, maintenance, and
retrieval (Manoach et al., 2003; Jonides et al., 2008). Importantly,
the present study required a joint processing of each WM process
and grasping-and-placing movement. Therefore, we chose a
starting point which could further provide hypotheses regarding
the ERPs of WM-manual action interactions. We formulated
our hypotheses regarding the WM-related ERPs based on widely
reported slow waves for each WM domain: The (left) anterior
negative slow wave for the verbal domain (e.g., Ruchkin et al,
1990, 1992, 1997a; Kusak et al., 2000; Kiss et al., 2007) and
the (right) posterior negative slow wave for the visuospatial
domain (e.g., Ruchkin et al., 1992, 1995, 1997b; Geften et al,
1997; Low et al., 1999; Bledowski et al., 2006; Pinal et al., 2014).
Accordingly, in the single-task condition, we expected the (left)
anterior negativity for the verbal domain compared with the
visuospatial domain and the (right) posterior negativity for the
visuospatial domain compared with the verbal domain.

In the dual-task condition, we expected that the
concurrent motor task would interfere with WM also at
the neurophysiological level, particularly with the visuospatial
domain. Previous ERP studies have suggested two major slow
waves for the manual actions: The posterior negative slow
wave reflecting planning and execution of the action, and
the anterior negative slow wave reflecting higher cognitive
operations such as planning sequences and supporting final
movement goals during sequential actions (e.g., van Schie and
Bekkering, 2007; Bozzacchi et al., 2012; Westerholz et al., 2013,
2014; for a mini review, see Koester et al., 2016). Considering
the previously suggested slow waves for the WM and manual
actions in isolation, we would expect that the interactions of
WM and grasping-and-placing movement would be visible at
anterior and posterior scalp regions. Specifically, we expected
that visuospatial ERPs in the dual-task would demonstrate
different patterns than the ERPs in the single-task, i.e., domain-
specific interference at the neurophysiological level. Moreover,
given distinct cognitive operations of information in each WM
process, we further expected that each process would share the
cognitive resources with grasping-and-placing movement in a
process-specific manner. Consequently, the memory costs would
be non-identical for each WM process.

MATERIALS AND METHODS

Participants
Thirty right-handed participants from students of Bielefeld
University participated in the study. Due to the behavioral

performance and EEG data quality, for the behavioral analyses
29 participants (21 females, 8 males, M age = 25 years, SD = 4.1),
for the encoding process analyses 23 participants (20 females, 3
males, M age = 24.5 years, SD = 4), and for the retrieval process
analyses 21 participants (18 females, 3 males, M age = 24.5 years,
SD = 4.2) were entered into analyses.

All participants had normal or correct-to-normal vision and
no known neurological disorder. Participants provided informed
written consent and were compensated with either 15€ or 2-h
of participation credits. This study was conducted in accordance
with the ethical standards of the sixth revision of the Declaration
of Helsinki and approved by the ethics committee at Bielefeld
University.

Materials

The stimulus events for the experimental task were presented
on a 17-in flat-screen monitor with integrated speakers and a
resolution of 1024 pixel x 768 pixel.

The stimuli for the verbal WM task were eighty
pseudo-randomly chosen letter sequences, each consisting
of eight consonants of the Latin alphabet (each consonant
was 2 cm in height and width). Neither any abbreviation nor
alphabetic order among the consonants was allowed. In addition,
frequency of the presentation of each consonant was controlled.
Each letter sequence was presented along a vertical axis centered
at the middle of a monitor screen to avoid any possible visual
field effect. The stimuli for the visuospatial WM task were eighty
4 x 4 symbol matrices. Each matrix consisted of a variation
of eight symbols which were selected from three symbol types,
i.e., triangle, circle, square, (each symbol was 2 cm in height and
width). The symbols were placed at any random eight of sixteen
equiprobable positions of the matrix which was presented at the
center of a monitor screen.

A task board (4 cm x 60 cm x 28 cm) was used for the
manual-motor task. The board consisted of a start position and
two sticks (10 cm in height, 0.5 cm in width) as motor targets
which required high precision movement. The motor targets
were mounted on the left and right side of the board, being
15 cm away from the center which was marked by a yellow cross
(Figure 1). The manual task required a sphere, 6 cm in diameter
and furnished with a hole of 10 mm, to be fitted onto one of the
sticks. The start position and motor targets were equipped with
pressure sensitive micro switches which allowed for self-paced
trial beginnings and ends.

Design and Procedure
The study employed a 2 x 2 within-subject design with the factors
task block (single block and dual block) and WM domain (verbal
domain and visuospatial domain). Each experimental condition
(i.e., single block verbal domain, single block visuospatial
domain, dual block verbal domain and dual block visuospatial
domain) consisted of 40 trials, resulting in a total of 160
experimental trials. Different WM stimulus sets were used in
single and dual blocks to avoid repetition effect. The order of WM
stimuli in each experimental condition was randomized.

There were four different versions of the experimental
condition order (Table 1). That is, the experiment could start with
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FIGURE 1 | The experimental setup and task board for the manual-motor task (top view). Task board included two sticks (motor targets) and a sphere which is
placed onto a start position as shown in the picture. The center of the task board is marked by a yellow cross.

either the single block or dual block, and each block could start
with either the verbal task or visuospatial task. Participants first
performed two WM tasks within the first block, and then started
with the second block. We created four lists of a block sequence
based on the possible orders of experimental conditions, which
were also used for dividing the participants into four groups.
Participants were randomly assigned to each group.

After giving written informed consent, participants were
seated comfortably in an electrically shielded cabin where
the experiment took place (Figure 1). Participants received
instructions for the experimental task which also required
maintaining stable posture and not blinking while executing
the task. Single block required participants to perform either
verbal or visuospatial version of the WM task. Dual block
required participants to perform the WM task being embedded
in the motor task. Single and dual blocks had the same fixed
sequence of stimulus events which were initiated and terminated
by participants themselves.

In the single block, participants initiated the fixed sequence
of stimulus events by pressing down on the micro switch
mounted on the start position. First, a fixation cross appeared
at the center of the monitor screen. When participants
released the micro switch, the fixation cross disappeared. After
an inter-stimulus interval (ISI) of 1000 ms, a directional
arrow cue was presented for 250 ms. Following the arrow
cue, a WM stimulus, either a letter sequence or a 4 x 4
matrix, was presented for 500 ms. During WM stimulus
presentation, participants should encode the items into WM.
The WM stimulus was followed by the disambiguation cue
(500 ms duration), either a 400 or a 750 Hz tone, and
movement execution cue. Since there was no motor task,
participants ignored the arrow cue, disambiguation cue and
movement execution cue, and reported WM items directly
following the offset of WM stimulus (Figure 2A). After
completing the WM report, participants self-initiated the next
trial.

TABLE 1 | Four groups of participants receiving different versions of the block sequence.

Second Block

WM Task 1 WM Task 2

First Block
WM Task 1 WM Task 2
Group A Single Block Visuospatial Task Single Block Verbal Task
Group B Single Block Verbal Task Single Block Visuospatial Task
Group C Dual Block Visuospatial Task Dual Block Verbal Task
Group D Dual Block Verbal Task Dual Block Visuospatial Task

Dual Block Verbal Task
Dual Block Visuospatial Task
Single Block Verbal Task
Single Block Visuospatial Task

Dual Block Visuospatial Task
Dual Block Verbal Task
Single Block Visuospatial Task
Single Block Verbal Task

Table shows the four groups of participants receiving different versions of a block sequence. Four lists of the block sequence were created based on the possible orders

of experimental conditions.
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ERPs
Encoding

(=

Retrieval

Arrow Cue lWM Stimulus

Fixation Cue

Disambiguation Execution

1000 ms 250 ms 500 ms 500 ms
Releasing micro switch Memory report
B
ERPs ERPs
Encoding Retrieval

Arrow Cue lWM Stimulus

Fixation Cue

1000 ms 250 ms 500 ms

Lifting from start position

Disambiguation Execution

500 ms l

Placement Target Memory
execution  hit report

Holding the sphere above the yellow cross

FIGURE 2 | Timing of the stimulus events for (A) single block and (B) dual block. (A) For the single block, onset of WM stimulus is the reference event for encoding
process ERPs, and onset of disambiguation cue is the reference event for the retrieval process ERPs. (B) For the dual block, onset of WM stimulus is the reference
event for encoding process ERPs, and target hit is the reference event for the retrieval process ERPs.

In the dual block, verbal and visuospatial versions of the
WM task were combined with the motor task which required
grasping the sphere, holding it and finally placing it on the motor
target. The fixed sequence of stimulus events was identical to the
sequence in the single block (Figure 2B). Initially, the sphere
was at the start position. Participants grasped the sphere and
pressed it down on the start position to initiate the stimulus
events. First, a fixation cross appeared at the center of the
monitor screen. Lifting the sphere from the start position started

a 1000 ms ISI, during which participants transported the sphere
to the center of the task board (yellow cross). Participants held
the sphere above the yellow cross until the onset of movement
execution cue. While participants were holding the sphere above
the yellow cross, they were first presented with the directional
arrow cue (250 ms duration) pointing to the left or right
for indicating the motor target. The placement movement was
planned according to this cue. Following the arrow cue, WM
stimulus (500 ms duration), again either a letter sequence or a
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4 x 4 matrix, was presented. Then, one of the disambiguation
cues (500 ms duration) was presented. In the present study,
participants ignored the disambiguation cue since it was only
used to assure comparability with the study by Spiegel et al.
(2013). After the disambiguation cue, the movement execution
cue was visually presented. Participants started the placement
movement with the onset of execution cue. The placement
movement was performed by transporting the sphere from the
yellow cross to the directed motor target and fitting the sphere
onto the stick, which was also accepted as the termination of
the manual task. After the manual task, participants reported the
WM items. Then, participants placed the sphere back on the start
position for the next trial. Participants were required to memorize
as many letters or symbols as possible and move the sphere as
quickly as possible but at a comfortable speed.

Both the verbal and visuospatial tasks required written report
on the answers sheets provided. The verbal task required
to memorize as many letters as possible and retrieve them
independently of the serial order (i.e., only the identity). The
answer sheet consisted of rectangle blank boxes with a left to
right orientation. The visuospatial task required to memorize as
many symbols as possible and retrieve the correct symbols in the
correct positions within the matrix (i.e., identity and position).
The answer sheet consisted of blank 4 x 4 matrices.

Prior to experimental blocks, participants completed 10 trials
of each experimental condition for familiarization. Data from
training blocks were not included into analyses. The stimulus
presentation, response registration and timing were controlled
by Presentation software (Neurobehavioral Systems, Albany,
CA, United States). The entire experimental session lasted
approximately 2 h.

EEG Recordings

Electroencephalogram was recorded by a 64-channel amplifier
(ANT)>. Ag/AgCL electrodes were arranged according to the
international 10-10 system (Oostenveld and Praamstra, 2001)
using WaveGuard EEG cap. Ocular artifacts were detected by
four electrodes placed above and below the right eye and lateral
to both eyes. Data were average-referenced during recording. The
EEG was band-pass filtered (DC-138 Hz) and digitized at 512 Hz.
The impedance of all electrodes was kept below 5 kV.

Data Analysis
Regarding the behavioral data, the dependent variables were
memory performance and execution time (ET). Memory
performance for the verbal task was defined as the number of
correctly reported letters independently of the serial order in
the letter sequence. For the visuospatial task, it was defined
as the number of correctly reported symbols in the correct
position within the matrix. ET was defined as the time from the
onset of disambiguation cue to the target hit only for the dual
block.

Trials with placement errors were excluded from the memory
performance, ET and EEG analyses. In addition, trials deviating
more than 2.5 SD from the individual mean ET were excluded

Zhttp://www.ant-neuro.com

from ET analysis. For the memory performance analysis, a
two-way repeated measure of analysis of variance (ANOVA)
including the factors task block and WM domain was conducted
on the arcsine transformed proportions of correct answers. For
the ET analysis, a paired sample ¢-test was conducted.

Regarding the EEG data, given a lack of studies on the
functional interactions of WM and manual actions mainly a
data-driven approach seemed appropriate. EEG data from the
verbal and visuospatial tasks both in single and dual blocks
were analyzed separately for encoding and retrieval processes.
First, EEG data were band-pass filtered from 0.1 to 30 Hz
and re-referenced to the average mastoid electrodes. Then,
stimulus-locked epochs for encoding and retrieval processes were
extracted based on separate reference events (Figure 2). The
encoding process epochs both in single and dual blocks were
extracted time-locked to the WM stimulus onset with a 100 ms
pre-stimulus baseline. These epochs included the time interval
over the period of WM stimulus presentation (500 ms duration).
The retrieval process epochs were extracted time-locked to the
different reference events in single and dual blocks. To provide
comparability with the study by Spiegel et al. (2013), we asked
participants to report WM stimuli directly after the stimulus
presentation in the single block, but after fitting the sphere
onto the stick, i.e., the target hit, in the dual block. Therefore,
the retrieval process epoch in the single block was extracted
time-locked to the disambiguation cue onset with a 100 ms
pre-stimulus baseline. Different from the single block epoch, the
dual block epoch was extracted time-locked to the target hit with
a 100 ms pre-stimulus baseline. Bearing in mind that movement
artifacts may arise during longer time intervals, we kept the time
interval for the retrieval process analyses shorter than the actual
time required to complete WM retrieval. Therefore, the retrieval
process epochs covered a duration of 1500 ms after the reference
events. Given that participants could start reporting the WM
stimuli directly after the presentation in the single block, we
assumed that participants did not get into maintenance process,
which is required for retaining the stimulus active when the
perceptual input is not available (Jonides et al, 2008). The
absence of maintenance process in the single block prevented
us from comparing single and dual blocks for the movement
interference with the maintenance process of WM domains.
Consequently, our analyses were restricted to encoding and
retrieval processes.

Ocular correction was done using the correction procedure
of Gratton et al. (1983). Artifact detection was done using
a peak-to-peak moving window approach. Epochs containing
peak-to-peak amplitudes above the threshold of 50 uV within
a 200 ms window were rejected. Time epochs were visually
double-checked for artifacts. If necessary, single bad channels
causing the rejection of any epoch were interpolated. Then, data
of the participants losing more than 50% of epochs of each
experimental condition were excluded from further analyses.
Therefore, encoding and retrieval processes had different number
of participants, but the participants were kept equal for single
and dual block comparisons. For example, the encoding process
analyses had the same 23 participants both for single and dual
block analyses. Afterward, grand average ERPs were computed at
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all electrode sites separately for encoding and retrieval processes
of the verbal and visuospatial tasks both in single and dual blocks.

We determined four region-of-interests (ROI) based on the
previous ERP studies on WM (e.g., Kiss et al, 2007; Studer
et al., 2010; Pinal et al., 2014) and manual actions (e.g., van
Schie and Bekkering, 2007; Westerholz et al., 2014; Koester and
Schack, 2016). These ROIs were systematically aligned across the
scalp: Left-anterior (LA), right-anterior (RA), left-posterior (LP),
right-posterior (RP), and each included six recording electrodes.
Electrodes for the LA were Fpl, AF7, AF3, F5, F3, and F1.
Electrodes for the RA were Fp2, AF8, AF4, F6, F4, and F2.
Electrodes for the LP were P5, P3, P1, PO7, PO5, and PO3.
Electrodes for the RP were P6, P4, P2, PO8, PO6, and PO4.

Since there were different reference events for the retrieval
process in single and dual blocks (for time-locking the ERPs),
we could only compare the blocks qualitatively to examine the
dual-task costs for verbal and visuospatial domains. Moreover,
for the consistency of encoding and retrieval processes, we aimed
for the qualitative comparison of single and dual blocks also
for the encoding process. Therefore, we conducted three-way
repeated measures of ANOVAs for each process separately in
single and dual blocks (four ANOVAs in total). These ANOVAs
included the factors WM domain (verbal and visuospatial),
hemisphere (left and right) and anterior-posterior orientation of
ROI (AP; anterior, posterior). The time intervals for statistical
analyses were chosen as a combination of available ERP
studies on WM and visual inspection of the grand average
ERPs (e.g., Ruchkin et al,, 1992; Bledowski et al., 2006; Pinal
et al., 2014). The encoding process analyses included the time
interval between 200 and 400 ms, and retrieval process analyses
included two time intervals, i.e., early (250-650 ms) and late
(800-1500 ms), both in single and dual blocks. By comparing the
ERPs of verbal and visuospatial tasks in single and dual blocks
separately, we qualitatively investigated if the ERP patterns would
change in the presence of the motor task.

RESULTS

Behavioral Results

Participants executed the grasping-and-placing movement
correctly in 99% of trials of the verbal and visuospatial WM
tasks in the dual block. Regarding the memory performance, the
verbal task yielded on average 4.08 (SD = 0.36) correct letters in
the single block and 3.98 (SD = 0.40) correct letters in the dual
block. The visuospatial task yielded on average 3.73 (SD = 0.69)
correct symbols in the single block and 3.07 (SD = 0.66) correct
symbols in the dual block.

The two-way (Task block x WM domain) ANOVA revealed
main effects of the block [F(1,28) = 55.38, p < 0.001, nf) =0.664),
domain [F(1,28) = 23.62, p < 0.001, nf, = 0.458], and a
significant interaction [F(1,28) = 42.84, p < 0.001, 7112J = 0.605].
Follow-up paired sample ¢-tests indicated that for the visuospatial
task, memory performance in the dual block was lower than
performance in the single block, #(28) = 8.32, p < 0.001. For
the verbal task, the difference between performances in single
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FIGURE 3 | Mean memory performance for verbal and visuospatial WM tasks
in single and dual blocks. Memory performance for the visuospatial task in the
dual block is lower than the performance in the single block, i.e.,
domain-specific memory costs. Standard deviations are represented in the
figure by the error bars attached to each column. **p < 0.001.

and dual blocks was not statistically significant, #(28) = 1.76,
p = 0.089 (Figure 3).

Regarding ET in the dual block, there was no difference
between the verbal task (M = 2177.6 ms, SD = 536) and
visuospatial task (M = 2153.9 ms, SD = 438), t(28) = 0.24,
p=0.813.

ERP Analyses Results

Encoding Process Analyses

For the single block, the three-way ANOVA (WM
domain x Hemisphere x AP) revealed a three-way interaction
of domain, hemisphere and AP between 200 and 400 ms,
F(1,22) = 17.74, p < 0.001, 1; = 0.446.° Following this
interaction, paired sample t-tests were performed for each ROL
The verbal task elicited larger anterior negative slow waves
compared with the visuospatial task over both hemispheres,
[t(22) = —2.80, p = 0.011 for left and #(22) = —4.24, p < 0.001
for right]. In addition, the visuospatial task elicited a larger
posterior negative slow wave compared with the verbal task over
the right hemisphere, #(22) = 3.28, p = 0.003, (see Figure 4 for
the ERP plot and scalp map).

For the dual block, the three-way ANOVA revealed a two-
way interaction of domain and AP between 200 and 400 ms,
F(1,22) = 11.24, p = 0.003, nf) = 0.338. Subsequent paired
sample t-tests were performed for anterior and posterior ROIs
separately. The t-tests showed that the visuospatial task elicited
larger posterior negative slow waves compared with the verbal
task over both hemispheres, #(22) = 2.40, p = 0.025, (see Figure 5
for the ERP plot and scalp map).

Retrieval Process Analyses
For the single block, the three-way ANOVA revealed a two-way
interaction of domain x AP between 250 and 650 ms,

3We conducted another three-way ANOVA for the time interval between 200 and
500 ms considering that the encoding process may take longer. This ANOVA also
revealed the same statistical pattern for the ERP effects as the 200-400 ms analysis.
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F(1,20) = 1240, p = 0.002, ny = 0.383. Two paired sample
t-tests were performed for anterior and posterior ROIs separately.
Results of the t-tests showed larger posterior negative slow waves
for the visuospatial task compared with the verbal task over both
hemispheres, #(20) = 2.19, p = 0.041 (see Figure 6 for the ERP
plot and scalp map).

Further three-way ANOVA in the later time window,
800-1500 ms, also revealed a two-way interaction of domain x
AP, F(1,20) = 9.124, p = 0.007, 7 = 0.313. Although the
ERPs and scalp distribution visually showed similar differences
between the WM tasks in this time window, the t-tests showed
differences neither for anterior nor for posterior ROIs.

For the dual-task block, three-way ANOVAs showed neither
a main effect nor interaction of the factors in any time window
(see Figure 7 for the ERP plot and scalp map).*>

DISCUSSION

Here, we investigated the neurophysiological correlates of the
WM and manual action interactions. More specifically, we
investigated whether the interference of a motor task (including
a prepared grasping-and-placing movement) pertains to the
encoding and retrieval processes of verbal and visuospatial
domains. The behavioral analyses, replicating the behavioral
study by Spiegel et al. (2013), showed domain-specific memory
costs for the visuospatial domain. The ERP analyses showed the
domain-specific interference also at the neurophysiological level,
which is further process-specific to the encoding. In support
of our hypotheses, we provide an initial neurophysiological
evidence for the domain- and process-specific manual action
interactions with WM (with the visuospatial domain during
encoding process).

Behavioral Memory Costs

In the single block, memory performances for verbal and
visuospatial tasks were on average 3—4 items, which are consistent
with the proposed limited capacity of WM (e.g., Cowan,
2000). Importantly, performing additional prepared movement
decreased memory performance for the visuospatial task. There
was no marked memory performance decrease for the verbal
task when comparing the single and dual blocks. That is,
memory costs of the motor task seems to be specific to the
visuospatial domain. On the one hand, this domain specificity
is in contrast with the ‘basic concurrence cost” hypothesis which
views the dual-task costs as general costs (Logan and Fischman,

*As aforementioned, we think that qualitative comparisons between single and
dual blocks are more appropriate compared to the quantitative comparisons
because of the different task requirements in the current study. Nevertheless, we
conducted two four-way repeated measures of ANOVAs separately for encoding
and retrieval processes. These ANOVAs included the factors task block, WM
domain, hemisphere and AP. For the encoding process, the ANOVA revealed a
significant four-way interaction between 200 and 400 ms, F(1,22) = 4.96, p = 0.036,
ng = 0.184. For the retrieval process, the ANOVA revealed a significant three-
way interaction of fask block, WM domain and AP between 250 and 650 ms,
F(1,20) = 12.64, p = 0.002, n% = 0.387 with both interactions supporting
qualitative difference among the present tasks.

>See Supplementary Figures 1-6 for the mean ERP values entered in the three-way
ANOVAs for encoding and retrieval process in single and dual blocks.

2011). According to this hypothesis, memory performance
should also decrease for the verbal task. On the other hand,
our findings are in line with the findings of behavioral study
by Spiegel et al. (2013), which also showed larger memory
costs for the visuospatial domain compared with the verbal
domain.

The selective interference of the motor task with the
visuospatial domain is consistent with the multi-component
model of WM positing separate verbal and visuospatial domains
which draw on specialized cognitive resources (Baddeley,
2000). According to this model, both domains consist of a
passive capacity-limited perceptual store and an active rehearsal
mechanism which prevents material-specific information from
decaying. For the verbal domain the covert articulatory
rehearsal mechanisms, and for the visuospatial domain the
motor processes have been initially suggested to serve to hold
information in WM (e.g., Baddeley, 1992; Belopolsky and
Theeuwes, 2009; Logie, 2011). Consistently, when performed
concurrently, many forms of motor actions have been shown
to produce interference with the visuospatial domain. These
include finger tapping (e.g., Smyth et al, 1988), pointing
(e.g., Hale et al,, 1996), eye movements (e.g., Lawrence et al,
2001), arm movements (e.g., Quinn and Ralston, 1986;
Lawrence et al., 2001) and complex movements (e.g., Cortese
and Rossi-Arnaud, 2010). Recently, attention has been also
suggested as an alternative cognitive resource for serving
to hold information in the visuospatial domain (e.g., Postle
et al., 2004; Godijn and Theeuwes, 2012). In the present
experiment, performing the grasping-and-placing movement
required participants to shift attention not only for holding
the sphere centrally while encoding WM items, but also for
placing the sphere onto the motor target. Moreover, placing the
sphere precisely onto the target required oculomotor control
(Spiegel et al., 2013). Therefore, it is suggested that attention
and oculomotor control are the resources which are required by
both visuospatial task and motor task. The sharing of limited
attentional and oculomotor resources might provide a potential
mechanism to explain domain-specific memory costs in our
data.

An alternative explanation for the domain-specific memory
costs might be that the visuospatial character of the arrow cue, not
the motor task itself, interfered selectively with the visuospatial
memory. In the present dual-task paradigm, participants were
presented with a directional arrow cue pointing one of the
motor targets. Depending on this cue, participants could
plan the subsequent placement movement. As an alternative,
it might be suggested that the direction of the arrow cue
was kept in WM as an abstract (i.e., symbolically coded)
representation and not as a planned, subsequent placement
movement. Therefore, the abstract representation of the arrow
cue required the same capacity-limited cognitive resources which
were also required for keeping the visuospatial memory items
in WM. These shared capacity-limited cognitive resources,
thus, resulted in the memory costs for the visuospatial task.
However, we do not consider this as the main explanation of
the present domain-specific memory costs for the following
reasons. A recent behavioral study by Spiegel et al. (2013),
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FIGURE 6 | Grand average ERPs and the scalp map for the retrieval process ERPs in the single block. ERPs are superimposed for the verbal task (pink line) and
visuospatial task (gray line) in this analysis and dual block analysis. In this ERP plot, stimulus onset occurred at O ms which was the onset of disambiguation cue in
the single block. The retrieval process analysis in the single block showed the ERP effect in the bilateral posterior ROIls. The scalp map, which is plotted by
subtracting the ERPs of the verbal task from the visuospatial task, represents the spatial scalp distribution of the ERP effect between 250 and 650 ms.
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FIGURE 7 | Grand average ERPs and the scalp map for the retrieval process ERPs in the dual block. In this ERP plot, stimulus onset occurred at 0 ms which was
the target hit in the dual block. The retrieval process analysis in the dual block showed no significant ERP effect.

which used the same experimental setup and procedure, have the interference of movement (re-)planning with verbal and
shown that participants indeed used the arrow cue for planning  visuospatial WM domains. As in our study, participants were
the placement movement. Spiegel et al. (2013) investigated presented with an arrow cue depending on which they performed
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the placement movement toward either the left or right motor
target. After the arrow cue, a WM stimulus was presented. Then,
an auditory cue (either a high or low tone) was presented.
Depending on the tone, participants placed the sphere either
on the motor target pointed by the arrow cue (keeping the
initial movement) or on the other motor target (changing
the initial movement for 20% of trials). The results revealed
that changing the movement plan (re-planning) decreased
the memory performance for both verbal and visuospatial
tasks.

Now, if the arrow cue had been represented just as an
abstract symbol, then one would expect that participants must,
upon the auditory cue, access the symbolic code, compute a
motor target position and execute the movement. Consequently,
no re-planning effect should be observed (as there would not
have been any planning in the first place). However, such
a re-planning effect was consistently found by Spiegel et al.
(2012, 2013). Therefore, we argue that the arrow cue was not
represented as a symbol that interfered with the visuospatial
memory. Rather, it is suggested that the arrow cue was used
for motor planning and the prepared movement itself interfered
with the visuospatial memory. Future research may confirm this
suggestion by using, for example, different non-spatial cues for
movement planning.

Encoding Process and ERPs

In the single block, ERPs for the verbal and visuospatial tasks
started to diverge at bilateral anterior and right posterior
recording sites about 200 ms following the onset of stimulus
presentation (Figure 4). ERP differences observed in this
time interval showed larger bilateral anterior negativities for
the encoding of verbal material compared with visuospatial
material, and a larger right posterior negativity for the
encoding of visuospatial material compared with verbal material.
The different scalp distribution suggests, consistent with our
hypotheses, that the encoding of verbal and visuospatial material
are different cognitive processes and seem to arise from
non-identical neural sources. These findings support previous
ERP studies that have also shown different ERPs for the encoding
of verbal and visuospatial material (e.g., Ruchkin et al., 1990,
1992; Bosch et al., 2001).

This right posterior negativity has been suggested to reflect
the perception and identification of visuospatial material for
encoding it into visuospatial store (e.g., Ruchkin et al.,, 1995,
1997b; Mecklinger, 1998). Previously, the anterior negativity,
particularly left hemisphere dominant, has been suggested to
reflect the articulatory rehearsal mechanisms for the maintenance
of verbal material (e.g., Ruchkin et al, 1990, 1992, 1997a).
The present study shows that an anterior negativity can also
be elicited for the encoding of verbal material. This anterior
negativity might reflect that participant started rehearsing the
letters while stimuli were still present. Obviously, rehearsing
may last longer than the actual analyzed epoch for the
encoding. Therefore, this interpretation should be approached
with caution.

In the dual block, ERP analyses showed a differential cortical
activity for the WM tasks at bilateral posterior recording sites

between 200 and 400 ms (Figure 5). This bilateral posterior
ERP difference reflects the larger negativities for the encoding
of visuospatial material compared with verbal material. There
was no significant ERP difference between the tasks at anterior
recording sites.

Comparing the single and dual blocks in terms of the
patterns of ERP differences between the verbal and visuospatial
tasks, we suggest that the posterior effect was not the same in
single and dual blocks. Whereas the encoding of visuospatial
material compared with the verbal material elicited a larger
right posterior negativity in the single block, it elicited larger
bilateral posterior negativities in the dual block. These findings
fit to the reports in the literature that have shown either the
right dominant or bilaterally distributed posterior negativity
for the encoding of visuospatial material (e.g., Ruchkin et al,
1995, 1997b; Mecklinger, 1998). In line with these studies, we
argue that the present posterior negativity reflects the encoding
of visuospatial material into WM, and that additional motor
task changes the neuro-cognitive processes underlying this
operation.

Regarding the anterior null effect in the dual block, on the
one hand, it is highly unlikely that there was no or a reduced
involvement of the verbal domain since the high memory
performance in the dual block showed that verbal material
was still encoded. On the other hand, the visuospatial task, at
least qualitatively, seems to elicit increased anterior negativity
in the dual block compared with the single block (Figures 4, 5).
It can be assumed that the dual block was more complex
and difficult than the single block. Therefore, it is possible
that participants used, at least partly, verbalization strategies
for the encoding of visuospatial material in the dual block.
Another alternative could be that the more difficult (dual) task
demanded more attentional resources. Previous ERP studies
have shown that high cognitive (attentional) processing which
is required for the encoding of visuospatial material in the
presence of an increased WM load results in an increased
anterior negativity (e.g., Ruchkin et al, 1995 Awh et al,
2000; Studer et al, 2010; Luu et al, 2014). Although we
cannot decide between these interpretations with the present
data, in either case the encoding of visuospatial material in
our study should elicit an increased anterior negativity in
the dual block compared with the single block. Consequently,
the comparison of the verbal and the visuospatial ERPs
at anterior recording sites may not result in a statistically
significant amplitude difference. Hence, an increased task
difficulty might explain the non-significant ERP effect at anterior
recording sites. Further research is needed to confirm this
suggestion.

These findings suggest that the ERP differences between
the verbal and visuospatial tasks qualitatively change from
single block to dual block in terms of the scalp topography.
We interpret this qualitative change as reflecting the changes
in the neuro-cognitive processes underlying the encoding of
visuospatial material in the dual block (both at anterior and
posterior recording sites). Hereby, these findings reflect the
neurophysiological memory costs of motor task for the encoding
process of visuospatial domain.
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Retrieval Process and ERPs

In the single block, ERPs for the verbal and the visuospatial
tasks started to diverge at bilateral posterior recording sites
about 250 ms following the sphere placement onto the
stick and continued until 650 ms (Figure 6). This bilateral
posterior difference shows larger negativities for the visuospatial
task compared with the verbal task, and it is supposed to
reflect the retrieval of visuospatial material. There was no
significant ERP difference between the tasks at anterior recording
sites.

The anterior null effect might suggest that the retrieval
of verbal and visuospatial material is equally difficult, given
that participants could retrieve verbal and visuospatial material.
If this were so, we should not find any ERP difference
for the retrieval process, but there was bilateral posterior
effect reflecting the retrieval of visuospatial material. We
expected such a posterior effect which confirms our hypothesis.
This effect is also in line with reports in the literature
(e.g., Bledowski et al., 2006; Pinal et al, 2014), which have
shown posterior negativities for the retrieval of visuospatial
material. Moreover, this posterior retrieval effect in the present
study demonstrates that reliable ERPs can be obtained during
overt movement execution in a complex experimental setting.
Regarding the anterior null effect, we cannot fundamentally
rule out that the retrieval process involves neural generators
that are difficult to trace, and thus we obtained null effect
at anterior recording sites. Conceivably, frontal motor-related
cortical activity may conceal retrieval effect (e.g., Westerholz
etal, 2013, 2014). Future research is necessary to investigate this
interpretation.

In the dual block, there was an ERP difference between the
verbal and visuospatial tasks neither at anterior nor posterior
recording sites (Figure 7). First, we note that the retrieval ERPs
in the dual block did not show early components (N1/P2)
which were present for the retrieval ERPs in the single block.
Instead, the dual block retrieval ERPs showed steady, more or
less constant amplitude both at anterior and posterior recording
sites. For the anterior recording sites, the null ERP effect in
the dual block fits to the anterior null effect in the single
block. In contrast, the bilateral posterior effect in the single
block was not found in the dual block. Although, it is not fully
understood yet, the persistent ERPs may be potentially a hint for
ongoing cognitive activity that would be expected for retrieval
processes. Conceivably, if there was a persistent amplitude
difference between the verbal and visuospatial ERPs that was
also present during the baseline period, one would artificially
eliminate a constant ERP amplitude difference. Unfortunately,
there is no preceding fixed duration event for time-locking that
would permit a more appropriate retrieval ERP analysis in the
dual block.

For the claim that the retrieval process is affected by the
concurrent motor task, one would need to show changes in
the ERP patterns between single and dual blocks. There was
an anterior effect neither in the single block nor in the dual
block. That is, the ERP patterns at the anterior recording
sites did not change. In contrast, in the single block, we
observed the bilateral posterior effect reflecting the retrieval

of visuospatial material, which was not observed in the dual
block. Although, this seems to be a change in the ERP patterns,
it is also conceivable that absence of a posterior effect in
the dual block was due to methodological circumstances (e.g.,
a constant effect in the baseline) and not the absence of
the difference between the retrieval processes of verbal and
visuospatial domains. Moreover, analyzing the retrieval processes
in single and dual blocks based on different reference events
might have made it difficult to show the changes in ERP
patterns in the presence of the motor task. Therefore, we
do not consider the present evidence sufficient for strictly
concluding that the ERP patterns changed between single and
dual blocks. Further research is needed to characterize the
functional interaction between the retrieval process and manual
actions.

CONCLUSION

The present study provides evidence to extend our understanding
of the cognitive mechanisms of motor action control. We
focused on the WM as one of the widely studied cognitive
domains in relation to motor action control and manual actions
(specifically, a manual-motor movement including grasping an
object and placing it on a target position) as one of the cognitively
demanding motor actions. More importantly, as our main
objective, we focused on the interactions of WM and manual
action, cortical neural activity and how we can evaluate these by
means of ERPs.

First, we replicate the behavioral findings of the study
by Spiegel et al. (2013) by showing the domain-specific
memory costs of the prepared movement for the visuospatial
domain. Second, as our main objective, we provide an initial
neurophysiological characterization of the functional interactions
of WM and manual action control. More specifically, our
study examined the encoding and retrieval processes of verbal
and visuospatial domains and whether these processes are
affected by prepared movement. Our results have shown a
difference between single and dual blocks for the encoding
process of the visuospatial task. That is, our study has
established neurophysiologically that at least the encoding
of visuospatial material is affected by the concurrent motor
task. This finding points toward the functional importance of
the encoding process with regard to the motor interference
with WM. Third, we report reliable ERPs in a complex
experimental setting including overt movement execution, which
extends the situations of mere spoken language (Koester and
Schiller, 2008; Ganushchak et al., 2011) and mere grasping
(van Schie and Bekkering, 2007; Westerholz et al., 2013,
2014).

Future investigations are required for characterizing the
functional interactions between manual actions and both
the retrieval and maintenance processes. Moreover, future
quantitative statistical comparisons beyond the qualitative
comparisons of the single and dual blocks are required.
These investigations should provide a better understanding of
the distinct spatio-temporal characteristics of neuro-cognitive
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resources shared by manual actions and separate WM processes,
and functional interdependence of WM and motor action
control. More generally, the present study points toward potential
neurobiological underpinnings of motor action control and its
interactions with WM.
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