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a  b  s  t  r  a  c  t

Research  shows  neural  efficiency  of  motor-related  activity  based  on  learning  and  expertise  in a specific
domain  (e.g.,  guitar  playing,  sharp-shooting  or a sport).  However,  it is unknown  whether  neural  efficiency
of  motor-related  activity,  underlying  action  planning  and maintenance,  can  be modulated  by general
cognitive  ability  alone.  This study  examined  whether  working  memory  span  can  influence  motor-related
neural  activity  during  a novel  motor  task. Participants  were  divided  into  low-  and  high-span  work-
ing  memory  groups  based on  their  scores  in  an  operation  span  task. Afterwards,  participants  learned
different  sequences  of button  responses  corresponding  to different  abstract  stimuli.  The task  required
participants  to briefly maintain  an  action  plan  in  working  memory  to a stimulus  that  they  would  execute
after  responding  to  a subsequent  stimulus.  We  used  EEG  to record  changes  in event  related  power  in  the
mu-  and  beta-bands  in  left  and  right  motor  components  during  the  interval  where  participants  planned
and  maintained  an action  in  working  memory.  Results  showed  decreases  in  mu- and  beta-event  related
power  for  low-span  participants  and  increases  in  mu-  and beta-event  related  power  for  high-span  partic-
ipants  over  the  left motor  cluster  while  maintaining  an action  plan  in working  memory.  Also,  high-span
participants  were  faster  and  more  accurate  in  the  task  than  low-span  participants.  This  suggests  that
neural  efficiency  during  a  novel  motor  task  can  be influenced  by  working  memory  span,  and  that  such
differences  are  localized  to the  motor  system.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The neural efficiency hypothesis assumes that less neural
activity indicates more efficient processing. Consistent with this
assumption, research indicates that individuals with higher intel-
ligence or higher working memory spans show less cortical neural
activity [event-related desynchronization (ERD), fMRI—BOLD sig-
nal, positron emission tomography (PET)] during cognitively
demanding tasks than those with lower intelligence or lower
working memory spans (1–5, but see 6,7]. Neural efficiency also
extends to the performance and observation of skilled motor tasks
(e.g., piano playing, sharp-shooting, dancing, karate) by “experts”
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[8–16] particularly over cortical sensorimotor areas of the brain
[12,16–19]. Research further shows that neural efficiency found
in experts (vs. novices) during planning and execution of actions
within their domain of expertise does not generalize to tasks out-
side their domain of expertise (e.g., simple stimulus-response and
attention tasks [20,21]). This is consistent with behavioral per-
formance data indicating that cognition underlying expertise is
domain specific [22–24].

Although neural efficiency over motor areas appears greater in
experts compared to novices when planning and executing actions
in their domain of expertise, it is not known whether neural effi-
ciency over motor areas is influenced by one’s general cognitive
ability, such as working memory span. This is an important ques-
tion as it has implications for how quickly or easily one may  learn
a motor task, and possibly become an expert in a particular task
domain. Many tasks, particularly those involved in sport activities,
require us to plan sequences of actions. When we do so, we must
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hold some elements of the sequence in memory while we execute
others (plan to pass a soccer ball to a teammate while dribbling the
ball around an opponent). Our ability to plan actions and maintain
these action plans in working memory is important for successful
execution of skilled motor tasks. Thus, whether or not memory span
influences neural efficiency of cortical motor areas during action
planning and maintenance in a novel task can provide insights into
cortical processes involved in action learning.

The current study investigated whether individual differences
in working memory span (or operation span) influences neural
efficiency associated with motor activity when planning and tem-
porarily maintaining an action to an abstract stimulus in a novel,
motor task. To test this, participants were first assigned to low or
high working memory groups based on their Automated Opera-
tional Span (AOSPAN) scores [25–27]. Then, participants learned
different left- and right-hand motor actions in response to two
different abstract stimuli, presented in a serial order. Participants
planned a motor response to the first stimulus event and main-
tained this action plan in working memory while waiting for the
presentation of a second stimulus event which required an imme-
diate, speeded response. After executing a response to the second
event, participants executed the action plan maintained in memory
corresponding to the first event [28].

Behavioral and electroencephalographic (EEG) data were
recorded while participants observed the stimuli, planned and
maintained a motor response in memory, and recalled and exe-
cuted newly learned motor plans. Sensorimotor cortical activity
was indexed by event-related power decreases (event-related
desynchronization; ERD) and event-related power increases
(event-related synchronization; ERS) of mu  (8–12 Hz) and beta
(15–30 Hz) rhythms. Consistent with previous research [29–31],
event-related power was determined by contrasting EEG activity
in a specific bandwidth with a preceding reference interval which
serves as a baseline (e.g., pre-trial interval). Negative values indicate
ERD (a decrease in power relative to baseline) and have been widely
associated with cortical activity or arousal. Mu-  and beta-ERD over
the sensorimotor cortex have been reported in studies investigating
action planning and movement initiation [32,33], motor imagery
[34–36], action observation [37–39], and are also present when
individuals observe abstract stimuli associated with a motor act
[40]. We examined mu and beta event-related power across trials
with particular interest in intervals where participants planned an
action to the first event and maintained this action plan in work-
ing memory. Consistent with previous research, we expected both
low- and high-span participants to show a decrease in mu  and
beta event-related power relative to baseline during the interval in
which they planned and maintained an action sequence in work-
ing memory. Also, these decreases in event-related power should
be more robust in the motor areas that are contralateral to the hand
being planned to execute the motor response. Moreover, if cogni-
tive ability influences neural efficiency of motor processes during
planning and maintenance of actions in a novel motor task, then
decreases in mu  and beta event-related power relative to base-
line should be greater for the low-span compared to the high-span
participants during this interval. In addition, low-span participants
should be less accurate in reproducing the action plan maintained
in working memory and should be slower in responding to the
second stimulus event compared to high-span participants.

2. Materials and methods

2.1. Participants

One hundred and sixty-eight undergraduates from Washington
State University participated in the AOSPAN [27] and 58 of these

participants (of 84 invited based on their AOSPAN scores) com-
pleted the action planning, EEG task (37 female; 18–36 years old,
M = 20.19, SD = 3.05). This study was  approved by the Institutional
Review Board, and participants received optional extra credit in
their psychology courses. Participants were right-handed [41], had
at least 20/40 visual acuity, and correctly identified the colors red
and green on a Snellen chart.

2.2. Apparatus, stimuli and procedure AOSPAN task

We  used the AOSPAN task by Unsworth et al. [27] to obtain a
memory span score for each participant. Instructions and stimuli
were presented on a 17-in. computer screen, and participants used
a computer mouse with the right hand to respond during the task.
Participants solved basic math problems, such as “(3 × 2) + 3 = ?”,
and clicked on the screen, as quickly as possible, once they deter-
mined the correct answer. The next screen presented an answer to
the problem with a box labeled “true” and a box labeled “false”. If
the displayed answer was  correct, the participants clicked true; if
the answer was  incorrect, they clicked false. Next, a letter appeared
on the screen, and participants maintained this letter in memory
for later recall. After completing 3–7 of these math-letter trials, a
screen containing a 3 × 4 matrix of letters (with checkboxes by each
letter) appeared. Participants indicated the correct letter sequence
by clicking the box next to each letter in the order each letter was
presented. Accuracy feedback for both math performance and let-
ter recall occurred at the end of each math-letter set. Throughout
this task, participants saw a running percentage of the overall math
problems they got correct in the upper-right corner of the screen.
The task consisted of 3 blocks of 3–7 trials. The overall AOSPAN
score (ranging from 0 to 75) was used to classify participants as
high span (upper 25%) and low span (bottom 25%) for the action
planning/EEG session [42].

2.3. Apparatus, stimuli and procedure action planning task

Prior to the task, participants were fitted with the EEG cap and
electrodes. Instructions and stimuli appeared on a 17-in. computer
screen. Participants had no previous experience with the task. Two
keypads were located on a table in front of the participant (6 cm
in front of the computer screen and 10.5 cm from the table edge)
with one keypad 11 cm to the left and the other 11 cm to the right
of the participant’s body midline. The keypads recorded responses
made with the index fingers: left-hand responses were executed
on the left keypad and right-hand responses on the right keypad.
Each keypad had three vertically oriented keys (1 cm × 1 cm in size,
separated by 0.2 cm). E-prime software (version 2.0) generated the
stimuli and collected behavioral data. The stimuli and responses for
the two  visual events (A and B) in the action planning task were as
follows.

2.3.1. Event A
Event A was  a white arrowhead (0.63◦ visual angle) pointing

to the left (<) or right (>) and an asterisk (0.53◦ visual angle)
located above or below the arrowhead. The arrowhead was cen-
tered 2◦ of visual angle above a white, central fixation cross. Event A
required the left or right hand to execute a sequence of key presses.
The arrowhead direction (left or right) indicated the response
hand (left or right, respectively), and the asterisk (above or below
the arrowhead) indicated the initial movement direction of the
index finger (upper key press, toward the CRT or lower key press,
toward the participants body, respectively) relative to the center
key on the keypad. Thus, there were four different action plans
(left hand-move up, left hand-move down, right hand-move up, and
right hand-move down) mapped to the four different arrowhead-
asterisk stimuli combinations. All responses began and ended by
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Fig. 1. Sequence of events for each trial in the action planning task. There was a
500  ms  baseline prior to the initiation of each trial. EEG was analyzed over the fol-
lowing trial events: Fixation, Event A, Event A Planning, Event B, Event B response
and Event A response. The Event B, Event B response, and Event A response events
were  collapsed into one EEG interval referred to as “Event B and Responses” with a
duration of 2000 ms.

pressing the appropriate left or right center key (home key) with
the index finger.

2.3.2. Event B
Event B was a red or green number symbol (#, 0.67◦ visual angle)

centered (2◦ visual angle) below the central fixation cross. Event B
required a speeded key press dependent on color. Half the par-
ticipants pressed the left center key twice with their left hand to
the green number symbol; and the right center key twice with
their right hand to the red number symbol; the other half had the
opposite stimulus-response assignment.

Fig. 1 shows the trial events. Stimuli appeared on a black back-
ground. Each trial began with the message “press the home keys
to continue”. When the center keys were simultaneously pressed,
a white fixation cross (0.70◦ visual angle) appeared at screen cen-
ter for 1250 ms.  Afterward, Event A appeared above the cross for
500 ms,  followed by the cross alone for 1250 ms.  During this time,
participants planned a response to Event A. Then, Event B appeared
below the cross for 50 ms  followed by a blank screen for 4750 ms
or until a response was detected for Event B. Participants were
instructed to respond to Event B quickly and accurately. Event B
reaction time (RT) was calculated from the onset of Event B to the
first key press detected. After responding to Event B, participants
had 5000 ms  to execute the planned response to Event A. Partic-
ipants were instructed to emphasize accuracy, not speed, when
responding to Event A. Feedback indicating Event B RT, Event B
accuracy, and Event A accuracy was presented together for 1450 ms.
Then, the initiation screen for the next trial appeared. Participants
initiated the next trial when ready.

Participants were instructed not to execute any part of the
response to Event A until after responding to Event B. Also, they
were not to move fingers or use external cues to help them remem-
ber the planned response to Event A—they were told to maintain
the action to Event A in memory.

Fifty-one participants completed 18 blocks of 16 trials, and 7
participants completed 18 blocks of 24 trials.1 In each block of tri-
als, the four different Event A stimuli were paired equally often with
the two different Event B stimuli in a random order with equal prob-
ability of occurrence. Mandatory 30-s breaks were imposed every

1 The latter participants were from a pilot study using identical procedures except
for  block size.

6 blocks. After completing the task, participants answered ques-
tions about strategies used. The experiment required 90–100 min
to complete.

Behavioral performance and EEG for low- and high-span par-
ticipants were measured. Behavioral performance included mean
RT and accuracy to Event B and mean accuracy in recalling the
action to Event A for the factors of Span (low, high) and Event B
Response Hand (left, right). EEG power in the mu (8–12 Hz) and
beta (15–30 Hz) bands in the left and right motor clusters were
examined for the factors of Span (low, high), Event A Planning Hand
(left, right), and Interval (Fixation, Event A, Event A Planning, and
Event B combined with response execution to Event B and Event
A). The four different time intervals [Fixation (0–1250 ms), Event
A (1250–1750 ms), Event A planning (1750–3000 ms), and Event B
combined with response execution to Event B and Event A interval
(3000–5000 ms)] in relationship to the task is presented in Fig. 1.
On a small proportion of “fast response” trials, the last 2000 ms
EEG interval included part of the trial feedback frame. A detailed
description of the physiological measures is described below.

2.4. Psychophysiological measures

During the action planning task, EEG signals were continuously
recorded from 32 Ag/AgCl active electrodes (Biosemi, Active Two),
mounted in an elastic head-cap according to the 10–20 configura-
tion. The Active Two  system uses two separate electrodes in lieu of a
ground, which form a feedback loop designed to decrease effective
impedance with a factor of 100 at 50 Hz. The EMG  surface elec-
trodes were affixed to the left and right extensor indicis muscles to
monitor finger movement. Signals were conducted using a saline-
based conductive gel (Signa Gel), and all offsets were maintained
below 20 �V. Unreferenced signals were digitized at a sampling
rate of 2048 Hz amplified and down-sampled to a rate of 256 Hz
using Biosemi Active Two  amplifiers and acquisition software.

Processing and visualization were accomplished using the
EEGLab toolbox (v11.0.5.4b) and Matlab 7.8.0 software. Continuous
data from each participant were referenced to the average poten-
tial of all electrodes before bandpass filtering between 1 and 50 Hz.
Epochs were extracted in intervals between −1000 and 6000 ms
around the onset of each trial. EEG channels were rejected if activ-
ity was  3 SD larger than the mean of each channel. Epochs were
rejected based on extremely large fluctuations (a 1000 �V thresh-
old limit) and improbable activity (5 SD probability threshold with
a 5% maximum number of trials being rejected per iteration). Also,
epochs were manually inspected and removed if EMG  data indi-
cated any movement before the onset of Event B (−1000 to 3000 ms
around the onset of each trial) and/or responses to both Event A and
Event B were not accurate. No further analysis was  performed on
the EMG  data.

Epochs were concatenated prior to performing an independent
component analysis (ICA), to isolate motor related activity from
other contributions to the scalp signals [43]. Trials with noisy ICA
components were rejected based on abnormal values (±15 �V SD).
In order to keep the threshold large enough to detect noisy trials, yet
not get rid of good data, eye blinks and saccade components were
excluded from this process [44]. A second ICA decomposition was
performed on the cleaned data, yielding 32 maximally independent
EEG components (IC) localized in EEGLAB by fitting a single equiv-
alent current dipole to the scalp potential. The ICs were included in
the analysis only if they were located within the brain and had less
than 15% residual variance. This procedure resulted in the selection
of an average of 9.5 components (±3.3) with a range between
5 and 16 components. A robust k-means clustering algorithm
(MATLAB statistics toolbox) separated a total of 498 valid ICs into
11 clusters corresponding to the common neural sources for the
participants. ICs more than 3 SD from any of the cluster centroids
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Fig. 2. Left and right motor clusters and scalp topographies revealed by the k-means
algorithm. The left side of the figure shows the mean location of the left and right
motor clusters. The right side of the figure shows the scalp topographies of the right
(upper) and left (lower) motor clusters.

(36 ICs) were excluded from analysis as outliers [45]. When clusters
contained more than one IC from an individual participant, the IC
with the lowest residual variance was retained in the cluster. The
neural region represented by each dipole cluster was estimated by
averaging the Talairach coordinates of the dipoles in the cluster.

Fig. 2 shows the mean locations of the left [Brodmann’s area
4; 42 ICs (20 low-span)] and right [Brodmann’s area 6; 43 ICs (21
low-span)] motor clusters identified using the k-means algorithm.
Wavelet coefficients were estimated at 50 equally spaced frequen-
cies from 3 to 128 Hz and 200 time points from a baseline of −5 s
prior to the onset of each trial to 5.5 s using Gaussian tapered com-
plex Morlet wavelets [43]. Event related spectral perturbations in
power were computed in each frequency by normalizing the power
spectral estimate in each frequency bin by the mean power level
during the prestimulus baseline. A decrease in spectral power from
baseline is interpreted as an increase in event-related cortical activ-
ity or arousal (ERD) and an increase in spectral power from baseline
indicates a resting state of cortical neural activity (ERS; [29–31]).
Power in the mu  (8–12 Hz) and beta (12–30 Hz) bandwidths were
measured for low- and high-span participants for each trial interval
and Event A planning hand.

3. Results

3.1. Behavioral data

3.1.1. AOSPAN task
The AOSPAN scores were calculated for 168 participants. The

mean score was 42.3 with a standard deviation of 15.9. Participants
were categorized as “low span” with a score of 39 or lower (bottom
25%), or “high span” with a score of 51 or higher (upper 25%). Fifty-
eight participants agreed to participate in the EEG/action planning
task: twenty-nine (16 female) were high span (M = 60, SD = 5.5), and
twenty-nine (21 female) were low span (M = 25, SD = 8.5).

3.1.2. Action planning task
A 2 × 2 mixed-design ANOVA with the between-subject fac-

tor of Span (high or low) and the within-subject factor of Event
B Response Hand (left or right) was conducted on Event A accu-
racy, Event B accuracy and Event B correct RTs. The correct RT and
accuracy analyses for Event B were restricted to trials in which
responses to Event A were correct. For Event A accuracy, there
was a main effect of Span, F(1,56) = 7.61, p = 0.008, �2

p = 0.12; accu-
racy was greater for high-span (M = 91.6%; SE = 0.01) compared to

low-span (M = 87.6%; SE = 0.01) participants. No other effects were
significant for Event A accuracy. For Event B correct RTs, there was a
main effect of Span [F(1,56) = 3.98, p = 0.05, �2

p = 0.07] and Response
Hand [F(1,56) = 30.20, p = 0.001, �2

p = 0.35]. High-span participants
responded faster to Event B (M = 556 ms;  SE = 20.9) than low-span
participants (M = 615 ms;  SE = 20.9). Also, all participants responded
faster to Event B with their right hand (M = 570 ms;  SE = 15.1) com-
pared to their left hand (M = 601 ms;  SE = 15.0). No other significant
Event B RT effects were found, and no significant effects were
observed for Event B response accuracy (overall mean accuracy
was 98.1%, SE = 0.03). Consistent with predictions, participants with
low memory span were poorer at recalling the Event A action plan
maintained in memory and were slower to correctly respond to
Event B (while maintaining the action plan to Event A in memory)
compared to participants with high memory span.

3.2. Electroencephalography data

A 2 × 2 × 4 mixed-design ANOVA with the factors of Span (low,
high), Planning Hand (left, right), and Interval (Fixation, Event A,
Event A Planning, Event B combined with response execution to
Event B and Event A) was  conducted on the EEG data over the left
and right motor clusters in the mu (8–12 Hz) and beta (12–30 Hz)
bandwidths. As is evident in Fig. 3, memory span had an effect on
motor activity in left-hemisphere motor cluster (panels A and C),
but not in the right-hemisphere motor cluster (panels B and D),
when planning and maintaining an action to Event A.

3.3. Left-hemisphere motor cluster

In the mu band and beta band, there was  a main effect of Span
[F(1,40) = 4.32, p = 0.04, �2

p = 0.10 for mu  and F(1,40) = 5.50, p = 0.02,
�2

p = 0.12 for beta] and Interval [F(3,120) = 20.25, p = 0.001, �2
p =

0.34, G-G� = 0.74, p = 0.001 for mu  and F(3,120) = 29.81, p = 0.001,
�2

p = 0.43, G-G� = 0.65, p = 0.001 for beta]. In the beta band, a
Span × Interval interaction [F(3,120) = 3.05, p = 0.03, �2

p = 0.07] was
also found. Moreover, for both the mu  band and beta band,
there were Planning Hand × Interval [F(3,120) = 8.81, p = 0.001,
�2

p = 0.18 for mu  and F(3,120) = 12.09, p = 0.001, �2
p = 0.23, G-

G� = 0.82, p = 0.009 for beta] and Span × Planning Hand × Interval
[F(3,120) = 2.81, p = 0.04, �2

p = 0.07 for mu  and F(3,120) = 2.87,
p = 0.04, �2

p = 0.07 for beta] interactions.
As expected, the Planning Hand × Interval interaction revealed

that decreases in mu  event-related power relative to baseline were
more robust when planning a right-hand response (M = −0.59,
SD = 0.31) compared to a left-hand response (M = −0.17, SD = 0.34)
during the Event A Planning interval [t(41) = 3.09, p = 0.004]. Activ-
ity in the beta band during the Event A Planning interval showed a
smaller increase in event-related power relative to baseline while
planning a right-hand (M = 0.02, SD = 0.15) compared to a left-hand
response [(M = 0.16, SD = 0.19; t(41) = 2.05, p = 0.047)]. This suggests
that cortical activity in the motor cluster contralateral to the hand
being used to plan the action was  more active.

More importantly, the Span × Planning Hand × Interval inter-
action revealed that mu and beta event-related power differed
between low- and high-span participants during the Event A and
the Event A Planning interval; however, differences in mu event-
related power due to span were not significant when participants
planned a right-hand response to Event A. When planning a left-
hand response during the Event A interval, high-span participants
showed a greater increase in mu  [(Fig. 3, panel A; t(40) = −2.37,
p = 0.02)] and beta power [(Fig. 3, panel C; t(40) = −2.50, p < 0.02)]
relative to baseline than low-span participants. Furthermore, when
planning a left-hand response during the Event A Planning inter-
val, only low-span participants showed a decrease in mu (Fig. 3,
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Fig. 3. The two panels on the left show left motor cluster mu (panel A) and beta (panel C) power relative to baseline during each interval for high-span and low-span
participants when planning an action with the left and right hand. The two  panels on the right show right motor cluster mu (panel B) and beta (panel D) power relative to
baseline during each interval for high and low span participants when planning an action with the left and right hand.

panel A) and beta power (Fig. 3, panel C) relative to baseline, which
was significantly greater than the increases in mu  [t(40) = −2.46,
p = 0.02] and beta power [t(40) = −2.47, p < 0.02] observed for high-
span participants.

However, when planning a right-hand response during the
Event A interval, the greater increase in mu  power relative to
baseline for high-span compared to low-span participants did not
reach significance [t(40) = −1.71, p = 0.096]. Also, when planning
a right-hand response during the Event A Planning interval, only
low-span participants showed a decrease in mu  power, which was
significantly greater than the increases in mu observed for high-
span participants [t(40) = −1.86, p < 0.07]. For beta, when planning
a right-hand response during the Event A interval, high-span par-
ticipants showed a greater increase [(Fig. 3, panel C; t(40) = −2.47,
p < 0.02)] relative to baseline than low-span participants. Further-
more, when planning a right-hand response during the Event A
Planning interval, only low-span participants showed a decrease in
beta (Fig. 3, panel C) relative to baseline, which was  significantly
greater than the increase observed for high-span participants
[t(40) = −2.49, p < 0.02]. Taken together, these results show that
low-spans show less mu  and beta power in the left motor cluster
compared to high-span participants, particularly during the Event
A planning interval.

3.4. Right-hemisphere motor cluster

In contrast to the left-hemisphere motor cluster, there were
no significant effects involving Span on mu  or beta event-related

power. For both mu  and beta event-related power, there was  a
main effect of Planning Hand [F(1,41) = 11.78, p = 0.001, �2

p = 0.22
for mu and F(1, 41) = 7.40, p = 0.01, �2

p = 0.15 for beta] and Inter-
val [F(3,123) = 28.67, p = 0.001, �2

p = 0.41, G-G� = 0.65, p = 0.001
for mu  and F(3,123) = 44.12, p = 0.001, �2

p = 0.52, G-G� = 0.52,
p = 0.001 for beta], as well as a Planning Hand × Interval interaction
[F(3,123) = 17.05, p = 0.001, �2

p = 0.29 for mu and F(3,123) = 9.97,
p = 0.001, �2

p = 0.20, G-G� = 0.72, p = 0.001 for beta]. Addition-
ally, there was a Span × Planning Hand × Interval interaction
[F(3,123) = 2.73, p = 0.047, �2

p = 0.06] in the beta band only.
Consistent with expectations, the Planning Hand × Interval

interaction revealed that increases in mu  and beta power rela-
tive to baseline were smaller when planning a left-hand (M = 1.46,
SD = 0.32 for mu  and M = 1.32, SD = 0.21 for beta) compared to
a right-hand response (M = 1.83, SD = 0.34 for mu and M = 1.55,
SD = 0.22 for beta) during the Event A interval [t(42) = .20, p = 0.003
for mu and t(42) = −2.84, p < 0.007 for beta]. Also, increases in mu
and beta power relative to baseline were smaller when planning
a left-hand (M = −0.01, SD = 0.33 for mu  and M = 0.45, SD = 0.18 for
beta) compared to a right-hand response (M = 0.72, SD = 0.30 for mu
and M = 0.79, SD = 0.18 for beta) during the Event A Planning inter-
val [t(42) = −5.68, p = 0.001 for the mu  and t(42) = −4.34, p = 0.001
for beta]. This suggests that cortical activity in the motor cluster
contralateral to the hand being used to plan the action was more
active.

However, planned comparisons for the Span × Planning
Hand × Interval interaction failed to reveal meaningful differences
in mu or beta power due to memory span during the Event
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A and Event A Planning intervals (ps > 0.60). See Fig. 3, panels
C and D.

4. Discussion

This study shows that neural efficiency of cortical motor struc-
tures is modulated by an individual’s working memory span when
planning and maintaining an action during a novel motor task.
Low-span individuals showed a decrease in mu and beta power
relative to baseline in the left motor cluster while actively plan-
ning and maintaining a response in working memory (Event A
Planning interval). Conversely, high-span participants showed an
increase in mu  power and beta power relative to baseline in both
motor clusters while actively planning and maintaining a response
in working memory (Event A Planning interval). Taken together,
these findings suggest that planning and maintaining an action
during a novel motor task for low-span individuals was  more cog-
nitively demanding than that for high-span individuals. Consistent
with this interpretation, low-span individuals responded slower
to a second event (while maintaining an action to the first event)
and were less accurate in recalling the action plan maintained in
memory compared to high-span individuals.

Our finding of greater activation in the mu  and beta bands in the
left motor cluster is consistent with other research demonstrating
that activation over the sensorimotor cortex during motor tasks
is strongest in the contralateral hemisphere of the dominant hand
[46]. Additionally, the left hemisphere has been shown to be more
active during action planning [47–50] and motor imagery [51–53].
A recent study revealed that left hemisphere dominance during
action planning also occurs with left-handed individuals [54]. Thus,
left hemisphere differences in span may  be driven by both handed-
ness and the increased role of the left hemisphere during action
planning.

Although our results suggest that planning and maintaining an
action during a novel motor task can be more cognitively demand-
ing over cortical areas associated with movement for low-span
compared to high-span individuals, the reliability of this result is
unclear. Perhaps with additional practice, behavioral performance
and neural activity are no different between these individuals.
Examining the effects of practice on neural activity and behavioral
performance in these different individuals can provide insights into
how those with different memory spans learn to operate a new
tool, learn a new sport, or new musical instrument. Importantly,
our findings expand on past research by demonstrating that neural
efficiency in the motor system is not only modulated by learning
and expertise within a specific domain [8–19,55–58], but can be
modulated by individual differences in cognitive ability.

5. Conclusion

In summary, we found that cognitive ability, specific to working
memory span (operation span) can influence the neural efficiency
of mu-/beta-event related power over sensorimotor areas while
planning and maintaining a response during a novel motor task.
That is, the ability to plan an action and maintain an action plan, as
well as the ability to efficiently learn a novel, motor planning task,
can be influenced by one’s working memory ability. Thus, cogni-
tive ability alone can influence learning and maintenance of action
plans—at least for action plans corresponding to abstract stimuli.
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