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■ Holding biological motion (BM), the movements of animate

entities, in working memory ( WM) is important to our daily
social life. However, how BM is maintained in WM remains unknown. The current study investigated this issue and hypothesized that, analogous to BM perception, the human mirror
neuron system (MNS) is involved in rehearsing BM in WM. To
examine the MNS hypothesis of BM rehearsal, we used an EEG
index of mu suppression (8–12 Hz), which has been linked to
the MNS. Using a change detection task, we manipulated the
BM memory load in three experiments. We predicted that mu
suppression in the maintenance phase of WM would be modulated by the BM memory load; moreover, a negative correlation
between the number of BM stimuli in WM and the degree of

INTRODUCTION
Holding biological motion (BM), the movements of animate entities, in working memory (WM) is critical for coherent visual perception of dynamic actions, imitating the
actions of others and engaging in normal social interactions. However, the mechanisms for retaining BM in
WM remain largely unclear. Currently, it is known that
BM has a distinct storage buffer in WM from visual objects
and spatial locations, and only three to five BM stimuli can
be held in WM (Wood, 2007, 2011; Smyth & Pendleton,
1990; Smyth, Pearson, & Pendleton, 1988). Recent studies
have also begun to explore issues such as the relationship
between an agentʼs identity and BM (Poom, 2012; Wood,
2008) and the frame of reference for remembering BM
(Wood, 2010). Here, we investigated the mechanisms
involved in rehearsing BM in WM.
In contrast to our limited knowledge regarding the
mechanisms for BM in WM, there is a considerable amount
of research on BM processing in visual perception (for
reviews, see Troje, 2013; Pavlova, 2012; Thompson &
Parasuraman, 2012; Blake & Shiffrar, 2007; Puce & Perrett,
2003). Among these studies, one of the most striking
findings is that when an individual observes or imagines
another individual performing an action, a set of neurons
that encode that action are activated in the observerʼs
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mu suppression may emerge. The results of Experiment 1 were
in line with our predictions and revealed that mu suppression
increased as the memory load increased from two to four BM
stimuli; however, mu suppression then plateaued, as WM could
only hold, at most, four BM stimuli. Moreover, the predicted
negative correlation was observed. Corroborating the findings
of Experiment 1, Experiment 2 further demonstrated that once
participants used verbal codes to process the motion information, the mu suppression or modulation by memory load
vanished. Finally, Experiment 3 demonstrated that the findings
in Experiment 1 were not limited to one specific type of stimuli.
Together, these results provide evidence that the MNS underlies the process of rehearsing BM in WM. ■

cortical motor system (called the mirror neuron system,
MNS). Mirror neurons were initially found in the macaque
monkey, and these neurons fire when a monkey performs a particular goal-directed action or simply observes
another individual (monkey or human) performing an
action (Rizzolatti, Fadiga, Gallese, & Fogassi, 1996). Neurons with mirror-like properties are located primarily in
the ventral premotor cortex and around the anterior intraparietal sulcus of the macaque (di Pellegrino, Fadiga,
Fogassi, Gallese, & Rizzolatti, 1992; see Rizzolatti, Fogassi,
& Gallese, 2001, for a review). Recent evidence further
suggest the existence of such neurons in humans based
on fMRI (e.g., Gilaie-Dotan, Kanai, Bahrami, Rees, & Saygin,
2013; Gilaie-Dotan, Bentin, Harel, Rees, & Saygin, 2011;
Saygin, Wilson, Hagler, Bates, & Sereno, 2004), TMS
(e.g., van Kemenade, Muggleton, Walsh, & Saygin, 2012),
EEG (e.g., Singh, Pineda, & Cadenhead, 2011; Ulloa &
Pineda, 2007), and magnetoencephalography (MEG; e.g.,
Pavlova, Lutzenberger, Sokolov, & Birbaumer, 2004)
studies. If the human MNS is clinically damaged, BM
perception is considerably impaired, leading to serious
deficits in social cognition (e.g., Pavlova, 2012; Oberman,
Ramachandran, & Pineda, 2008; Saygin, 2007). Therefore,
it has been suggested that the MNS functions to conduct
an off-line internal simulation of BM during BM perception
or imagination (e.g., Oberman, Pineda, & Ramachandran,
2007; Rizzolatti et al., 2001; Gallese, Fadiga, Fogassi, &
Rizzolatti, 1996).
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Abstract

EXPERIMENT 1: MU SUPPRESSION
MODULATION BY MEMORY LOAD
Experiment 1 investigated whether the degree of mu suppression was modulated by the BM memory load. The
participants were required to remember two to five BM
stimuli while conducting a digit rehearsal task. Animated
rectangles were used as the control.
Methods

2013; Pavlova, 2012; Thompson & Parasuraman, 2012;
Blake & Shiffrar, 2007; Puce & Perrett, 2003). The PLDs
depict human activity through a simple set of light points
(e.g., 13 points). These lights are placed at distinct joints
of a moving human body. Although highly impoverished
(e.g., texture and form cues, per se, are absent), once in
motion, many aspects of human movement (e.g., gender,
performed actions) can be rapidly recognized in these
PLDs. Previous fMRI (e.g., Gilaie-Dotan et al., 2013), EEG
(e.g., Singh et al., 2011), MEG (e.g., Pavlova et al., 2004),
and TMS (e.g., van Kemenade et al., 2012) studies have
demonstrated that the perception of PLDs activates the
human MNS. For instance, Ulloa and Pineda (2007)
showed that mu rhythms recorded from central brain
sites (e.g., C3, CZ, and C4) were significantly suppressed
when participants observed PLDs, and this result has been
confirmed by other recent studies (e.g., Perry, Bentin, Bartal,
Lamm, & Decety, 2010; Perry, Bentin, Shalev, et al., 2010;
Perry, Troje, et al., 2010).
Seven PLDs from the Vanrie and Verfaillie (2004) database were selected as BM stimuli: cycling, jumping, painting, spading, walking, waving, and chopping (see Figure 1A).
As a control for establishing a mu activity baseline, we
created seven dynamic movements of a rectangle (nonBM; composed of 12 points), which were chosen because
PLDs in general exhibited a global appearance of a rectangle (see Figure 1B).
Every animation consisted of 30 distinct frames, and
each frame was displayed twice in succession, thus creating a 1-sec animation (refresh rate, 60 Hz). The displays
subtended a visual angle of approximately 1.64° × 1.64°
from a viewing distance of 60 cm. The stimuli were created
and presented via Matlab and Psychophysics Toolbox software (Brainard, 1997) on a gray (128, 128, 128, RGB values)
background on a 17-in. CRT monitor. Two to five distinct
stimuli were randomly presented during each trial. The
spatial locations of the stimuli were evenly distributed
on the periphery of an invisible circle with a radius of
4.88° from the screen center.

Participants
There were 32 (18 men) participants in Experiment 1. All
participants were from Zhejiang University and ranged in
age from 18 to 25 years. All participants reported normal
or corrected-to-normal visual acuity and had no history of
psychiatric or neurological disorders, as confirmed by a
screening interview. Individuals were paid for their participation. The study was approved by the Research Ethics
Board of Zhejiang University and the granting agency of
China.
Stimuli
To have strict control over the BM stimuli (e.g., Perry,
Troje, et al., 2010), we adopted point light displays
(PLDs; Johansson, 1973) as the stimuli of interest, which
have been extensively used in previous BM studies (Troje,

Design and Procedure
Previous WM studies, which demonstrated a WM capacity of three to four visual objects, revealed that the most
distinct difference in neural activity emerged between
loads 2 and 4 (e.g., Gao et al., 2009; Drew & Vogel, 2008;
Xu & Chun, 2006; Vogel, McCollough, & Machizawa, 2005;
Vogel & Machizawa, 2004). Moreover, a significant correlation is consistently observed between individual WM
capacity and the difference in neural activity between
loads 2 and 4 (e.g., Drew & Vogel, 2008; Vogel et al., 2005;
Vogel & Machiwaza, 2004). Using BM as the stimuli of interest, we also found that three to four BM stimuli could be
kept in WM (Shen, Gao, Ding, Zhou, & Huang, in press).
Consequently, we decided to use memory loads 2 and 4
as the main conditions of interest. Furthermore, to examine
the suppression changes across the different memory load
Gao, Bentin, and Shen
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Here, we hypothesized that the MNS also plays a critical role in the rehearsal of BM in WM. This hypothesis is
reasonable considering that recent behavioral and neuroimaging studies have consistently demonstrated that visual
perception and WM share similar processing mechanisms when processing the same information (e.g., Ester,
Serences, & Awh, 2009; Harrison & Tong, 2009). To examine the MNS hypothesis of BM rehearsal in WM, we
utilized an EEG index of mu suppression (8–12 Hz) recorded from central brain sites. Mu suppression has been
linked to the MNS and is thought to reflect event-related
EEG desynchronization induced by the enhancement
of neural activity in somato-motor regions and the pFC,
leading to asynchronous neural firing (Kuhlman, 1978).
Significant mu suppression has been consistently shown
in BM perception, action, and imagination (e.g., Singh
et al., 2011; Perry, Troje, & Bentin, 2010; Oberman &
Ramachandran, 2007; Ulloa & Pineda, 2007).
To test our hypothesis, we manipulated the BM memory
load in a change detection task, which is widely used for
addressing information maintenance in WM. We predicted
that mu suppression in the WM maintenance phase of the
change detection task would increase as the BM memory
load increased, but would stop increasing when WM
reached its capacity. We further predicted a negative correlation between the number of BM stimuli in WM and
the degree of mu suppression.

conditions, we also included memory loads 3 and 5 into the
test. Load 3 was within the WM capacity for BM, whereas
load 5 was beyond the capacity.
Each trial began by requiring the participants to covertly
rehearse three numerical digits throughout the trial (see
Figure 2) to prevent verbal coding of the stimuli (e.g.,
Vogel, Woodman, & Luck, 2001). The digits were presented in white in the center of the screen for 500 msec.
Then, a red fixation cross appeared for 300 msec to inform
the participants of the upcoming BM memory task. After a
blank interval of 150–350 msec, the memory array was presented for N (memory load of motions; either 2, 3, 4, or 5)
seconds to ensure participants had enough encoding time.
After a 1-sec blank interval, a red motion probe was presented for 1 sec in the center of the screen. When a red
question mark appeared on the screen, participants made
a button response to indicate whether the previous BM
had appeared in the memory array. After the button response or if no response was made within 3 sec, a blank

interval appeared for 100 msec followed by a digit judgment task, in which participants had 2 sec to make a button response indicating whether the red digit was one of
the digits they had seen at the beginning of the trial (see
Figure 2). All participants performed the task while seated
in a dark and sound-shielded room. Before starting the
task, participants were instructed to press “J” on the keyboard if they thought a BM stimulus or digit had appeared
in the memory array and “F” if it had not. Response accuracy was emphasized and analyzed.
The probed motion and the probed digit were changed
independently with a probability of 50%. When a change
occurred, a new BM stimulus or digit that was not used
in the memorized/rehearsed array was adopted as a probe.
A within-subject design was adopted with the set size
(2, 3, 4, or 5 movements) of the memory array and stimuli
type (BM vs. non-BM) as the within-subject factors. The BM
and non-BM stimuli were tested in two different blocks, the
orders of which were counterbalanced across participants.

Figure 2. A schematic
illustration of a single
trial in Experiment 1.
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Figure 1. Example frames for
BM stimuli (A) and rectangle
animations (B) used in
Experiments 1 and 2. For
each rectangle animation,
they started as a static dotted
rectangle. When a rectangle
began to move, the rectangle
did the following movements
(from left to right in turn; and
gray arrows in Figure 1B were
used to illustrate the moving
direction of the sides, which did
not appear in the experiment):
(1) The left and right sides
moved downward 60° relative
to their vertical position and returned back. (2) The left side moved upward 45° relative to its original position and returned, whereas the right
half-side moved upward 45° relative to its original position and returned. (3) The left and right half-sides moved downward 90° relative to their
original positions and returned, whereas the top side rotated around the middle dot once. (4) The top side moved upward 90° relative to its
horizontal position and returned. (5) The upper 50% of the rectangle rotated 90° clockwise relative to its vertical position, whereas the left bottom
half-side moved upward 90°. (6) The top side rotated 180° around the top-dot in the right side, whereas both the left and bottom sides moved
downward 90°. (7) The right side moved downward 45° and returned.

There were 72 trials in each set size condition, resulting in
288 randomly presented trials for each block. Each block
was divided into six sessions with a 5-min break in between
each session, lasting about 1 hr for a block. Before the
formal experiments, at least 16 practice trials were given
to ensure the participants understood the instructions.

EEG recordings were made at 62 scalp sites using Ag/
AgCl electrodes mounted on an elastic cap. All recordings
were made using a left mastoid reference, and then the
data were re-referenced off-line to the algebraic average of
the left and right mastoid voltages. Vertical and horizontal
EOGs were recorded using two pairs of electrodes. One
pair was placed above and below the left eye, and the other
pair was placed at the outer canthus of the two eyes. All
interelectrode impedances were maintained below 5 kΩ.
The EEG and EOG signals were amplified by a SynAmps 2
amplifier (Compumedics NeuroScan, Charlotte, NC) using
a 0.05- to 100-Hz band-pass filter and were continuously
sampled at 500 Hz/channel for off-line analysis.
Analyses of Behavioral and EEG Data
Because the digit task was used to prevent participants
from verbally coding the BM stimuli and participants performed this task close to ceiling levels, we analyzed the
behavioral and EEG data from the memory task regardless
of their accuracy on the digit task.
For the behavioral results, we first analyzed the accuracy
as a percentage. Then, we estimated the WM capacity of
BM and non-BM separately by adopting Cowanʼs formula,
K = S × (H − F), because a partial probe method was used
(Rouder, Morey, Morey, & Cowan, 2011). In this formula, K
is WM capacity, S is the number of displayed stimuli, H is
the hit rate, which refers to the successful detection of a
new stimulus, and F is the false alarm rate, which refers
to an incorrect response. We calculated K for each set size
in each participant and set the largest K value (K-max) as
the estimated capacity of WM for each participant.1
As for the EEG analysis, we used a combination of
Neuroscan software, Fieldtrip toolbox (Oostenveld, Fries,
Maris, & Schoffelen, 2011), and EEGLAB toolbox (Delorme
& Makeig, 2004). The data were first preprocessed by correcting the EOG artifacts including blinks by using a regression procedure (Semlitsch, Anderer, Schuster, & Presslich,
1986). Remaining artifacts exceeding ±75 μV in amplitude
at central (C3, Cz, and C4) and occipital (O1, OZ, and O2)
sites were rejected from further analysis. The data were
then segmented into 1-sec epochs ranging from the offset
of the memory array to the onset of the probe for all conditions, which corresponded to the maintenance phase
of WM.2 For each segment, the integrated power in the
8–12 Hz range was computed using a fast Fourier transform (FFT) based on 500 data points per segment, using
a Hanning window. Following previous studies (e.g., Perry,

Results
Behavioral Results
The ANOVA on accuracy (Figure 3A) revealed a significant
main effect of Set size [F(3, 93) = 117.85, p < .001, η2p =
0.79], suggesting that the performance declined as the
memory load increased. Post hoc contrasts revealed that
the difference between each pair was significant ( ps <
.01; Bonferroni-corrected). The main effect of Stimulus
type was also significant [F(1, 31) = 18.93, p < .001,
η2p = 0.38], indicating that accuracy was higher for BM
(86%) than for non-BM (81%) stimuli. Finally, a significant interaction between Set size and Stimulus type was
revealed [F(4, 93) = 4.01, p = .01, η2p = 0.12]. Further
post hoc analysis revealed the accuracy was significantly
higher for BM than for non-BM in all four load conditions
( ps < .01).
The capacity estimate (K-max) for BM stimuli was 3.42,
and the K-max for the rectangle animations was 2.78.
Gao, Bentin, and Shen
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Electrophysiological Recording

Troje, et al., 2010; Oberman et al., 2007; Pineda &
Oberman, 2006), a mu/alpha suppression index was calculated as the logarithm of the ratio of the power of the
BM condition relative to the power of the non-BM condition at the same memory load level. A negative log ratio
indicated suppression in the EEG amplitude, whereas a
positive ratio indicated enhancement. The mu suppression at sites C3, Cz, and C4, and the alpha suppression at
sites O1, Oz, and O2 were analyzed.
A repeated-measures ANOVA with Set size and Stimulus
type as the within-subject factors was conducted on the
participantsʼ performance accuracy for each experiment.
Two separate ANOVAs with Set size as the within-subject
factor were conducted on mu suppression and alpha suppression, because they are suggested to have distinct cognitive meanings (e.g., Klimesch, 2012; Perry, Stein, &
Bentin, 2011). For factors with more than two levels, the
degrees of freedom were corrected when necessary using
the Greenhouse–Geisser epsilon. Significant main effects
and interactions were followed by post hoc contrasts or
by subsequent dependent t tests for each level of the
memory load condition.
In addition, because loads 2 and 4 were our main conditions of interest (see the first paragraph in the Design
and Procedure section for details), we conducted two
additional planned analyses between loads 2 and 4, regardless of the ANOVA analysis on mu suppression. First, we
compared the mu/alpha suppression between loads 2
and 4 by running a paired t test. Second, we calculated
Pearson correlations between the WM capacity (K-max)
of each participant and the mu difference between loads
4 and 2, which could help us further illustrate the difference between loads 2 and 4 and understand the role of
mu in the rehearsal of BM stimuli. The correlation was estimated using the capacity estimates (K-max) of BM and
non-BM stimuli, separately.

EEG Results
As shown in Figure 3B, mu suppression (calculated as
the log [BM power/control power]) at central brain sites
increased as the memory load increased, but leveled off
when participants had to remember four BM stimuli.
Moreover, similar to previous studies on WM capacity
(e.g., Xu & Chun, 2006; Vogel & Machizawa, 2004), the
mu suppression was weaker for load 5 than for load 4.
However, the occipital alpha suppression (calculated as
the log [BM power/control power]) did not exhibit such
a pattern.
The ANOVA on mu suppression did not reveal a significant main effect of Memory load [F(3, 93) = 2.03,
p = .12, η2p = 0.06]. However, in line with previous WM
studies (e.g., Drew & Vogel, 2008; Vogel & Machiwaza,
2004), our planned paired t test revealed a significant difference between loads 2 and 4 [t(31) = 2.61, p < .025,
Cohenʼs d = 0.37]. Neither the main effect of Memory
load [F(3, 93) = 1.95, p = .13, η2p = 0.06] nor the difference
between loads 2 and 4 [t(31) = 0.91, p = .37, Cohenʼs
d = 0.11] reached significance for the occipital alpha
suppression.
We further calculated the Pearson correlation (r) between individual WM capacities and the differences in

mu suppression between loads 4 and 2 (e.g., Drew &
Vogel, 2008; Vogel & Machiwaza, 2004). We found that
the difference in mu suppression increased as the number
of BM stimuli stored in WM increased (r = −.35, p < .05;
Figure 4A). However, this negative correlation vanished
when using the WM capacity estimates of rectangle animations (r = .03, p > .1; Figure 4B).

Discussion
Congruent with previous behavioral studies (e.g., Wood,
2007, 2011; Smyth & Pendleton, 1990; Smyth et al., 1988),
the current behavioral results suggest that the participants
could remember three to four BM stimuli, at most. More
importantly, the mu suppression results revealed a pattern
that supported the behavioral findings, in that the mu
suppression rose as the memory load increased, and
stopped rising after more than four BM stimuli were presented (paired t test between loads 4 and 5: t(31) =
−0.67, p = .51, Cohenʼs d = 0.09). Although the main effect of memory load did not reach significance, perhaps
because differences in task difficulty weakened the mu
suppression, our planned contrast revealed considerably
stronger mu suppression at load 4 than at load 2. This

Figure 4. The Pearson
correlations (r) between
WM capacity (K-max) of the
memorized stimuli and the
difference in mu suppression
(load 4 − load 2) for (A) BM
and (B) rectangle animation.
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Figure 3. Results of
Experiment 1. (A) Analysis of
behavioral data. (B) Analysis
of EEG recordings showed
a significant difference in
mu suppression (central;
calculated as log [BM power/
control power]) between
loads 2 and 4 (gray circles;
p < .05). Error bars indicate
standard error.

EXPERIMENT 2: MU SUPPRESSION
MODULATION WITHOUT REHEARSAL
Experiment 2 examined whether the participants indeed rehearsed BM stimuli in WM via the MNS. If true,
then the significant difference between loads 2 and 4 in
Experiment 1 would be eliminated in the absence of
MNS rehearsal. Our initial pilot experiment revealed
that without the verbal task, participants tended to verbally code the BM stimuli (Z. Gao, unpublished observations). Consequently, we removed the digit rehearsal
task in Experiment 2 and predicted that the significant
difference between loads 2 and 4 in Experiment 1 would
vanish.

Methods
There were 32 (17 men) new participants in Experiment 2.
The digit rehearsal task was removed from the procedure.
Participants had to memorize either two or four stimuli
in each trial. There were 108 trials in each set size condition (2 vs. 4 motions), resulting in 216 randomly presented
trials for each motion block (BM vs. non-BM). Each block
lasted about 45 min. The other aspects were the same as
Experiment 1.

Results
Behavioral Results
The ANOVA on accuracy (see Figure 5A) revealed a significant main effect of Set size [F(3, 31) = 158.06, p < .001,
η2p = 0.84], suggesting that the accuracy was significantly
higher at load 2 than at load 4. Similarly, the main effect
of Stimulus type was significant [F(1, 31) = 19.01, p <
.001, η2p = 0.38], indicating that the accuracy was higher
for BM (91%) than for control motion (85%) stimuli. Finally, a significant interaction between Set size and Stimulus type was revealed [F(1, 31) = 23.86, p < .001, η2p =
0.44]. Further analysis revealed that the accuracy was significantly higher for BM than for non-BM in both load
conditions ( ps < .05).

Figure 5. Results of
Experiment 2. (A) Analysis of
behavioral data. (B) Analysis
of EEG recordings showed
no suppression (calculated
as log [BM power/control
power]) of either central mu
or occipital alpha. Error bars
indicate standard error.

Gao, Bentin, and Shen
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finding is meaningful for two reasons. First, it is in line
with previous studies showing that the greatest difference
usually occurs between loads 2 and 4 (e.g., Gao et al., 2009;
Drew & Vogel, 2008; Vogel & Machiwaza, 2004). Second,
a significant correlation was identified between individual WM capacity and the corresponding mu difference
between loads 2 and 4.
It could be argued that the current finding on mu suppression does not reflect rehearsal mechanisms because
the 8–12 Hz suppression in nature develops over time
(referred to here as the natural increase explanation). In
other words, the current results were contaminated by
the exposure time of the memory array. We agree that
the mu suppression developed over time during the encoding phase (see footnote 1) of WM because participants
had to encode the motion stimuli into WM in sequence
during the encoding phase. However, our MNS hypothesis
was different from the natural increase explanation, in
that it predicted that, once the WM reached capacity, the
mu suppression would stop increasing. In contrast, the
natural increase explanation predicted that the mu suppression would increase as the memory load or exposure
time increased regardless of WM capacity. In addition, the
natural increase explanation did not have any specific predictions regarding the relationship between individual WM
capacity and the differences in mu suppression between
loads 2 and 4 (see Experiments 1 and 3). Therefore, the
natural increase explanation does not describe the current
results.
However, although the results of Experiment 1 dovetailed well with our prediction, the nonsignificant main
effect of memory load on mu suppression raised questions
regarding the solidity of the conclusion. To this end, we
ran two additional experiments to examine whether
the statistical difference between loads 2 and 4 indeed
reflected rehearsal mechanisms for BM stimuli in WM.
Experiment 2 investigated whether the significant difference between loads 2 and 4 would be eliminated in the
absence of MNS rehearsal. Experiment 3 attempted to
replicate the core findings of Experiment 1 by adopting
a new set of control stimuli, with whom the task difficulty
of the two change detection tasks was comparable.

Figure 6. The Pearson
correlations (r) between
WM capacity (K-max) of the
memorized stimuli and the
difference in mu suppression
(load 4 − load 2) for (A) BM
and (B) rectangle animation.

EEG Results
As demonstrated in Figure 5B, instead of being suppressed,
the mu rhythm was enhanced, and this enhancement was
not modulated by the memory load [F(1, 31) = 0.02, p =
.89, η2p = 0.001]. In addition, although the alpha rhythm
exhibited a slight enhancement from load 2 to 4, in line
with the results of Experiment 1, it did not reach significance [F(1, 31) = 0.85, p = .36, η2p = 0.03].
The Pearson correlation (r) between individual WM
capacities and the mu-suppression differences between
loads 4 and 2 did not reach significance for either the
BM stimuli (r = .26, p > .1; Figure 6A) or rectangle animations (r = .03, p > .1; Figure 6B).
Discussion
Supporting our prediction, we found that both the mu
suppression and the difference between loads 2 and 4
vanished after removing the digit rehearsal task, and
there was no significant correlation between the mu suppression differences and the number of BM stimuli in WM.
These results were in line with our pilot observation, suggesting that participants did not rehearse BM via the MNS
but may have used verbal coding instead. In addition, because the BM stimuli depicted common daily activities,
whereas the rectangle animations were novel to the participants, the task difficulty was lower for the BM condition
relative to the non-BM condition. Confirming this explanation, the alpha rhythm showed clear enhancement.

EXPERIMENT 3: MU SUPPRESSION
MODULATION BY MEMORY LOAD:
A DIFFERENT CONTROL
Experiment 3 was designed to examine whether the core
findings of Experiment 1 could be generalized to other
204
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types of control stimuli, while balancing the task difficulty.
Particularly, we replaced the rectangle animations from
Experiment 1 with circle animations, which have been used
in previous mu studies (e.g., Perry, Bentin, Bartal, et al.,
2010; Perry, Bentin, Shalev, et al., 2010; Perry, Troje,
et al., 2010). The participants were required to remember
two or four stimuli.

Methods
There were 18 (12 men) participants in Experiment 3.
Two participants were removed from analysis because
of poor EEG waveforms. Distinct animations of a circle
were created as the control motions. The circle animations were composed of 13 points, which were evenly
distributed around the periphery of an invisible circle
with a radius of 1.15°. The circle could inflate, shrink,
move down, move up, roll left, or roll right.
Participants had to memorize either two or four stimuli
in each trial. There were 72 trials for each set size (2 vs.
4 motions), resulting in 144 randomly presented trials
in each motion block (BM vs. non-BM). Each block was
divided into four sessions with a 5-min break in between
and could be completed in about 40 min. The other
aspects were the same as Experiment 1.

Results
Behavioral Results
The ANOVA on accuracy (see Figure 7A) revealed a significant main effect of Set size [F(1, 15) = 54.28, p < .001,
η2p = 0.78], indicating that the accuracy was significantly
lower at load 4 than at load 2. Neither the main effect of
Stimulus type [F(1, 15) = 0.12, p = .12, η2p = 0.08] nor
the Set Size × Stimulus Type interaction [F(1, 15) =
2.50, p = .14, η2p = 0.14] reached significance, suggesting
that the accuracies for BM and circle animations were
comparable.
The capacity estimate (K-max) for BM stimuli was 2.76,
and the K-max for the circle animations was 2.81.
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The capacity estimate (K-max) for BM stimuli was 3.01,
and the K-max for the rectangle animations was 2.39.

EEG Results
The ANOVA on mu suppression (Figure 7B) revealed a
significant main effect of Memory load [F(1, 15) = 12.82,
p < .01, η2p = 0.56]. However, no significant difference
in alpha suppression (Figure 7B) was revealed [F(1, 15) =
0.09, p = .77, η2p = 0.006].
Similar to Experiment 1, we further calculated the
Pearson correlation between individual WM capacities
and the differences in mu suppression between loads 4
and 2. We found a significant negative Pearson correlation between the difference in mu suppression and the
number of BM stimuli stored in WM (r = −.56, p <
.05; Figure 8A); however, there was no such relationship
for circle animations (r = .02, p > .10; Figure 8B).

Discussion
Using a new set of control stimuli and balancing the tasking difficulty, Experiment 3 replicated the core findings of
Experiment 1. We found significantly larger mu suppression for four BM stimuli relative to two BM stimuli, and a
significant negative correlation between the difference in
mu suppression and the number of BM stimuli in WM.

These results provide further evidence supporting the
MNS hypothesis of BM in WM.

GENERAL DISCUSSION
To our knowledge, this is the first study to explore the
mechanisms underlying the rehearsal of BM in WM. We
hypothesized that, akin to the perceptual processing of
BM stimuli, the MNS may also be involved in rehearsing
BM in WM. Therefore, we focused on an EEG index of
mu suppression, which is thought to be related to action
simulation in the human MNS (Perry & Bentin, 2009;
Oberman et al., 2007; Ulloa & Pineda, 2007; Pineda,
2005). The MNS hypothesis of BM rehearsal in WM received consistent support from all three of our experiments. Specifically, mu suppression was significantly
modulated by the memory load of BM stimuli (Experiments 1 and 3). This suppression reached a plateau at
four BM stimuli, which is consistent with the behavioral
data showing that three to four BM stimuli could be retained in WM, at most. Moreover, once the digit recall
task was removed and participants verbally coded the
BM stimuli, no mu suppression was observed (Experiment 2). Finally, and most importantly, the degree of

Figure 8. The Pearson
correlations (r) between
WM capacity (K-max) of the
memorized stimuli and the
difference in mu suppression
(load 4 − load 2) for (A) BM
and (B) circle animation.
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Figure 7. Results of
Experiment 3. (A) Analysis of
behavioral data. (B) Analysis
of EEG recordings showed
significantly greater mu (central;
calculated as log [BM power/
control power]) suppression in
load 4 compared with load 2
( p < .05). Error bars indicate
standard error.
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All previous studies have addressed the storage capacity of
BM via behavioral methods; hence, the results may be
affected by other factors such as task difficulty in the comparison phase of a WM task3 (e.g., Awh, Barton, & Vogel,
2007). By investigating mu suppression, we were able to
examine the maintenance phase of WM directly. Second,
we reveal that BM perception as well as holding BM in
WM modulates mu suppression, suggesting that the MNS
is involved in internally simulating the BM regardless of
processing stage. Third, the current study demonstrates
for the first time that the mu suppression evoked by BM
is significantly correlated with the behavioral performance
of participants on a cognitive task. This finding is consistent
with a recent study suggesting that BM processing has two
distinct components: social cognition and motor imagery
(Miller & Saygin, 2013). Another study, from a social cognition perspective, has shown that mu suppression is
significantly correlated with empathy scores (Perry, Troje,
et al., 2010). Our study adds further evidence from a motor
imagery perspective, suggesting that the memorized BM
stimuli are internally simulated via the MNS.
Beyond the contribution to BM processing, our study
extends the current knowledge of the mu rhythm. For
instance, we have shown for the first time that mu suppression can be observed during the maintenance phase
of a WM task. Since the seminal discovery of mirror neurons in monkeys (e.g., Rizzolatti et al., 1996; di Pellegrino
et al., 1992), the search for an analogous MNS in humans
has become an important topic in both motor cognition
and social cognition (e.g., Oosterhof, Tipper, & Downing,
2013; Molenberghs, Cunnington, & Mattingley, 2009;
Rizzolatti & Craighero, 2004; see Iacoboni & Mazziotta,
2007, for a review). To explore this topic, it is important
to take advantage of various neuroimaging techniques,
including EEG. On the basis of the elegant and careful
investigations of the recent decade, researchers now consider mu suppression to be a manifestation of the MNS
(e.g., Perry & Bentin, 2009; Oberman et al., 2007; Ulloa
& Pineda, 2007; Pineda, 2005). In previous studies, the
participants perceived, executed, or imagined actions,
for instance, watching or performing a glass-grasping action; however, no study has examined whether mu suppression could be evoked in a higher-level task such as
memory. The current study provides clear evidence that
mu suppression and modulation can be observed during
a WM task. Therefore, we suggest that mu suppression
can be used as a sensitive and useful index for exploring
the memorization of BM information in future studies.
Additionally, the current study provides further evidence that the functions of central mu and occipital alpha
rhythms are dissociable (e.g., Perry et al., 2011; Pineda,
2005; Pfurtscheller, Stancak, & Neuper, 1996). This is in
contrast to many previous studies showing similar degrees or trends of suppression between the two rhythms
(e.g., Perry, Bentin, Bartal, et al., 2010; Perry, Bentin,
Shalev, et al., 2010; Perry, Troje, et al., 2010). Here, we
found a larger degree of suppression for mu compared
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mu suppression was significantly correlated with the number of BM stimuli, but not with the number of non-BM
stimuli in WM (Experiments 1 and 3), and this correlation
was not restricted to one specific type of control motion.
The current study is the first to provide direct evidence
that the MNS is involved in BM rehearsal in WM. Previous
studies have demonstrated that imagining an action can
evoke activation of the MNS (see Grezes & Decety, 2001,
for a meta-analysis; Neuper, Scherer, Wriessnegger, &
Pfurtscheller, 2009; Pfurtscheller, Brunner, Schlogl, &
Lopes da Silva, 2006; Pineda, Allison, & Vankov, 2000).
This implies that the MNS may play a role during WM processes because imagining an action, at least partially,
requires the involvement of WM. However, it remains
unknown whether the MNS is involved in rehearsing BM
stimuli in WM. In addition, the “theory of event coding”
(TEC) proposes that perception and action share common
representations (Hommel, Musseler, Aschersleben, &
Prinz, 2001; see Prinz, 1997, for a similar claim), which
are suggested to be fulfilled by the MNS ( Jeannerod,
2001). This theory predicts that the same mental representations are employed when perceiving/memorizing an
action as when executing the same action. Although there
has been ample evidence supporting the shared representation between perceiving and executing an action, to our
knowledge, no study has examined whether perceiving
and memorizing an action obeys the same rule. The current study closes this gap by demonstrating clear-cut evidence that the MNS, as indexed by mu suppression, plays
a critical role in BM maintenance, and hence confirms the
prediction of the TEC.
Congruent with the TEC, the current study adds to the
accumulated evidence that visual perception and visual
WM share similar processing mechanisms (e.g., Gao,
Gao, Li, Sun, & Shen, 2011; Gao, Li, Yin, & Shen, 2010;
Ester et al., 2009; Harrison & Tong, 2009). These previous
WM studies used static and simple stimuli (e.g., orientated
Gabor patches), which require low-level processing in the
visual cortex. The results of these studies revealed, for
instance, that brain regions in charge of processing orientation perception are also involved in holding orientation
in WM (e.g., Ester et al., 2009; Harrison & Tong, 2009).
Here, we used PLDs, which are animated sets of dots that
form a compelling impression of a human action. Such
stimuli are far more complex than the stimuli used in
previous WM studies, and they convey social information.
Furthermore, these complex stimuli are processed by
high-level visual cortices such as the STS and premotor cortex (e.g., Saygin et al., 2004; Puce & Perrett, 2003). However, we found that BM perception and memorization
share similar processing mechanisms.
This study also adds several new aspects to the understanding of BM. For one, we provide the first neuroimaging
evidence confirming that only a limited set of BM stimuli
can be held in WM (i.e., three to four BM stimuli at most;
for behavioral results, see Shen et al., in press; Wood, 2007,
2011; Smyth & Pendleton, 1989, 1990; Smyth et al., 1988).
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Notes
1. Wood (2007) estimated the WM capacity of BM by averaging K values when participants had to remember four and five
stimuli. However, because K often decreased in conditions
where the set size exceeded an individualʼs WM capacity, to in-

crease the accuracy of our capacity estimate compared with that
by Wood (2007), we used the maximum K (K-max) among the
four load conditions as an individualʼs WM capacity (e.g., Curby
& Gauthier, 2007).
2. To ensure the participants had enough encoding time, the
exposure time of the memory array increased as the number of
to-be-remembered stimuli increased (see the Methods section
for details). This setting led certain information to be stored in
WM during the encoding phase, particularly during conditions
with larger set sizes. However, because we focused on the
rehearsal mechanism after all information was encoded into
WM and the different exposure times may have affected the
potential mu/alpha suppression in the encoding phase, we did
not conduct further analysis on the encoding phase.
3. Related, although we found that the WM capacity was lower
for rectangle animations than for BM stimuli in Experiments 1 and
2, we could not conclude that fewer rectangle animations were
remembered relative to BM stimuli. Instead, we argue that similar
to the BM stimuli, three to four rectangle animation stimuli were
also encoded into WM. The underestimated capacity for non-BM
stimuli was largely because the rectangle animations were
meaningless and novel to the participants (e.g., Awh et al.,
2007), leading to a higher comparison difficulty relative to the
BM condition.
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