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BETA FUNCTIONAL CONNECTIVITY MODULATION DURING THE MAINTENANCE
OF MOTION INFORMATION IN WORKING MEMORY:
IMPORTANCE OF THE FAMILIARITY OF THE VISUAL CONTEXT
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Abstract—The purpose of this study was to examine whether
mechanisms, involved during the maintenance of familiar movement
information in memory, were influenced by the degree of familiarity of
the display in which the movements were embedded. Twelve gymnasts
who possessed high visual and motor familiarity with the movements
employed in this study, were recruited. They were invited to retain for a
short period of time familiar movements viewed previously and
presented under different displays with the aim of recognizing them at
a later stage. The first display was a realistic, familiar display which
presented videos of movements. The second display was an unfamiliar
impoverished display never experienced in every day life which showed
point-light movements. Activity during the maintenance period was
considered in five frequency bands (4-8Hz, 8—-10Hz, 10-13Hz, 13—20Hz,
20-30Hz) using a non-linear measure of functional connectivity. The
results in the 13-20Hz frequency band showed that functional
connectivity was greater within the frontal and right temporal areas
during the unfamiliar display (i.e., point-light maintenance condition)
compared to the familiar display (i.e., video maintenance condition).
Differences in functional connectivity between the two maintenance
conditions in the beta frequency band are mainly discussed in the light
of the process of anticipation. Subjects’ perception of the expected
difficulty of the upcoming recognition task is discussed. 2012 IBRO.
Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

In everyday life, humans have to actively hold information active
in memory for short periods of time in order to subsequently
perform motor or cognitive tasks successfully.

Mechanisms underlying the active maintenance of
information in working memory have been extensively
investigated in the scientific literature and many research
groups have used the multiple-component model of working
memory developed by Baddeley and Hitch (1974) and Baddeley
(1986, 2000, 2010) to direct their studies and support and
explain findings. To examine these mechanisms, different
techniques including functional magnetic resonance imaging
(fMRI; Postle et al., 2000; Pochon et al., 2001; Sakai et al., 2002;
Fiehler et al., 2008) or
electroencephalography/magnetoencephalography (EEG;
Sarthein et al., 1998; Tallon-Baudry et al., 1998, 1999; Stam et
al.,, 2002; Hwang et al., 2005; Sauseng et al., 2005; MEG;
Altamura et al., 2010) and different paradigms such as recall or
Sternberg tasks (recall tasks; Sarthein et al., 1998; Stam et al.,
2002; Sternberg tasks; Tallon-Baudry et al., 1998, 1999; Hwang
et al., 2005; Sauseng et al., 2005; Altamura et al., 2010) have
been employed. In all the aforementioned studies, the stimuli
used only included still images (e.g., letters, digits, words,
smooth shapes, pictures, matrixes containing coloured targets,
and spatial locations). Dynamic displays, such as biological
movements, have scarcely been employed in working memory
studies.

To our knowledge, two studies have presented hand/ finger
movements to examine the mechanisms to hold movement
information active in memory after a kinaesthetic stimulus
presentation (Fiehler et al.,, 2008) and a visual stimulus
presentation (Calmels et al., 2011). Using fMRI, Fiehler et al.
(2008) examined the cortical regions involved when subjects
kept in memory for short periods of time hand movement
information in order to accomplish a recognition task at a later
stage. In their study, movement information was exclusively
kinaesthetic and visual input was systematically suppressed.
Subjects were blindfolded and movement recognition was
completed on a kinaesthetic basis. Results revealed that anterior
intraparietal sulcus and adjacent areas were involved in the
maintenance of kinaesthetic information. Calmels et al. (2011)

investigated, via EEG, the functional connectivity among
professional pianists and musically nai“ve subjects who were
instructed to remember sequential finger movements viewed
previously with the aim of either replicating them or recognizing
them subsequently. The results showed that in the beta
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frequency band and in musically nai"ve subjects, functional
connectivity was greater within the occipital, parietal, central,
frontal, right and left temporal areas when the subjects were
invited to remember the observed movement in order to
replicate it compared to the recognition condition in which they
had to recognize it. In addition, under the condition for replica,
functional connectivity in professional pianists was weaker in
the central area compared to musically nai“ve subjects.

It would be of interest to consider the mechanisms of
movement information maintenance in working memory after
the presentation of visual dynamic stimuli in a Sternberg task.
More specifically, the maintenance mechanisms enrolled in
response to different visual stimuli depicting highly familiar
biological movements warrant further attention since this topic
has not been addressed in the literature. In the current study,
different visual stimuli depicting familiar biological movements
were presented. These stimuli were different with respect to
their degree of familiarity. The first kind of visual stimulus was
presented via videos of “‘real” movements and emanated from
a realistic, ecological display. It contained large amounts of
structural and contextual information (i.e., form, shape, colour,
texture). The second one was devoid of this type of information
and was displayed using the technique of point-light displays
pioneered by Johansson (1973). This display was an unfamiliar
impoverished display never experienced in every day life.
Subjects were selected from among a population of expert
female gymnasts who were visually and motorically highly
familiarized with the movements employed in the experimental
procedure. This recruitment procedure guaranteed that the
factor which has been manipulated in the present study was the
display (unfamiliar vs familiar). The investigation of cortical
mechanisms, in particular levels of synchronization between
different brain areas, was performed using the phase lag index
(PLI). PLI is a marker of functional connectivity which is invariant
against the presence of common sources (volume conduction
and active reference electrodes) (Stam et al., 2007).

It was hypothesized that maintenance of familiar movement
information in working memory was influenced by the degree of
familiarity of the display in which this movement was
embedded. Mechanisms to maintain temporarily in memory
motion information presented via point-light displays may
require a greater treatment cost, reflected by a greater
functional connectivity, in comparison to motion information
presented via videos of “real’” motions. Extra processing may be
required to process point-light displays since individuals are not
used to experiencing these artificial and impoverished displays
in the daily life. Functional connectivity differences are expected
to occur in the beta frequency band since beta oscillations are
recognized as being linked to the retention of information
(Tallon-Baudry et al., 1998, 1999, 2001; Hwang et al., 2005;
Leiberg et al., 2006; Pesonen et al., 2007; Altamura et al., 2010;
Calmels et al., 2011). More specifically, beta activity is related to
the activity of subvocal rehearsal during the maintenance of
information in the working memory (Hwang et al., 2005) but also
to the process of (mental) imagery (Tallon-Baudry et al., 1998,
1999, 2001). It has also been demonstrated that beta rhythm is
at play during imagery of motor activity. It is desynchronized
over the sensorimotor cortical areas (Pfurstcheller and Neuper,
1997; Pfurtcheller et al., 1997; Neuper and Pfurtscheller, 1999;
McFarland et al., 2000).

METHOD
Subjects

Fifteen French female expert gymnasts, who had normal vision
and no past neurological or psychiatric history, participated
voluntarily in the study. Subjects were not carrying any injury at
the time of the study. Information on the aims of the
investigation was not provided. To guarantee that the subjects
possessed motor and visual familiarity of the movements
employed in the study, they were invited to evaluate on a Likert-
scale, graded from 0 to 10 (“0” never and ““10” very often), how
often they saw the movements and how often they performed
the movements. Gymnasts who scored below ‘8" were
discarded from the study. After assessment using the Edinburgh
Handedness Inventory (Oldfield, 1971), all subjects were classed
as right handed. Participants gave their written informed
consent. For subjects who were under the age of 18, parental or
guardian consent was also obtained. Approval for the study was
obtained by the local ethics committee (Comite” de Protection
des Personnes d’lle de France VI, CPP and the Agence

Franc, aise de Se’ curite’ Sanitaire des Produits de Sante’ ,
AFSSAPS, ID RCB: 2009-A00934-53).

Three subjects were additionally discarded from the study
due to high electrode impedance values and noisy EEG
waveforms. Thus, data from the twelve remaining subjects
(mean age =21, SD = 4.1) were considered.

Task and production of videos

An international female gymnast performed 30 direct series of
four acrobatic movements. This gymnast did not participate in
the present study. The movements were performed with or
without flight phase in the forward, sideward, or backward
movement. The series were matched according to difficulty and
were selected among a panel of 80 possible direct connections
of four acrobatic movements. Connections considered as easy
to remember (i.e., score assessment of 1, 2, or 3 on a 5 point-
Likert scale by two national standard judges) were excluded.
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The international gymnast was filmed in a gymnasium on the
floor area performing the 30 direct connections. The gymnast
performed all the connections at a similar angle relative to the
camera. In the first case, a digital camera was used to record 30
ten second-colour videos. In the second case, 10s point-light
displays were generated for the same series using the
optoelectronic Vicon 612 system. Eight infrared cameras
(Charge Coupled Device) registered the spatiotemporal
positions of 32 retroreflective markers at a sampling rate of 120
Hz. These were located at the conventional standardized marker

computation of functional connectivity via the PLI was more elaborated
compared to the computation employed in the former paper (i.e.,
synchronization likelihood, SL). Indeed, PLI is less sensitive to the
influence of common sources (volume conduction and/or active
reference electrodes) than SL (Stam et al., 2007). To sum up, the
investigated mechanisms, areas of  interest, frequency
bands,andcalculationoffunctionalconnectivity were different between
the two studies.

EEG recording
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Fig. 1. Schema for one trial according to maintenance conditions used by Hars et al. (2011).

set (Plug-In-Gait markers, Vicon Motion Systems). Two
categories of stimuli were obtained. The first one took into
account the colour, shape, shading, and contours of the
acrobatic movements (i.e., video motion) while the second was
greatly simplified and characterized the movements by dots of
light (i.e., point-light motion) (see Fig. 1). The point-lights were
displayed in a white against black background.

EXPERIMENTAL PROCEDURE

All experiments conformed to a named local as well as International
Guidelines on the ethical use of animals and that all efforts were made
to minimise the number of animals used and their suffering. The
experimental procedure comprised two parts: an EEG recording and an
interview. The first part of the experimental procedure in the present
study has been described in a previous paper (Hars et al., 2011). More
accurately, the current paper reports additional analysis of EEG data
collected previously. In the earlier paper, the authors examined the
cortical mechanisms during observation whereas in the present paper,
mechanisms after the observation, namely during the retention stage,
were investigated. Because
observationandretentionaretwodifferentprocesseswhichinvolve

differentcortical areas andoscillations, theareas ofinterest andthe
frequency bands examined in the present and the former study are
different. Motor related areas, temporal and occipito-parietal areas
were considered in the earlier study whereas frontal, temporal, central,
parietal, and occipital areas were investigated in the present paper.
Theta and alpha frequency bands were considered in the former study
and beta was investigated in the current paper. Moreover, here,

! For interpretation of colour in Fig. 1, the reader is referred to the web version of this

article.

During the EEG recording, the subjects sat in a darkened room with their
pronated forearms lying on armrests. They were examined in three
conditions: (i) a control condition, (ii) a video motion maintenance
condition, and (iii) a point-light motion maintenance condition. EEG
measures were recorded during all three conditions.

Control condition. The control condition was always presented first
and each visualization lasted 60s. In this condition, the subjects observed
passively an amber screen.

Video motion maintenance condition. The video motion maintenance
condition comprised 30 individual trials each lasting 35s. Each trial
included five stages projected via a video display. Three screen colours
(blue, amber, and red?) helped the subject follow the procedure (see Fig.
1). In stage 1 (blue screen, duration 4s), the subject was instructed to
observe a series of four acrobatic movements with the aim of recognizing
them subsequently. In stage 2 (duration 10s), the subject viewed the
video motion of the series of four acrobatic movements (i.e., cue
stimulus). After the video motion observation, the subject was asked to
stay focused for 5s (stage 3, amber screen) before completing the
recognition task. In stage 4 (duration 10s), a second video motion of a
series of four acrobatic movements (i.e., probe stimulus) was presented
and the subject had to decide whether this series was similar or
dissimilar to the one viewed in stage 2 (i.e., cue stimulus). Two series
were defined as dissimilar when there was one different acrobatic
movement between the two series. This difference occurred either in the
middle or at the end of the series. A total of 50% of the series were
similar. Clenching or not clenching of the fist by the subject was used to
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indicate the response in stage 5 (red screen, 6s). In this final stage, the
subject was encouraged to relax and to blink the eyes if necessary.

Point-light motion maintenance condition. In the point-light motion
maintenance condition, the 30 trials were performed in a similar manner
to those used in the video motion maintenance condition. In contrast,
stages 2 and 4 were modified. While the subjects observed the same set
of series of four acrobatic movements displayed in the video motion
maintenance condition, the display under the point-light motion
maintenance condition was impoverished and characterized by dots of
light (see Fig. 1). As previously mentioned, 50% of the series were similar.

A photoresistive diode that responded to the screen colour change
was used to synchronize the EEG signal and the videos. Before providing
the subjects with the instructions related to the experiment, the control
condition was presented to them. This was followed by an explanation
of the experiment and a 10 min-period during which the subjects had an
opportunity to familiarize themselves with the tasks to be performed.
The 60 trials (30 trials for the video motion maintenance condition and
30 trials for the point-light motion maintenance condition) were
randomized and distributed at random in four 8min 45s blocks. Each
block was thus composed of 15 trials stemming from the two
maintenance conditions and separated by a five minute rest period. The
experimenter monitored the correctness of the answers provided in the
two maintenance conditions for recognition. Incorrect answers were
discarded.

Interview

After the EEG recordings, interviews (Vermersch, 2003) were conducted
to provide an occasion to study a combination of the subjective
experience of the subject with more objective results emanating from
scientific analyses. The interviews lasted from 10 to 15min. The subjects
were invited to identify the strategies they had employed during the
retention phase (i.e., stage 3). They were also asked to assess, via a 10-
point Likert scale

(“0” very difficult and ““10” very easy), the difficulty to maintain in
memory, and recognize movements under a point-light and video
motion maintenance conditions.

Data acquisition and recording

Electrical brain activity was recorded using 64 electrodes mounted in an
elastic lycra cap (SynAmps2 64 channels QuickCap, Neuromedical
supplies, Charlotte, NC, USA) and placed in accordance with the
international 10-10 system (Nuwer et al., 1999). Mastoids were used for
the reference electrodes and the ground electrode was located between
FPZ and FZ. In addition, electro-oculograms (EOG) were registered from
the canthi of both eyes (horizontal EOG) and the supra and infra orbital
of the left eye (vertical EOG). Throughout the experimentation,
electrode impedance was kept homogenously below 5kX. Amplifier
bandwidth was set between 0.05 and 100Hz. While the initial sampling
frequency was 500Hz, data were downsampled to 250Hz for further
analysis. AD resolution was 24bit.

Functional connectivity: PLI

Functional connectivity was assessed using the PLI (Stam et al., 2007).
Here, we followed the description provided in Douw et al. (2010, p. 111):
The PLI calculates synchronization between time series by reflecting the
consistency with which one signal is phase leading or lagging with
respect to another signal. The PLI exploits the asymmetry of the
distribution of instantaneous phase differences between two signals. It
assumes that the presence of a consistent, nonzero phase lag between
two time series cannot be explained by volume conduction alone. Thus,
finding true interactions instead of volume conduction effects is more

likely when using this method. The PLI ranges between 0 and 1, and a PLI
of more than 0 indicates phase locking to a certain extent, whereas a PLI
of 0 indicates no coupling or coupling with a phase difference centred
around 0 £ P radians. An index of the asymmetry of the phase difference
distribution can be obtained from a time series of phase differences
DU(t), k = 1,..., N in the following way:

PLI % jhsign?sD/6tcbij

See Stam et al. (2007) for a
complete description of PLI calculation.
Data processing

EEG data were analysed in five frequency bands: 4-8Hz, 8-10Hz, 10—
13Hz, 13-20Hz, and 20-30Hz, in the third stage of the two maintenance
conditions (i.e., retention stage: 14—19s), and in the control condition.
Data processing consisted of five steps. First, in the case of channels from
which the data were evaluated as unexpectedly corrupted by noise,
those channels were reconstructed as a linear combination of their
nearest neighbours (Scan 4.4 software, Revision E, 2007). Second, EEG
data were reformatted in a common average montage. Stam and de
Bruin (2004) have shown that montages using mastoids as a reference
accentuated long-distance coupling at the cost of small-scale detail,
whereas source montages displayed the reverse. Common average
montages had intermediate properties (Nunez et al., 1992) and such a
montage was used in the present study. Third, ocular (blink) artefacts
were reduced via spatial filtering (Scan 4.4 software, Revision E, 2007).
Fourth, the EEG trials were segmented. For the two maintenance
conditions, only the third stage (14-19s) was considered for the EEG
analysis. This stage was reduced to 4s in length and the first second was
discarded from further analysis to allow the subject to get accustomed
to the change of the colour screen. For the control condition, lasting 60s,
the 15 first seconds were discarded and the following four seconds were
selected for analysis (15-19s). These time points were selected to
coincide with the time window of the retention stage under the video
and point-light maintenance conditions used for analysis. Finally, PLI was
computed for all the electrode pairs, for the last four seconds of the third
stage of each of the trials in the two maintenance conditions, for each
subject, and frequency band. The PLI values were then averaged across
trials for each subject, maintenance condition, electrode, and frequency
band. For the 4s-period of the control condition, the same procedure
was adopted. To control for variability in PLI values due to individual
differences such as scalp thickness, electrode placement, and
impedance, functional connectivity was computed as the ratio of the PLI
value during the two maintenance conditions relative to the PLI value
during the control condition

(i.e., PLIfinalpL = PLIpoint-light condition/PUcomrol condition and
PLIfinalvideo = PLlvideo condition/PUcontroI condition) (U“OB and Pineda, 2007;
Pineda and Hecht, 2009). A ratio of more than 1 indicates that the PLI
value under the experimental condition is greater than the value under
the control condition or vice versa. Conversely, a ratio equals to 1 means
that the PLI value under the experimental condition is the same as the
value obtained under the control condition. This ratio procedure was
also undertaken to remove connectivity occurring during the
experimental conditions and which was not related to the task to be

performed.

Statistical analysis

To reduce the degrees of freedom in the statistical analyses, PLI from
neighbouring electrode sites were averaged together to obtain one
overall PLI value for each of the six following areas: frontal area (F7-F5—
F3-F1-FZ-F2-F4-F6-F8), left temporal area (FT7-T7-C5-TP7-P7),
central area (FC5-FC3-FC1- FCZ-FC2-FC4-FC6—C3-C1-CZ-C2—-C4),
right temporal area (FT8-T8—C6-TP8-P8), parietal area (CP5-CP3—-CP1-
CPZ- CP2-CP4-CP6-P5-P3—P1-PZ-P2—-P4-P6), and occipital area (PO7—
PO5-P0O3-P0OZ-P04-PO6-P0O8-01-0Z-02) (see
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Fig. 2).

All statistical analyses were performed using Statistica 7.1. First, for
each of the six frequency bands, 2 (conditions) 6 (areas)repeated-
measuresANOVAs were performed.Therewere two within-subject
factors; Condition (two levels: point-light motion maintenance and video
motion maintenance) and Area (six levels: frontal, left temporal, central,
right temporal, parietal, and occipital). Post hoc comparisons were
calculated using Duncan tests where ANOVA results were significant and
effect sizes (ES) for repeated measures (Long and Van Stavel, 1995) were
reported.

When the interaction conditions by areas was significant, post hoc
Duncan tests’ comparisons were performed between
PLIfinar. and PLlfinalvideo Values for each area to determine whether PLlfinal
values under the point-light condition were different from those
obtained under the video condition. Duncan tests’ comparisons were
also calculated between the PLIsina values of each area (e.g., frontal area
PLIfina value vs left temporal area PLlsina value, frontal area PLlfinai value vs
central area PLlsinai value, frontal area PLlfinai value vs right temporal PLlfinal
value, frontal area PLIsinai value vs parietal area PLlina value, frontal area
PLIsinal value vs occipital area PLlsinai value, left temporal area PLlIfinal value
vs central area PLlsina value, etc.). These comparisons allowed analysis of
the functional connectivity between areas. Areas were thus grouped
according to the value of their PLlsina and to statistically significant
results. This procedure, previously employed by Cochin et al. (1998) and
Calmels et al. (2006), allows the classification of areas into groups for
each considered condition. Further details are provided in the Results
section.

Before the ANOVA computation, the normality of the data was
checked with the Kolmogorov Smirnov test. To verify the sphericity
assumption in repeated measures designs, Mauchley’s sphericity test
was used.

Second, Wald-Wolfowitz runs tests were conducted. This analysis

was performed when the interaction conditions by areas was significant.
It verified whether the ratios under each maintenance condition (i.e.,
PLlfinalpL = PL|point-Iight condition/
PLIcontrol condition and PLIfinalvideo = PLIvideo condition/ PLIcontrol cundition) and within
each of the six areas of interest were statistically different from a
theoretical ratio of 1. If this was the case, it meant that PLI values under
the maintenance conditions were significantly different to the PLI value
under the control condition. As recommended by Siegel (1956), an
adjusted-P value was adopted because of the small sample size. To
address the problem of multiple comparisons, significant levels for the
Wald-Wolfowitz runs tests were adjusted providing an alpha level of P
< .00417 since 12 comparisons were examined within each of the six
areas and for the two maintenance conditions.

RESULTS
Qualitative results

Regardless of condition, three (memory) strategies were
identified during the interviews as being used by the subjects
during the retention stage. The first was subvocal rehearsal and
was employed by seven and six subjects respectively under the
point-light and video motion maintenance conditions. The
second was an

Fig. 2. The areas of interest.

association of subvocal rehearsal and mental imagery. This
association was used by four subjects under the point-light
motion maintenance condition whereas five subjects used it
under the video motion maintenance condition. Finally, two
subjects used no strategies (i.e., one subject under the point-
light motion maintenance condition and the second subject
under the video motion maintenance condition) (see Table 1).
The subjects also perceived the point-light motion maintenance
condition to be more difficult and felt it required more
concentration than the video motion maintenance condition.

Behavioural results

During the point-light motion and video motion maintenance
conditions, the percentages of correct answers performed by
the subjects were, respectively, 92.50% (SD = 6.98) and 98.06%
(SD = 3.00). This difference was statistically significant
(Wilcoxon, T =5.50, P =.04). The subjects also reported that the
maintenance of movement information from a video display
was easier compared to that of the same movements from a
pointlight display (8.36 vs 6.36, Wilcoxon, T =0.00, P =
.003346).

EEG/PLI results

2 (Conditions) 6 (areas) repeated-measures ANOVAs were
computed. The EEG data were normally distributed and no
sphericity violations were observed. Only results for conditions
by areas were reported in detail since they were directly linked
to the goal of the present study. A significant conditions areas
interaction was only revealed in the retention stage for the 13—
20Hz frequency band, F(5,55) = 2.624, P < .035 (see Table 2).

Wald-Wolfowitz runs tests with Bonferroni correction
revealed significant differences between the ratios for the two
maintenance conditions and a theoretical ratio of 1 within each
of the six areas and (Zaq; = 3.9655, P.gj = .000073, 3 runs). PLI
values under the maintenance conditions were significantly
different to PLI values under the control condition. More
specifically, PLI values under the point-light motion maintenance
condition were higher than PLI values under the control
condition within

all areas except within the left temporal area. PLI values under the video motion maintenance condition were weaker compared
to PLI values under the control condition within the frontal, right temporal, and occipital areas.

Duncan post hoc tests were computed and two results obtained. First, significant PLI differences were detected between the
two maintenance conditions for the frontal and right temporal areas in the 13—20Hz frequency band. PLlsina values under the
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point-light motion maintenance condition were larger than PLlsn, values under the video motion maintenance condition within
the frontal and right temporal areas (1.01072 vs 0.98178, P < .05, ES = .23, frontal area; 1.02180 vs 0.99221, P < .05, ES = .16,

right temporal area) (see Fig. 3).

Second, in the 13—20Hz frequency band, Duncan post hoc tests performed on the conditions by areas interaction allowed the
classification of areas into groups for each maintenance condition. Areas were grouped by
Table 1. Strategies used by the subjects during the retention stage under the point-light and video maintenance conditions

Point-light maintenance condition

Video maintenance condition

Subvocal rehearsal 7 6
Mental imagery + subvocal rehearsal 4 5
No strategies 1
Table 2. Summary of the 2 (conditions) 6 (areas) repeated-measures ANOVAs for each frequency band
4—8Hz 8—10Hz 10—-13Hz 13—20Hz 20—30Hz
F P F P F P F P F P
Condition 1.169 .30 35.278 * 2.411 .15 0.478 .50 2.030 .18
Area 0.335 .89 0.974 44 0.825 .54 0.707 .62 1.028 41
Condition area 0.246 .94 0.683 .64 1.234 31 2.624 * 1.892 11

"Indicates statistically significant difference (P < .05).

similar PLIsina (see Fig. 4). This way of proceeding allows a quick
and clear view of significant differences between areas. For
example, in the 13-20 Hz frequency band under the point-light
motion maintenance condition, PLlsna for the frontal area, the
left temporal area, the central area, the right temporal area, the
parietal area, and the occipital area were 1.01072, 0.99565,
1.06177, 1.02180, 1.06552, 1.01129 respectively. These areas
can be ranked in the following decreasing order: parietal area,
central area, right temporal area, occipital area, frontal area,
and left temporal area. Duncan post hoc test revealed that the
parietal area was not statistically different to the central area
whereas the central area was statistically different to the right
temporal, occipital, frontal and left temporal areas. The right
temporal area was not statistically different to the occipital,
frontal, and left temporal areas. Two groupings were thus made
according to the PLlsina values’ statistical equality under the
point-light motion maintenance condition (see Fig. 4). Using the
same approach, under the video motion maintenance, three
groups of areas were identified (see Fig. 4).

DISCUSSION

The aim of this study was to investigate the mechanisms to
maintain in memory, for short periods of time, familiar
movement information stemming on one hand from an
unfamiliar display and on the other hand from a realistic,
familiar display. As expected, results showed that these
mechanisms were different in the beta frequency band. First,
functional connectivity, assessed by PLI, differed within the
frontal and right temporal areas under the two maintenance
conditions (i.e., point-light and video maintenance conditions).
Second, functional connectivity between areas displayed
different patterns under the maintenance conditions. To explain
these findings, the discussion has been organized into four

sections. The first section discusses qualitative data while the

second considers EEG activity data. The third focuses
1,15 aP i

e [

2 (
73 ‘ .
T [ | [1] .
2 | |
= | 1
T 0g5 \
09 | i
|
085 + -
Frontal area Lefttemporal Central area Right Parietal area Occipital area
area temporal area

Fig. 3. PLlfinai values in the 13—20Hz frequency band under the point-light and
video motion maintenance conditions within the frontal, temporal, central,
parietal, and occipital areas. Asterisk () indicates statistically significant
difference (P < .05).

on functional connectivity within the frontal and right temporal
areas and the last reviews functional connectivity between
areas.

The reader should bear in mind that caution must be exerted
when interpreting the results of this study. Stimuli presented to
the subjects (i.e., biological movements) were different to those
reported in conventional working memory studies (i.e., letters,
digits, words, smooth shapes, matrixes containing coloured
targets, and spatial locations). Consequently, the durations of
the cue stimulus and retention stages are much longer than
those employed in traditional studies of working memory. In
traditional studies, durations are about a subsecond for the
presentation of the cue stimulus and a few seconds for the
retention stage. This disparity does not allow for absolute
comparisons since different mechanisms may underlie the
working memory maintenance process in these two cases.

Qualitative data

Qualitative data stemming from the interviews fit the theoretical
model of working memory devised by Baddeley and Hitch
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(1974), Baddeley (1986, 2000, 2010) and Repovs and Baddeley

(2006). During the

PLIgna
106552
1.06177
1.02180
101129
101072

0.99565

Point-light maintenance condition

Parietal area

Central area

Right temporal area

Occipital area

Frontal area

Left temporal area

PLIgna
1.06184
1.04737
1.02015
0.99225
0.99221

098178

agreement with previous data which have reported particular

activity in beta frequency band when nonhuman primates and
Video maintenance condition

Parietal area

Central area

Left temporal area

Occipital area

Right temporal area

Frontal area

GROUP 1 GROUP 2

GROUP 1 I GROUP 2 GROUP 3

Fig. 4. Area classification in groups in the 13—20Hz frequency band for each maintenance condition. This classification allows a quick and clear

view of significant differences between areas.

retention stage, the subjects reported using either subvocal
rehearsal or a combination of subvocal rehearsal and imagery to
help them retain movement information in order to be able to
recognize them at a later stage. These strategies are rehearsal
strategies which prevent the information from decaying. This
can correspond to the process of active rehearsal described by
Baddeley (1986, 2000, 2010). Two subjects also declared using
no strategies. This can reflect passive storage of information
which is one component of the maintenance mechanism in
Baddeley’s working memory model. This can also mean that
these two subjects were not aware of the strategies they
employed. Implicit strategies have been used. Finally, most of
the subjects declared using subvocal rehearsal alone or in
combination with mental imagery. This point reveals that the
subjects transformed the visually-presented movements into
subvocal representations and repeated them during the
retention stage. They recoded visual items into phonological
forms. This strategy can be linked to the phonological loop
model (Baddeley, 1986; Burgess and Hitch, 1999). The
phonological loop can deal with information that is presented
visually. This visual information is transformed into a
phonological code by subvocalization (Wilson and Emmorey,
1997) and is thus able to enter the phonological store. This
process can be designated as a manipulation process which has
been characterized by Henson (2001, p. 151) as involving more
than a simple maintenance,

i.e. it requires a transformation or ‘“‘re-representation.” For
example, reordering the words of a presented list in alphabetic
order could be defined as a manipulation.

EEG activity data

The presence of functional connectivity differences in the beta
frequency band (i.e., 13-20Hz) was expected and is in
accordance with the results of earlier studies (Tallon-Baudry et
al., 1998, 1999, 2001; Hwang et al., 2005; Leiberg et al., 2006;
Pesonen et al., 2007; Altamura et al., 2010; Calmels et al., 2011).
These studies have shown that beta oscillations were related to
the rehearsing process of the sensory trace in memory. This
point is in accordance with the present subjects’ reports. The
majority of them declared using subvocal rehearsal and (mental)
imagery to help them maintain in memory movement
information. This difference in beta frequency band is also in

humans anticipated the presentation of visual stimuli (Gross et
al., 2004, 2006; Zhang et al., 2008; Altamura et al., 2010): a
synchronization activity in the beta frequency band was
observed. For instance, Altamura et al. (2010), using MEG,
investigated MEG signal modulations when subjects performed
a modified version of a letter Sternberg memory task. During the
preparatory stage, increases in beta power (i.e.,
synchronization) within the dorsolateral prefrontal cortex, the
left inferior prefrontal gyrus, and the left parietal and temporal
areas were revealed. During the retention stage, a decrease in
beta power (i.e., desynchronization) within the prefrontal areas
and an increase in beta power within the visual areas were also
detected. In the present study, the subjects knew in advance
which kind of display would be presented in the recognition
task. Indeed, the display configuration in the observed stage
(i.e., stage 2) was similar to the one shown during the
recognition task stage (i.e., stage 4). For example, if in stage 2, a
video display was exhibited, a video display would have been
presented in stage 4. The same principle has been applied for a
point-light display. It is therefore likely that the subjects
anticipated the forthcoming task and that the beta rhythm
responses were associated to the anticipatory processing.

Functional connectivity PLI differences were detected within

the frontal and (right) temporal areas. Interestingly, these two
areas are recognized as playing a role during the delay period of
a working memory task
(i.e., retention period) (Smith et al., 1995; Barch et al.,
1997; Courtney et al., 1997; Druzgal and d’Esposito, 2003;
Ranganath et al., 2004; Sakai and Passingham, 2006; Altamura
et al., 2010). For example, during the working memory delay
period, Ranganath et al. (2004) with fMRI have shown the
involvement of the prefrontal and inferior temporal cortices
which have complementary roles. The temporal cortex was
more sensitive to the type of information that had to be retained
in memory whereas the prefrontal cortex was affected by
memory load.

Computation of PLI may be slightly affected by the signal-to-
noise ratio. There may be a possible effect of difference in
amplitude on signal-to-noise ratio which can impinge upon
phase measurement and indirectly upon PLI. However, in the
present study, a lot of noise (e.g., amplifier, electrode noise,
muscle activity) was outside the pass band of the data. Besides,
ocular artefacts were corrected and a ratio procedure was
employed. PLI values were also averaged across trials for each
subject permitting improved signal-to-noise ratio. These points
lead to the conclusion that signal-to-noise ratio is not a typical
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problem of PLI and does not likely play a very large role in this
study.

Finally, maintaining motion information presented via video
displays resulted in less functional connectivity than passively
staring at an amber screen within the frontal, right temporal,
and occipital areas. This finding suggests that functional
connectivity is more extensive during a resting state than during
an active state. This point is supported by Shulman et al. (1997),
Mazoyer et al. (2001), and Wicker et al. (2003). In their meta-
analysis, these authors have shown that groups of brain areas
were active at rest (i.e., in a state were the eyes are closed,
during visual fixation, during passive observation of a visual
stimuli, or in situations in which relaxing and thinking of nothing
was proposed) and that this activity decreased during the
completion of diversified goaldirected actions. In the literature,
this process refers to the concept of ‘default mode.’ It has been
revealed mainly via fMRI or positron emission tomography (PET)
techniques and was composed of a network including the medial
temporal lobe, the medial, lateral, and inferior parietal regions,
the precuneus, and the medial prefrontal and post cingulate
cortices. A question that may arise is why the same
phenomenon was not observed under the maintenance of
motion information presented through point-light displays. It
can be speculated that maintenance under that condition was
more demanding than maintenance under the video condition.
This suggestion corroborates the subjects’ report. Subjects
perceived the maintenance and recognition of movements from
a point-light display as more difficult than the maintenance and
recognition from a video display. This perception is in agreement
with the scores obtained by the subjects on the Likert scale and
the percentages of correct answers when performing the
Sternberg task under the two maintenance conditions. The
subjects also declared themselves to be more concentrated and
focused on details during the retention period under the point-
light motion condition. Perception of difficulty under the
pointlight condition may have required more energy compared
to that needed under the video and control conditions. This cost
analysis implies that maintaining motion information presented
via point-light displays may have resulted in more functional
connectivity than passively observing a monochrome amber
screen.

Functional connectivity within the frontal and right temporal
areas

Functional connectivity within the frontal and right temporal
areas was greater under the point-light motion maintenance
condition compared to the video motion maintenance
condition. It can be suggested that cortical activity during the
retention stage is sensitive to the expected perceptual difficulty
of the upcoming task to perform (i.e., recognition task). In the
present study, the subjects knew in advance which kind of
display would be presented in the recognition task. It is
therefore possible that the subjects anticipated the forthcoming
task. They had expectations on the demands, on the perceptual
difficulty of this task. Under the point-light motion maintenance
condition, the higher values of functional connectivity within the
frontal and right temporal areas could be the result of a greater
cognitive demand, a greater attentional demand which may

have a cost and can recruit additional neuron population. This
explanation corroborates the subjects’ report (see above) and
concurs with the findings of Offen et al. (2009), Ress et al.
(2000), and Lepsien et al. (2011). Ress et al. (2000) reporting that
preparatory cortical activity increased as task difficulty
increased. Along the same lines, work by Offen et al. (2009) and
Lepsien et al. (2011) has shown that during working memory
maintenance, activity in the visual cortex intensified as a
function of the expected difficulty of an upcoming recognition
task. Following this line of reasoning, it can be suggested that
the anticipation explanation is to some degree related to the
process of attention. As reported by Reuter-Lorenz and Jonides
(2008), all working memory tasks entail attentional control but
the degree of this control is modulated by task demands,
individual differences, and/or ageing. In the present case, task
demands seem to be the cause of this modulation. Expectation
of the perceptual difficulty of the upcoming task could have
generated a greater attentional demand which was expressed
by a higher functional connectivity under the point-light motion
maintenance condition.

A second explanation derived from the subjects’ detailed
debriefs, can be proposed. This explanation is centred on the
strategy of mental imagery. While admittedly speculative
because of the unequal distribution between the reported
strategies used by the subjects, the authors made the decision
to briefly evoke this explanation. While it is potentially an
interesting suggestion, additional investigation is required for its
support. Here, subjects stated that mental imagery used in the
retention stage, after the exposure of movements embedded in
impoverished and unfamiliar displays which are devoid of colour
and form information, took into account the colour, the shape,
the shading, and the contours of movements. This means that
subjects had to code the visual information presented through
Johansson’s point light patterns into a mental representation
including structural and contextual information such as colours,
forms, and contours. This mental rearrangement or
manipulation may entail additional resources which could be
expressed by a higher functional connectivity within the frontal
and right temporal areas under the point-light motion
maintenance condition compared to the video motion
maintenance condition. This interpretation is in accordance with
findings presented by Sauseng et al. (2005) who observed
stronger cortical coupling as subjects had to manipulate spatial
information and to maintain it in memory compared to the
situation in which they had only to keep this information in
memory before completing a recognition task.

Functional connectivity between areas

Under the point-light maintenance condition, functional
connectivity was greater within the parietal and central areas
compared to the four other areas. Under the video maintenance
condition, a different pattern was seen. Functional connectivity
of the left temporal area was weaker compared to those of
parietal and central areas and stronger than those of occipital,
right temporal and frontal areas. It means that functional
connectivity between areas changes according to the working
memory task performed and more specifically to the display in
which the movement to retain was presented. The left temporal
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area seems to play a specific role. This result is difficult to
explain. What can be advanced is that activity within the left
temporal area may indirectly reflect the activity of Wernicke’s
area, an area only present in the left hemisphere and considered
to be devoted to phonological storage (Paulesu et al., 1993). It
can thus be speculated that under the video maintenance
condition, the subjects may have verbally coded and stored in
Wernicke’s area, additionally to motion information,
information related to colour and form. This greater amount of
colour and form information might have required additional
cortical resources which could have been expressed by a higher
functional connectivity within the left temporal area compared
to that detected within the right temporal, occipital and frontal
areas under the video maintenance condition. In contrast to the
video display, the point-light display is a minimalist display
devoid of colour and form information. The storage of
information stemming from this kind of display thus required
less resources, less cognitive demands possibly leading to a lack
of significant differences in functional connectivity between the
left temporal area and the right temporal, occipital and frontal
areas. This interpretation seems to be in line with the trend
observed within the left temporal area when PLIfin, value under
the point-light maintenance condition was compared with that
detected in the video maintenance condition (0.99565 vs
1.02015, P =.07).

CONCLUSION

In conclusion, the study reveals that the mechanisms to
maintain  temporarily in  memory familiar movement
information stemming from an unfamiliar display are different
to those involved when (movement) information emanates
from a familiar display. Changes in functional connectivity were
mainly discussed in the light of the process of anticipation.
Subjects’ perception of the expected difficulty of the upcoming
recognition task has been considered. However, further
experiences are needed to cast some light on working memory
maintenance process of biological movements.
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