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This study aimed to elucidate electrophysiological and cortical mechanisms involved in anticipatory
actions when 23 healthy right-handed subjects had to catch a free falling object by qEEG gamma-band
(30–100 Hz). It is involved in cognitive processes, memory, spatial/temporal and proprioceptive factors.
Our hypothesis is that an increase in gamma coherence in frontal areas will be observed during moment
preceding ball drop, due to their involvement in attention, planning, selection of movements, preparation
atching
oherence
amma
EEG
ensorimotor integration

and voluntary control of action and in central areas during moment after ball drop, due to their involve-
ment in motor preparation, perception and execution of movement. However, through a paired t-test, we
found an increase in gamma coherence for F3–F4 electrode pair during moment preceding ball drop and
confirmed our hypothesis for C3–C4 electrode pair. We conclude that gamma plays an important role in
reflecting binding of several brain areas in a complex motor task as observed in our results. Moreover,

ts, pr
ent, th
for selection of movemen
and execution of movem

he practice of a motor task promotes several changes in the cor-
ical activity relative to the intention and the movement execution
iming to adapt, retain and consolidate the motor act [2]. Catching
n object is a complex movement which involves not only program-
ing but also effective motor coordination. Such behavior is related

o the activation and recruitment of cortical regions which take
art in the sensorimotor integration process that integrates infor-
ation coming from the environment and the performed motor

ask in order to prepare motor acts and to enhance the execution of

oal-directed tasks [9,8]. Within this context, the cortical areas are
ecruited to promote a self-organization (i.e., the functional reor-
anization of circuits) of neural networks for the constitution of a
unctional group (binding problems) [16,6] to improve the coordi-
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eparation and voluntary control of action, motor preparation, perception
e integration of somatosensory and visual information is mandatory.

© 2010 Elsevier Ireland Ltd. All rights reserved.

nation and the motor control due to the instability induced by the
task [31].

The gamma-band corresponds to a frequency varying from
30 Hz to 100 Hz and it is involved in the cognitive process, mem-
ory, and spatial/temporal and proprioceptive integration factors
[4,5]. In line with that, the gamma activity has been related to
the sensorimotor process during performance of tasks involving
visual discrimination and motor preparation [26,25]. Several lab-
oratories have reported an increase in amplitude of gamma-band
during sensory and cognitive processes [27,19]. Particularly, the
results of our group are interesting due to the coupling among cor-
tical areas in gamma coherence. Contrary to other experiments,
our group explored the relevant role of gamma expressing corti-
cal coupling among different regions. Therefore, this study aimed

to elucidate electrocortical mechanisms involved in anticipatory
actions when individuals had to catch a free falling object by qEEG
gamma-band. Our hypothesis is that an increase in gamma coher-
ence in frontal areas will be observed during moment preceding ball
drop, due to their involvement in attention, planning, selection of

dx.doi.org/10.1016/j.neulet.2010.07.073
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ovements, preparation and voluntary control of action [31] and
n central areas during moment after ball drop, due to their involve-

ent in motor preparation, perception and execution of movement
9].

Sample was composed of 23 healthy subjects (13 male and 10
emale), right handed [12], with ages varying between 25 and 40
ears (mean = 32.5; SD = 7.5). Inclusion criteria were absence of
ental or physical impairments, no history of psychoactive sub-

tances and no neuromuscular disorders (screened by a previous
namnesis and clinical examination). All subjects signed a con-
ent form and were aware of the whole experimental protocol. The
xperiment was approved by the Ethics Committee of Federal Uni-
ersity of Rio de Janeiro (IPUB/UFRJ). This experimental paradigm
as been already used in other experiments [9,8,31].

The task was performed in a sound and light-attenuated room,
o minimize sensory interference. Individuals sat on a comfortable
hair to minimize muscular artifacts, while electroencephalog-
aphy and electromyography (EMG) data were collected. An
lectromagnetic system, composed of two solenoids, was placed
ight in front of the subject and released 8-cm balls, one at every
1 s, at 40 cm above the floor, straight onto the subject’s hand. The
ight hand was placed in a way that the four medial metacarpi were
n the fall line. After its catch, the ball was immediately discharged.
ach released ball composed a trial and blocks were made of 15 tri-
ls. All experiments had six blocks that lasted 2 min and 30 s with
min intervals between them.

Electroencephalography – The International 10/20 System for
lectrodes was used with the 20-channel EEG system Braintech-
000 (EMSA-Medical Instruments, Brazil). The 20 electrodes were
rranged in a nylon cap (ElectroCap Inc., Fairfax, VA, USA) yielding
onopole derivations referred to linked earlobes. In addition, two

-mm diameter electrodes were attached above and on the external
orner of the right eye, in a bipolar electrode montage, for eye-
ovement (EOG) artifacts monitoring. Impedance of EEG and EOG

lectrodes was kept under 5–10 k�. The data acquired had total
mplitude of less than 100 �V. The EEG signal was amplified with
gain of 22,000, analogically filtered between 0.01 Hz (high-pass)

nd 100 Hz (low-pass), and sampled at 240 Hz. The software Data
cquisition (Delphi 5.0), developed at the Brain Mapping and Sen-
orimotor Integration Laboratory was employed to filter the raw
ata: notch (60 Hz), high-pass of 0.3 Hz and low-pass of 100 Hz.

Electromyography – Electromyographic (EMG) activity of the
exor carpi radialis (FCR), flexor carpi ulnaris (FCU), extensor carpi
adialis (ECR) and extensor carpi ulnaris (ECU) was recorded by
n EMG device (Lynx-EMG1000), to monitor and assess any volun-
ary movement during the task. Bipolar electrodes (2 mm recording
iameter) were attached to the skin. The reference electrode was
xed on the skin overlying the lateral epicondyle near the wrist

oint. The skin was cleaned with alcohol prior to electrode attach-
ent. The EMG was amplified (×1000), filtered (10–3000 Hz),

igitized (10,000 samples/s), and recorded synchronously to the
EG onto the computer’s hard drive. In each trial, the EMG signal
as rectified and averaged over 500 ms from the trigger point.

To quantify reference-free data, a visual inspection and indepen-
ent component analysis (ICA) were applied to identify and remove
ny remaining artifacts, i.e., eye blinks and ocular movements
roduced by the task. Data from individual electrodes exhibit-

ng loss of contact with the scalp or high impedances (>10 k�)
ere deleted and data from single-trial epochs exhibiting excessive
ovement artifact (±100 �V) were also deleted. Independent com-

onent analysis (ICA) was then applied to identify and remove any

emaining artifacts after the initial visual inspection. ICA is an infor-
ation maximization algorithm that derives spatial filters by blind

ource separation of the EEG signals into temporally independent
nd spatially fixed components. Independent components resem-
ling eye-blink or muscle artifact were removed and the remaining
tters 483 (2010) 114–117 115

components were then back-projected onto the scalp electrodes
by multiplying the input data by the inverse matrix of the spatial
filter coefficients derived from ICA using established procedures.
The ICA-filtered data were then reinspected for residual artifacts
using the same rejection criteria described above. Then, a clas-
sic estimator was applied for the power spectral density (PSD), or
directly from the square modulus of the FT (Fourier transform),
which was performed by MATLAB 5.3 (Matworks, Inc.). Quanti-
tative EEG parameters were reduced to 4-s periods (the selected
epoch started 2 s before and ended 2 s after the trigger, i.e., moment
preceding balls drop and moment after balls drop). The analyzed
electrophysiological variable was gamma (35–60 Hz) coherence.
It represents a measurement of linear covariation between two
signals in the frequency domain. It is mathematically bounded
between zero and one, whereby one signifies a perfect linear asso-
ciation and zero denotes that the signals are not linearly related at
that particular frequency. The premise is that when activities from
spatially remote events covary they tend to interact, also denoted
as functional connectivity. Standard coherence as a measure of
functional coupling provides a link between two signals but no
directional information. To this end, estimators can be constructed,
such as a directed transfer function, which examines asymmetries
in inter-regional information flow and establishes a direction of
drive between the coupled sites [22,21].

The F3, FZ and F4 electrodes represent the premotor cortex,
functionally responsible for selection of movements, preparation
and voluntary control of action [9,31]. The F7 and F8 electrodes
represent the prefrontal cortex, functionally responsible for exec-
utive functions, such as attention and planning [8]. The C3 and C4
electrodes are placed on the pre-central and central gyri, represent-
ing the primary sensory motor cortex (SM1) in each hemisphere
that is functionally linked to motor preparation, perception and
execution of movement [28]. The CZ electrode represents the SM1
of both hemispheres and the supplementary motor area (SMA),
which is functionally related to temporal organization and coordi-
nation of sequential movements [30]. The gamma-band was chosen
to explore its associations with the binding for cognitive process,
memory, and spatial/temporal and proprioceptive integration fac-
tors [4,5].

The statistical design allowed for examination of functional con-
nectivity and directionality of the communication between the
sensorimotor areas in each hemisphere, with respective regions
related to sensory, motor execution, and integrative or associative
functions. For statistical analysis SPSS 17.0 was used. All results are
given as mean values and standard deviation. A paired t-test was
used to analyze the within subject’s factor moment (i.e., preced-
ing and after ball drop) for each pair of electrodes: F3–F4, F7–F8,
F3–FZ, F4–FZ, F7–FZ, F8–FZ, C3–C4, C3–CZ, C4–CZ, F3–C3, F4–C4,
FZ–CZ. Moreover, we used the Bonferroni correction to address
the problem of multiple comparisons. The outcome of statistical
calculations were declared significant if p ≤ 0.05.

The first statistical analysis with regard to frontal region
demonstrated a significant difference in the F3–F4 electrode pair
(p = 0.011). It was found a significant increase in the gamma
coherence when compared the moments preceding (mean = 0.46;
SD = 0.093) and after (mean = 0.48; SD = 0.098) ball drop as observed
in Fig. 1. Moreover, the second analysis demonstrated a signif-
icant difference in the C3–C4 electrode pair (p = 0.046). It was
found a significant increase in the gamma coherence when com-
pared the moments preceding (mean = 0.56; SD = 0.007) and after
(mean = 0.57; SD = 0.007) ball drop as observed in Fig. 2. No other

significant result was found.

The current experiment is an attempt to elucidate electro-
cortical mechanisms regarding anticipatory actions involved in
voluntary movements. In particular, subjects had to catch a free
falling object (i.e., a ball). Our hypothesis is that an increase



116 S. Teixeira et al. / Neuroscience Le

F
d

i
m
t
c
d
a

s
a
a
n
t
t
o
a
t
m
i
F
t

e
e
b
m
a
q
o
b

F
d

ig. 1. Mean and standard deviation for coherence on gamma-band. Significant
ifference between moments observed by t-test (p < 0.046).

n gamma coherence in frontal areas would be observed during
oment preceding ball drop, due to their involvement in atten-

ion, planning, selection of movements, preparation and voluntary
ontrol of action [31] and in central areas during moment after ball
rop, due to their involvement in motor preparation, perception
nd execution of movement [9].

Gamma-band represents a large scale approach to study sen-
orimotor integration mechanisms and binding. Moreover, the
pplication of coherence and associated measures provides a valu-
ble analytical tool to investigate functional connectivity between
eural sites and changes that occur due to several factors such as
ask complexity, context and learning [20,23]. Within this context,
he increase in gamma coherence can be seen when an organization
f somatotopic information happens [29], when neural networks
re involved parallelly in motor act improvement, mainly, due to
he projections of the corpus callosum in transmission of sensori-

otor information [7]. Within this context, the discussion is divided
nto two parts, where we will discuss the significant result for
3–F4 and C3–C4 pairs of electrodes and their relationship with
he gamma-band.

It was demonstrated a significant difference in gamma coher-
nce between moment preceding and after ball drop for F3–F4
lectrode pair, i.e., an increase in coherence in the moment after
all drop, in opposition to our expectation. It seems only in this

oment, the CNS was capable to integrate relevant information

bout the task, the so-called binding phenomena, like a conse-
uence of task demands, i.e., the preparation and voluntary control
f action, and the selection of movements [31]. It is likely that
inding occurs in many different kinds of brain processes and may

ig. 2. Mean and standard deviation for coherence on gamma-band. Significant
ifference between moments observed by t-test (p < 0.011).
tters 483 (2010) 114–117

represent a diverse set of functions [4]. In our task, subjects had to
catch a free falling object (i.e., a ball). In the moment preceding ball
drop, subjects received an amount of stimuli which seemed not to
be sufficient to prepare them for catching the ball. In line with this,
Pfurtscheller et al. [14] argued that the sensorimotor system works
in idling state for lack of somatosensory information processing or
motor response generated, like for lack of visual information pro-
cessing. Such fact can justify the lower values of coherence during
moment preceding ball drop when compared with moment after
ball drop. Such explanation can be also applied to F7–F8 results,
besides these electrodes represent areas responsible for different
functions, such as attention and planning, which are not required
in the moment after ball drop.

In relation to moment after ball drop, our findings suggest
that the increase in cortical communication across left and right
premotor areas happened due to the visual and somatosensory
information related to the motor execution. It is knowledge that the
control of movement is distributed over neural populations which
encode movement-related information, that is, the neural network
has to transform the sensory information into an appropriate com-
mand for motor system operation [3]. Regarding this, visual and
somatosensory information clearly make an important contribu-
tion to the selection and voluntary preparation of the catching task
and to its ‘on-line’ control [15]. We argue that subjects had to inte-
grate visual feedback of the ball dropping with the synchronous
coordination of finger movements. Moreover, to maintain an ‘on-
line’ control of the task (i.e., on-line visuospatial information used
to control and to correct ongoing movements), an adjustment of
posture and position of the hand must be maintained by subjects
to task performance [18,32].

In our task, the visual feedback of the ball vertically dropping
happens in a short space of 40 cm above the floor, what would
justify the activation of premotor areas, responsible for selecting
and voluntarily preparing movements based on spatial cues [1].
In this context, our finding agree with some studies that reported
an augmentation of premotor activity after the appearance of a
spatial cue as an arrow in a certain position of a computer screen
indicating a direction to make a particular response [1], indicating
these areas can direct movements based on sensory information,
which is relevant for goal-directed tasks [3,15]. In our task, sub-
jects had to attend to an object (i.e., the ball) while prepared for
catching it, requiring a visual guidance for hand movements which
need a set of somatosensory information to control the movements,
more specifically, the manipulation of the ball that involves a syn-
chronous coordination of finger movements [11]. Moreover, it is
necessary adjusting the hand to the shape and to the fall line of the
ball (i.e., posture and position of the hand related to the ball). As a
result, premotor areas provide the transformation of the visual and
somatosensory information into motor commands in order to send
that information to SM1 [17]. In line with that, we interpret our
findings as if the increase in coupling of premotor areas happened
to integrate and to send the relevant information to SM1 in order
to enable subjects performing the task. Therefore, the requirement
of those sensory feedback commands would explain the higher
coherence values in the moment after ball drop.

It was demonstrated a significant difference in gamma coher-
ence between moment preceding and after ball drop for C3–C4
electrode pair, i.e., an increase in the moment after ball drop. As
expected, our hypothesis was confirmed. It might be explained due
to the sufficient amount of sensory stimuli provided by task in this
moment in contrast to moment preceding ball drop according to

the same discussion regarding F3–F4 results [14]. Therefore, our
finding points out to an increase of interhemispheric communica-
tion in central areas in the moment after ball drop [29]. Cortically,
we assume that this enhance of the coherence values reflects the
necessity of the cooperation of both SM1 to perform the task (i.e.,
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atching the ball dropped). SM1 receive visual and somatosen-
ory information from speed, trajectory and spatial position of
he limb of premotor areas, which are important in the execution
f movements and in addition, receive somatosensory informa-
ion from temporal organization and coordination of sequential

ovements of SMA [24]. It is suggested that gamma promoted
he binding of information through the coupling of these sites, to
upply task demands (i.e., motor preparation, perception and exe-
ution of movement). According to Pfurtscheller and Lopes da Silva
13], beta and alpha frequency bands are too slow to be used as
ignal carriers for the binding in high levels of processing. In con-
rast, gamma-band is considered to be ideal for establishing rapid
ynchronization between neural sites. The relationship between
higher level of complexity and an elevation of coherence val-

es receives support from findings in other studies that use the
oherence function in manual tasks [10].

With regard to our results, a more intense sensorimotor inte-
ration process happened in the moment after ball drop, due to
ntegration of both visual and somatosensory information related
o motor execution. Such information would be available on an
mplicity memory elaborated by constant motor execution along
he task [9]. For this reason, we suggest that the implicity mem-
ry was elaborated by integration of premotor and primary motor
reas, demonstrating that binding problem happens continually
n the neural networks through sensory feedback from premotor
reas to SM1.

We proposed that gamma plays an important role in reflecting
inding of several brain areas in a complex motor task as observed

n our results. Moreover, for selection of movements, prepara-
ion and voluntary control of action, motor preparation, perception
nd execution of movement, the integration of somatosensory and
isual information is mandatory. In line with that, further exper-
ments that utilize the same variables with new populations and
aradigm are necessary to expand the knowledge about gamma
nd coherence behavior and better understanding the processes
nvolved in cortical functions and in binding problem.
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