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bstract

This report aims to examine the role of task-specific practice in the modification of finger force enslaving and to provide empirical evidence for
pecific EEG frequency bands accompanying such practice may be an end-effectors dependent phenomenon. Nine handed naı̈ve subjects without
ny training in music participated in a pre- and post-practice sessions separated by 12 practice sessions. Subjects performed a series of isometric
orce production tasks at 10% and 50% maximum voluntary contraction (MVC) with two rates of force development separately by index and
ing fingers. Task-specific practice aimed at suppressing the contribution of neighboring fingers was achieved via visual feedback of force traces.
ehavioral data (accuracy of force production and amount of force enslaving) and EEG data in frequency domain obtained via Morlet Wavelet

ransforms were analyzed. The major behavioral finding is that task-specific practice significantly enhanced the accuracy of force production and
ndividuated control of the “most enslaved” ring finger (P < 0.01), but not the index finger. The major novel EEG findings are: (a) modulation of
EG activity within alpha band (8–12 Hz) in the central area of the brain as a function of practice was similar for both fingers and (b) after practice,

odulation of EEG activity within gamma (30–50 Hz) band was end-effectors specific. Both behavioral and EEG patterns suggest an effect of

ask-specific practice on the reduction of force enslaving and that modulation of practice-related plasticity in the human cortex is end-effectors
ependent phenomena.

2007 Elsevier Ireland Ltd. All rights reserved.
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he identification of the neural basis underlying the ability to
electively control human fingers is an important scientific ques-
ion. One practical aspect of multi-finger activity is related to

ovement deficits in patients (e.g., deficits in stroke patients
ost evident in limbs contralateral to the stroke site [2,27]

nd deficits of finger coordination in aged subjects [36–38]).
nother aspect of multi-finger movements as required in such

kills as playing musical instruments is that when one finger
s moved, the other fingers involuntarily move and contribute to
he total force production. This process is referred to as the force
nslaving phenomenon [18,26,48]. Historically, force enslaving
henomenon has been widely investigated from anatomical [11],
europhysiological [35,7,13,39], biomechanical [12,25,48] and

otor control [22–24,26,48] perspectives. A current notion of

orce enslaving phenomenon is that the characteristics of fin-
er interaction potentially reflect both the peripheral design of
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E-mail address: sms18@psu.edu (S. Slobounov).

w
fi

u
s
b
o

304-3940/$ – see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2007.04.077
he hand musculature and its central neural coordination [27].
owever, a number of recent motor control [8,27] and EEG

tudies [42,39,43] have provided evidence suggesting that this
henomenon may be defined by neural factors.

In our recent study, neural underpinning of force enslaving
henomenon as evidenced by modulation of cortical activity
ollowing extensive practice has been investigated in piano play-
rs by means of EEG [39]. Behaviorally, force enslaving has
een shown to be significantly less in experienced piano players
ersus age matches controls. Reduced inter-finger dependency
n piano players was highly correlated with enlargement of

ovement-related cortical potentials (see reference [16] for
eview of MRCP). In our work, the higher amplitude of MRCP
as associated with advanced control of both index and ring
ngers.

Naı̈ve subjects (without any musical instruments experience)

sually have increased force enslaving after 4 weeks of exten-
ive practice focused on increased accuracy of force production
y individual fingers. However, it is possible to enhance control
f individual fingers if practice specifically focuses on reduction

mailto:sms18@psu.edu
dx.doi.org/10.1016/j.neulet.2007.04.077
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f fingers force enslaving [4]. In the present study, we (a) fur-
her addressed specific question of whether it is possible to
educe fingers force enslaving and achieve independent control
f individuated fingers via task-specific practice [28], aimed at
uppressing the activation of neighboring fingers and (b) exam-
ned specific features of modulation of brain electrical activity
s a function of end-effectors selectively involved in a task pro-
uction. We were specifically interested in modulation of EEG
ctivity in the EEG gamma band range (30–50 Hz) as a function
f practice specifically aimed at reducing fingers force enslav-
ng. However, since alpha activity (8–12 Hz) has historically
een an important measure, we also report these data.

Subjects in our study were all right handed, college students
n = 9, aged 19–25 years old) with no history of pathologies to
ither hand or wrist. The degree of hand dominance was assessed
ccording to Edinburgh Handedness Inventory [30]. Subjects
igned an informed consent form approved by the IRB of The
ennsylvania State University.

Subjects were seated comfortably in an electrically shielded
oom. Their right forearms rested on a table while their hands
ere placed so that their index, middle, ring and little fingers
ere positioned comfortably atop four load cells. The position
f the load cells was determined for each subject and adjusted
ndividually as necessary. The subjects’ task involved perform-
ng isometric force production with a single specified finger of
he right hand (index or ring) while maintaining contact with
ll load cells, that is, the other three fingers. It was important
hat subjects should not lift or use the uninvolved fingers in task
roduced by specified finger.

All subjects were given an initial practice session to become
amiliar with the behavioral task. This practice session and the
rst experimental (pre-training) session were all conducted on
eparate days. Maximum voluntary contraction (MVC) of each
nger was determined before any task was performed. To assess

he MVC, subjects were asked to press the load cell with the spec-
fied finger and produce as much force as possible for 5000 ms.
he subjects did it twice and the overall MVC was calculated
s the average of two trials. This was done for each finger and
ach session. Both, the first (pre-practice) and the second (post-
ractice) experimental sessions consisted of eight tasks in which
ubjects were asked to produce two different force levels, 10%
nd 50% of their MVC with their index or ring finger at slow
nd fast rates of force development. For the actual task, the sub-
ects were presented with horizontal target line on the computer
creen representing 10% and/or 50% MVC. The subjects were
nstructed to reach the target line at its intersection with verti-
al line corresponding to either 400 or 800 ms (fast and slow,
or 10% MVC), and 1000 or 4000 ms (fast and slow, for 50%

VC), at the constant rate of force development [29]. Changing
he time in which the subjects were required to reach the target
orce level and asking subjects to maintain a constant slope was
one so that the rate of force development remained constant
ithin 10% and 50% MVC tasks. After reaching the required
orce level, subjects were asked to match their force trace with
he target line for the remainder of the trial. The entire trial
ength was 5000 ms. The contractions were self-paced and the
ubjects were instructed to maintain a consistent time interval in
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etween trials, which was approximately 8–10 s in length. Sub-
ects performed 60 trials for each task. The detailed experimental
rocedure was published elsewhere [44,45,40,42,39,43,41].

During extensive practice (12 sessions, 3 days a week for
weeks) performing the tasks, subjects received visual feed-

ack when uninvolved fingers contributed to force produced by
pecified finger. Specifically, four light emitting diodes (LEDs),
orresponding to each of the four fingers were displayed at the
ottom of the computer monitor. If an uninvolved finger con-
ributed more than 5% MVC, the LEDs were activated (turning to
ED) signaling that the uninvolved finger(s) contributed to task
roduction. The LEDs were GREEN when the forced produced
y the uninvolved finger(s) was below the 5% threshold.

The EEG was recorded with Ag/AgCl electrodes using a
uik-Cap Electrode Helmet at 19 electrode sites: FP1, FP2,
z, F3, F4, FCz, FC3, FC4, Cz, C3, C4, CPz, CP3, CP4, Pz,
3, P4, O1 and O2 according to the international 10–20 sys-

em [17]. Linked earlobes served as reference and electrode
mpedances were kept below 5 k�. The signals were measured
sing a programmable dc coupled broadband SynAmps amplifier
NeuroScan, Inc., El Paso, TX). The EEG signals were ampli-
ed (gain 1000, recording range set for ±55 mV) and band-pass
ltered in the dc to 100 Hz frequency range. The EEG data
ere sampled at 500 Hz, using a separate 16-bit analog-to-digital

onverter for each channel.
All EEG data sets were linear detrended and baseline cor-

ected, and epoched by a NeuroScan 4.1 software package. Any
rials containing prominent eye artifact were removed from fur-
her analysis. A time epoch was calculated from 2000 ms prior to
orce initiation to 5000 ms after force termination, thus creating
n epoch 7000 ms in duration. The wavelet used for EEG analy-
is in this study was the Morlet wavelet [46,40] and implemented
ia the Matlab wavelet toolbox. The TF energy of EEG trials
as averaged and the mean time-varying energy of movement-

nduced EEG waveforms in 8–13 and 30–50 Hz frequency bands
cross trials was computed. The absolute values of the wavelet
oefficients (C) were plotted, and the clusters of dominant energy
istributions within these frequency bands were noted. The scale
pace of the wavelet transform was windowed separately to
over various frequency bands, to increase the resolution and to
tress between-condition differences. The dependent variables
or behavioral (force enslaving) data were first analyzed using a 2
session: pre, post-training) × 2 (criterion force: 10%, 50%) × 2
rate of force: fast, slow) × 2 (end-effectors: index, ring) within
ubjects repeated measures ANOVA.

We found that the absolute mean error was reduced for
he ring finger after the 4-week practice period. For the ramp
hase, the ANOVA indicated a significant effect of session only
or the ring finger, F(1, 8) = 40.53, P < 0.005) which reflects
hat the accuracy of force output produced by the ring finger
ncreased as a function of practice. Overall, there was less abso-
ute mean trajectory errors generated in the static phase than in
he ramp phase, F(1, 8) = 38.345, P < 0.01. For the static phase,

he ANOVA indicated a significant effect of criterion force,
(1, 8) = 68.316, P < 0.0001, and end-effectors, F(1, 8) = 9.3215,
< 0.001. The interaction between end-effectors × force × rate

f force was also significant, F(1, 8) = 27.72, P < 0.005. The
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ewman-Keuls post hoc test showed that the smallest error
ccurred in the index finger 10% fast condition, 0.56N (S.D.
.15), while the largest error was observed in the ring finger 50%
ast condition, 4.09N (S.D. 0.69). Most importantly, the ANOVA
ndicated a significant effect of session only for the ring finger,
(1, 8) = 35.69, P < 0.01. The greater accuracy and lack of ben-
fit of practice for the index finger most likely reflects greater
xperience of our subjects in using their index as compared to

heir ring finger for specific tasks.

In terms of force enslaving, the ANOVA revealed a sig-
ificant difference between end-effectors, F(1, 8) = 19.791,

s
a
P

ig. 1. (Top) Wavelet map of EEG alpha at Cz, C3, C4 of ring finger prior to practic
ote, 0 on X-axis corresponds to force onset.
Letters 421 (2007) 126–131

< 0.01, with the index finger being more independent than
ing finger regardless of force level and effect of practice.
t was also found that the percent of force enslaving (i.e.,
nger dependency) increased as a function nominal force,
(1, 5) = 113.68, P < 0.005. In specific, total force enslav-

ng was reduced following practice for ring finger only (pre
0% fast, X = 22.54, S.D. = 9.72; post 50% fast, X = 16.18,
.D. = 4.89; pre 50% slow, X = 19.34; S.D. = 12.94; post 50%

low, X = 12.99, S.D. = 6.87). There was also a significant inter-
ction between end-effectors × criterion force, F(1, 8) = 12.04,
< 0.05. Newman-Keuls post hoc tests revealed that the great-

e; (bottom) wavelet map of EEG alpha Cz, C3, C4 of ring finger post-practice.
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st percent of force enslaving was observed when ring finger
roduced 50% MVC tasks. The least percent of force enslaving
ere observed when index finger produced 10% MVC tasks.
gain, practice only influenced the ring finger, F(1, 8) = 10.047,
< 0.05, indicating that extensive practice did not influenced

ercent of index finger force enslaving.
The most prominent modulations of EEG activity in fre-

uency domain as a function of practice were observed for
0% MVC tasks. In the following analysis, we will emphasize
EG data for 50% MVC tasks pre and post-training. Visu-
lly, pre-practice EEG records revealed considerable drop in
lpha power (e.g., alpha desynchronization) approximately at
he onset of force initiation. This was true for both fingers. Inter-
stingly, the alpha power was localized centrally approximately
00 ms prior to its significant drop at the force onset. It should
e noted alpha power (e.g., alpha synchronization) increased
pproximately 700 ms after the force onset, regardless of finger
bserved. This drop in alpha power was not present at the force
nset post-practice. In contrast to pre-practice, alpha activity
ncreased during both ramp and static phases (at least 1000 ms
fter peak force). This was true for both fingers.

To further accentuate and define more precise timing of alpha
ower modulation as a function of practice and end-effectors,
he time–frequency (TF) maps of EEG alpha at central-electrode
ites (Cz, C3, C4) were elaborated. Specifically, the TF wavelet
oefficients across all trials within each condition were com-
uted for all subjects at 19 electrode sites with frequency window
f 8–12 Hz and plotted as 2D color maps. Different temporal
atterns of time-lock to force onset alpha desynchronization
ere present pre and post-practice regardless of end-effectors.
pecifically, the presence of high power alpha was evident post-
ractice up to 4 s after the force onset. In addition, the averaged
bsolute values of TF coefficients indicating the power of the
lpha energy were computed. There was significantly less alpha
ower produced by the ring finger both before, F(1, 8) = 20.77,
< 0.01 and after practice, F(1, 8) = 14.34, P < 0.05 (Fig. 1).
For gamma, the TF wavelet coefficients across all trials

ithin each condition were computed with frequency window of
0–50 Hz. The most prominent changes in gamma (30–50 Hz)
ower as a function of finger and practice were present at central-
lectrode sites (Cz, C3 and C4). Visually and statistically, power
f the gamma band prior to practice was significantly higher for
oth fingers, F(1, 8) = 15.52, P < 0.001. However, there was a
emporal difference in gamma activation between index and ring
ngers as a function of practice. Specifically, burst of gamma
ctivity was present for the index finger prior to practice (approx-
mately 800 ms after force onset) and was scattered throughout
he whole trial duration after practice. In contrast, gamma activ-
ty was scattered throughout the trial duration for the ring finger
rior to practice and time-locked to peak force (approximately
00 ms after force onset) after practice. These patterns of gamma
ctivity were bilateral and present similarly at C3, C4 and Cz
lectrode sites (Fig. 2).
In this study, we extended our previous work with expe-
ienced piano players by using participants who were less
xperienced with such multiple finger tasks. The primary behav-
oral findings from this study confirmed our previous work and
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howed that the accuracy increased with the extensive practice
essions of three times a week over 4 weeks but only for the
ing finger. This suggests that it was only the less practiced ring
nger that benefited from practice and that their index finger
erformance had reached a plateau, at least for our type of tasks.
hat is to say, the index finger in our participants was more inde-
endent initially and thus was limited in the amount of change
t could show. It is possible that further extensive training would
esult in changes that could be mapped onto our physiological
easures. For the ring finger, error rate was less in the lower

orce (10% MVC) as compared to the higher force condition
50% MVC) as well as the lower rate of force condition. This is
onsistent with other existing empirical research which shows
hat percent of force enslaving increases as a function of nomi-
al force [12,31,42,39]. Further, both accuracy and independent
ontrol of individual fingers may be enhanced via deliberate
ractice and task-specific training [28].

Overall, behavioral results from our study support the hypoth-
sis that the structural constraints imposed on individuated finger
ontrol is not a hard-wired phenomenon and can at least partially
e overcome by task-specific training. An important implica-
ion is that task-specific training may enhance both the accuracy
nd independent control of the “most enslaved, ring finger”
48,43]. Therefore, it is feasible to suggest that “task-specific
reatment visual feedback” may be a critical component of effec-
ive applied approaches to rehabilitation in focal hand dystonia
3] and stroke patients [47] suffering from impaired control of
ocalized movements.

The theoretical understanding of this work is supported by
umerous studies suggesting the possibility of plastic changes in
he brain associated with learning [6,5,32–34,49]. In support of
his notion, early EEG studies demonstrated alteration of brain
lectrical activity as a function of extensive practice [19,21].
owever, this is the first EEG study demonstrating that plastic

hanges in the brain as a result of task-specific practice are end-
ffectors dependent within the EEG gamma band range. The
mount of anatomical constraints (i.e., mechanical constraints
hat exist between the tendons and the muscles in the fingers
11]) may be a factor contributing the features of brain plasticity
s a result of task-specific practice.

In terms of EEG activity accompanying enhanced individu-
ted control of the fingers we found the following. First, alpha
esynchronization with onset of force production was observed
rior to practice regardless of finger involved. Second, follow-
ng practice, the alpha desynchronization with force onset was
ot present. It should be also noted that as reported previously
significant increase of MRCP was seen prior to and after

orce onset (i.e., motor potential, MP [10,20], and movement-
onitoring potential, MMP [14], produced by ring finger after

ractice [4]). Third, high power burst of gamma activity around
he peak force was seen during the static phase with the index
nger and throughout the task with the ring finger prior to prac-

ice. After practice, gamma activity with the ring finger was

imilar to that of the index finger prior to practice. This suggests
hat gamma band activity may index the successful acquisition
f motor responses [40]. Considering the fact that the gamma
and rhythm is an important sign of focused arousal [9] allowing
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ig. 2. (Top) Wavelet map of EEG gamma at Cz, C3, C4 of ring finger prior to p
ote, 0 on X-axis corresponds to force onset.

ufficient execution of motor responses and an important, uni-
ersal operator in the brain function [1] it is feasible to suggest
he observed EEG patterns may serve as neural underpinning of
nhanced individuated control of the ring finger.

To conclude, contrasting features of EEG patterns accompa-
ying deliberate practice with special emphasis on independent

ontrol of index versus ring fingers suggests that modulation of
ractice-related plasticity in the human cortex [49,15] is an end-
ffectors dependent phenomenon. Further, utilization of both
EG alpha and gamma band activity allows for additional infor-
; (bottom) wavelet map of EEG gamma Cz, C3, C4 of ring finger post-practice.

ation regarding changes following practice not found in either
EG frequency band alone.
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