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Abstract

Background: The effects of musical training on the body in professional musicians remain an understudied area, particularly
in reference to understanding and managing orthopedic/neuromuscular deviations and injuries in this population. The
purpose of this study was to evaluate hand/finger fine motor function in musicians via physical examination as well as
laboratory-based evaluations. Methods: Thirteen healthy noninjured young elite string musicians participated in this study.
Performance of musicians was compared with healthy age-matched, sex-matched, and handedness-matched nonmusician
controls. Results: Musicians exhibited decreased intrinsic muscle strength compared with controls; however, no change in
extrinsic muscle strength was found between groups. No between-group differences in overall force control were found;
however, Group X Hand (right vs left) interactions were found in force control. Conclusions: These data suggest that
musicians are a unique population with respect to: (1) fine motor control of the hand; and (2) exhibit changes in differential
hand use. This suggests cortical reorganization of string musicians, such that this population should be studied separately
from typical healthy controls with respect to hand function.
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Introduction control in this population, as differences or imbalances in
these measures in musicians may indicate the source of
maladaptations associated with musical training. The
majority of previous studies on professional musicians have
focused on assessment of temporal tapping measures, ' %2>
not kinetic function and performance. Accordingly, the goal
of this study is to assess the effects of professional musical
instrument playing on measures of upper extremity strength
and motor function via force production.

In addition to this goal, we are also interested in assess-
ing kinetic performance differences between the 2 hands in
professional musicians versus nonmusician controls. Our
interest in between-hand differences stems from the differ-
ential use of the 2 hands in most musical instruments, par-
ticularly stringed instruments, such that the right hand is
typically used to control instrument volume via dynamic

In recent years, the impact of music and musical training on
the mind and body has been of interest. In most of these
studies, researchers have learned more about how the brain
reacts to listening to music, particularly classical
music.>***>*° Despite this interest, the effects of musical
training on the body in professional musicians remain an
understudied area, particularly in reference to understand-
ing and managing orthopedic and neuromuscular deviations
and injuries in this population. Given that professional
musicians practice for anywhere between 2 and 8 hours a
day, rehearse for up to 3 hours at a time, and play for about
2 hours in a given performance,'® it is likely that they have
superior motor and force control of the hands. This is sup-
ported by reports that trained pianists have superior control
over the timing and loudness of keystrokes compared with
nonmusicians.'” Given the high workload of the upper
extremities, it is also likely that professional musicians have ;Uni‘/erSit)’ of Houston, TX, USA
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movements whereas the left hand is primarily used to con-
trol sound tone and physical stability of the instrument.'®*
The separation of roles between the 2 hands in a single
motor task, particularly in stringed instruments, is notable.
This separation of hand roles appears to be in line with the
dynamic dominance theory,?’ such that one arm/limb acts as
a stabilizer whereas the other arm/limb performs dynamic
actions in bimanual tasks.

To investigate these phenomena, we assessed upper
extremity strength using digital dynamometers and motor
function via submaximal force production control. Specifi-
cally, we hypothesize that: (1) musicians will exhibit larger
maximal force values for both intrinsic and extrinsic mus-
cles of the hand; and (2) measures of force control (aka
steadiness) will be better in musicians versus controls. No
hypotheses regarding differences between hands were
developed a priori, as exploration of between-hand differ-
ences in the musicians group was an exploratory aim of this
study.

Materials and Methods

Participants

Thirteen healthy musicians (22 + 3 years old; 6 men and 7
women) and 13 healthy nonmusicians (22 + 3 years old; 6
men and 7 women) volunteered to participate (mean = SD) in
the current study. Twelve of the musicians identified as viola
or violin players and 1 as a cello player. Each of the musi-
cians identified as professional musicians. Nonmusician con-
trols were matched for age, sex, and declared handedness
(dominance). Nonmusician controls did not report a history
of instrument or other musical training/playing. Eleven par-
ticipants in each group declared right handedness, indicated
by preferential use of that limb during writing, drawing, and
eating, whereas 2 participants in each group declared left
handedness. Participants with a history of any neurological
disability (eg, cerebrovascular accident (stroke), multiple
sclerosis, Parkinson disease, Huntington disease, myasthenia
gravis, traumatic brain injury, and hereditary or acquired neu-
ropathies) were excluded from the current study. Participants
did not report current or previous injury to the upper extrem-
ities. All participants gave informed consent according to the
procedures approved by the Institutional Review Board of
Houston Methodist Hospital.

Maximal Force Production

Extrinsic and intrinsic muscle strength of each participant
was evaluated for each hand. Extrinsic muscle evaluation
consisted of power grip and precision pinch. Participants
performed maximal grip strength (MGS) with all 5 fingers
of their hand in a power grip. In addition, maximal precision
pinch strength (MPS) was evaluated with the thumb and

index finger of the hand. Maximal strengths were evaluated
using Biometrics Grip and Pinch Dynamometers with a
wireless DataLOG system (models G200 and P200, and
DataLOG model MWXS8, Biometrics Ltd., Newport, UK).
There were a total of 3 trials per grip type (power grip and
precision pinch) for the dominant hand, lasting approxi-
mately 5 seconds; data were collected at 100 Hz. The maxi-
mum MPS value generated output for the 3 trials per hand
was used to calculate the force percentage used in the sub-
maximal force production tasks for each hand. Intrinsic
muscle strength was evaluated using the PRIME dynamom-
eter device (Ortholntrinsics, Houston, Texas). Maximal
intrinsic muscle forces of the first dorsal interosseous,
abductor digiti minimi, and the opponens pollicis were mea-
sured using PRIME ****

Submaximal Force Production

After maximal force evaluation, participants performed a
series of submaximal force production tasks. Each task
involved using the index finger and thumb in a precision
pinch grip to produce a specified level of force, with feed-
back provided via a computer screen. Each participant per-
formed 3 trials for each submaximal condition (15% and
40%), lasting 15 seconds each. Participants were asked to
match and maintain precision pinch forces to the best of
their ability on the screen. Forces presented and recorded
were a sum of the normal forces produced on the object.
All forces produced by the thumb and index finger were
recorded simultaneously using 2 identical 6-component
force—moment transducers (Nano-25 transducers; ATI
Industrial Automation, Garner, North Carolina). The grip
width of the object (defined as the distance between the
contact surfaces of the Nano-25 sensors) was 0.07 m. The
total mass of the object was 0.170 kg. The transducers were
mounted to a fixed aluminum device throughout the entire
testing session. Sandpaper (320-grit) was attached to the
contact surfaces of each sensor to increase the friction
between the digits and the transducers. The finger pad—
sandpaper coefficient for static friction was approximately
0.96.%%* Transducer signals were amplified and multi-
plexed using ATI hardware prior to being routed to an ana-
log to digital converter (via cDAQ-9174 chassis and
NI-9205 input modules, National Instruments, Austin,
Texas). A customized Labview program (National Instru-
ments, Austin, Texas) was used for data acquisition, and
customized MATLAB (Mathworks Inc., Natick, Massa-
chusetts) programs were written for data processing. The
data sampling frequency was set at 100 Hz. The axes of the
presented visual feedback remained the same across
all study participants (0-60 N along the y-axis and 0-15 s
across the x-axis).

Participants were instructed to sit in a chair facing a table
with an upright posture. The transducer was situated 0.4 m
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Figure |. Mean and standard error values for maximal extrinsic
muscle force production in the left and right hands for musicians
versus healthy nonmusician controls: (a) maximal grip strength,
(b) maximal pinch strength.

near the front of the participant’s torso and approximately
0.15 m away from the midline of the body toward the dom-
inant (right) hand. Neutral wrist position and hand orienta-
tion were maintained during testing. Participants were
instructed to only produce pinch forces necessary to com-
plete the task. Participants were not permitted to move the
object (ie, lift the object) at any time and the forearm of the
hand used was supported by the table at all times. The test
object remained in the same position on the testing table at
all times.

Linear Analysis of Force Variability

Submaximal force data were analyzed with respect to both
linear and nonlinear measures. Each form of analysis was
intended to provide complementary information regarding
the variability profiles of the data collected in this study. At
the most basic level, mean force produced and variability of
force production were evaluated. Variability measures
included root mean square error (RMSE) of the force output

relative to the target and the coefficient of variation (CV).
As variability in force production increases with mean force
production value,’’ CV may capture consistency in the sig-
nal to variability ratio, whereas RMSE may show differ-
ences among tasks. Both measures are used to evaluate
accuracy of the forces produced with respect to the pre-
sented target values."

Nonlinear Analysis of Force Variability

The structure of force output variability was quantified via
approximate entropy (ApEn) and detrended fluctuation
exponent analysis (DFA,).* ApEn was calculated accord-
ing to Pincus’s algorithm, using vector length (m) of 2 and
tolerance (r) of 0.2.2"***! The ApEn measure indicates the
irregularity (variability) in both short-term and long-term
ranges of a signal in the time domain given the probability
distribution of its components.”'***' The value of ApEn
increases as the signal consists of more random compo-
nents. The amount of time-dependent variability in the
signal is also reflected by DFA , such that long-term self-
affinity in the signal is reflected by values greater than 0.5.
DFA, values less than 0.5 indicate less systematic (more
random) signal components.*!>

Statistics

The data are presented in the text and figures as means +
standard errors. Repeated measures analyses of variance
(RM-ANOVAs) were performed to observe the effects of
Group (musicians vs controls), Hand (left vs right), and
Level (2 levels for submaximal force production: 15% and
40% MPS). Dependent measures included maximal strength
(grip, pinch, first dorsal interosseous, abductor digiti min-
imi, and the opponens pollicis), RMSE, CV, ApEn, and
DFA,. For all ANOVAs, the assumption of sphericity was
verified using Mauchly’s sphericity test. If sphericity was
violated, the degrees of freedom were adjusted as necessary
using Greenhouse-Geisser corrections.

Results

Maximal Force Production

Extrinsic muscles. Strength evaluation of extrinsic hand
muscles via measurement of maximal grip and pinch forces
did not indicate strength differences between Groups. No
between-hand (right vs left) differences were found in either
measure of extrinsic muscle strength. Data can be found in
Figures la and 1b.

Intrinsic muscles. In contrast, strength evaluation of intrinsic
hand muscles indicated significant differences between the
Groups. Significant Group differences in strength of the
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measures of intrinsic muscle strength and no Group x Hand
d . interactions were found.
404 Submaximal Force Production
=3 T I
® 30. - None of the measures of linear force variability indicated
ot between-group or between-hand differences in this study.
uc: 204 One nonlinear measure of force variability did indicate
el some between-group differences via an interaction term.
TR DFA,, exhibited a Group * Hand interaction (F, ;3 = 4.987,
P <.05), indicating similar DFA  values in musicians across
0 : . hands, shown in Figure 3a.
Left Right Despite the lack of group differences in the variability
measures, the traditional 7ask-based differences did emerge
b in most of the variability measures (RMSE: F, ;s = 16.084,
95 - P <.001; CV: F| 45 = 12.566, P < .001; and DFA: F, ;s =
T 5.277, P <.05), all shown in Figures 3b to 3d.
S 20+ I
Y Discussion
o 15
LE The purpose of this study was to assess the effects of profes-
= 10+ sional musical instrument playing on measures of upper
0 extremity strength and motor function. We hypothesized
< 99 that: (1) musicians will exhibit larger maximal force values
for both intrinsic and extrinsic muscles of the hand; and (2)
u Left Riéh " measures of force control (aka steadiness) will be better in
musicians versus controls. No hypotheses regarding differ-
ences between hands were developed a priori, given the
C exploratory nature of this particular aim. Our findings do
Gl - Bl Musicians not support the primary hypotheses and suggest evidence of
z [ Cortrols magnified between-hand performance differences in musi-
o T - cians versus controls. In the following paragraphs, we dis-
s 404 cuss our results in terms of the published literature as it
uc_: relates muscle overuse, differential hand use in musicians,
p and cortical adaptation due to musician training.
e 204
= Muscle Overuse in Musicians
On' In this study, we explored between-hand differences in indi-
a Loft Riﬁht ces of strength and force production control in professional
string musicians as compared with nonmusician age-

Figure 2. Mean and standard error values for maximal intrinsic
muscle force production in the left and right hands for musicians
versus healthy nonmusician controls: (a) maximal first dorsal
interosseous (FDI) strength, (b) maximal abductor digiti minimi
(ADM) strength, and (c) maximal opponens pollicis strength.

first dorsal interosseous (F, 35 = 7.708, P < .01), abductor
digiti minimi (F, 35 = 13.877, P <.001), and the opponens
pollicis (F, 34 = 8.262, P < .01) indicated that healthy non-
musician controls possessed stronger intrinsic hand muscles
as compared with musicians (Figures 2a-2c). No significant
differences were found between hands (right vs left) for any

matched, sex-matched, and handedness-matched controls.
None of the measures of extrinsic forearm muscle strength
(maximal grip and pinch force) indicated between-group
differences; however, measures of intrinsic hand muscle
strength were significantly lower in the musicians group
versus controls in the intrinsic hand muscles evaluated in
this study. These results are in direct contrast with our first
hypothesis. Despite this initially surprising result, it is pos-
sible that the reduced maximal force values in the musicians
group may be due to both muscle overuse and prolonged
use of unusual hand/finger postures induced by the physical
demands of the profession.'”?**7 None of the musicians
in this study presented with symptoms of neuromuscular or
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Figure 3. Mean and standard error of submaximal force production in musicians versus healthy nonmusician controls: (a) Between-
hand differences in DFA,, values, (b) RMSE differences between force output levels, (c) CV differences between force output levels,

and (d) DFA,, differences between force output levels.

Note. DFA, = detrended fluctuation exponent analysis; RMSE = root mean square error; FDI = first dorsal interosseus; CV = coefficient of variation;

MPS = maximal precision pinch strength.

orthopedic disorders. Each study participant was assessed
for such issues by an orthopedic surgeon with extensive
experience in treating musicians; thus, we do not believe
that the reduced maximal forces observed in this study were
due to obvious neuromuscular or orthopedic problems. The
increased demands on the upper extremities induced by
constant repetition of hand/finger movements coupled with
muscular fatigue, unusual joint positions, and cumulative
microtrauma of the soft tissues of the upper extremity are
well documented in string musicians.'”**" Left untreated
or unaddressed, these microtraumas commonly develop
into a myriad of chronic neuromuscular problems in this
population, supported by reports of decreased movement
quality associated with long-term instrument playing.’
Observations of decreased muscle strength along with
increased fatigue have been shown to be associated with an
increased risk of neuromuscular injury in other populations
with high muscular and orthopedic demands (eg, military
personnel, runners, etc.).”® Although measuring intrin-
sic muscle strength may be a clinical challenge, long-term

monitoring of intrinsic hand strength may be a window into
early identification of upper extremity neuromuscular and/
or orthopedic diagnoses in this population; however, more
research is warranted in this area.

Differential Hand Use in Musicians

In this study, we also explored between-hand differences in
indices of force production and control. Notably, none of
the measures of muscle strength (intrinsic nor extrinsic
muscles) indicated between-hand differences in either
group. On average, none of the measures of force steadi-
ness (control) revealed overall group or hand effects, gen-
erally not supporting our second hypothesis; however, a
difference in one measure of force control was notably dif-
ferent in musicians versus nonmusician controls between
the hands. A Group * Hand interaction in one of the non-
linear measures of force control (DFA,, Figure 3a) indi-
cated a significant discrepancy in value between the right
and left hands of musicians, whereas this difference was
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absent in nonmusician controls. These unexpected results
suggest that forces produced by the right hand of musicians
were the result of a more consistent motor unit firing pat-
tern as compared with the left hand, in which the force sig-
nal (and presumably motor unit firing patterns) consisted
of more random frequency components. Given that the
force signals were generated at the same percentage of
maximal force (per each hand), this suggests a limb-spe-
cific organization of motor units and control of those units
in musicians. This limb-specific control is most likely the
result of long-term musical training in which the 2 hands
are used for different, yet complimentary, components of a
bimanual task,'®? consistent with the dynamic dominance
theory.?” Overcoming the symmetric nature of motor coor-
dination in a bimanual task is not easy, indicated by self-
reported difficulties in training the left hand by musicians.?
Although the origin of these control differences in musi-
cians is speculative, we suggest that these hand-specific
changes are central in nature, given well-documented cor-
tical adaptations to long-term musical training in the evi-
dence base.

Cortical Adaptations Due to Musical Training

In recent years, cortical adaptation to musical training has
been reported within the literature. Increased amounts of
white matter,*'? structural change:s,3’6’16 reduced cortical
activity,*''® and interhemispheric connectivity changes'*'**
have all been reported in musicians. Notably, asymmetry in
specific cortical areas in the motor and sensory regions sug-
gests some evidence of hemispheric specialization.'%%
Interestingly, decreases in cortical activity in the primary
motor and sensory function areas have been reported'™'"!?
while reduced interhemispheric inhibition and increased
interhemispheric connectivity'*'*? seem to occur in profes-
sionally trained musicians. It is possible that all of these
changes are complimentary in nature and in direct response
to the bimanual nature of musical performance. It has also
been noted that the strength of these changes appear to be
directly linked to the number of years of study with an
instrument and/or age at the start of musical training." %>
One group has suggested that these changes allow for a
smaller neural network to be used during motor activity,
thereby solving Bernstein’s degrees of freedom problem by
using less neuronal resources.”” However, the cortical
changes observed do appear to be linked to the instrument
type used, eg, stringed instruments (violin) versus keyboard
instruments (piano).>** In some cases, researchers have sug-
gested that these changes are generally maladaptive.”'* This
indicates that more research in this area is needed to better
understand the relationship between observed between-hand
differences in professional musicians, differential hand use
based on the instrument type, and the resulting neuromuscu-
lar, orthopedic, and cortical adaptations.
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