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Hand Dominance and Motor Unit Firing Behavior

ALEXANDER ADAM,*? CARLO J. DE LUCA,**®* AND ZEYNEP ERIM*
"NeuroMuscular Research Center, 2Department of Biomedical Engineering, and 3Department of Neurology, Boston

University, Boston, Massachusetts 02215

Adam, Alexander, Carlo J. De Luca, and Zeynep Erim. Hand
dominance and motor unit firing behavior. J. Neurophysiol. 80:
1373-1382, 1998. Daily preferential use was shown to alter physi-
ological and mechanical properties of skeletal muscle. This study
was aimed at revealing differencesin the control strategy of muscle
pairs in humans who show a clear preference for one hand. We
compared the motor unit (MU) recruitment and firing behavior in
the first dorsal interosseous (FDI) muscle of both hands in eight
male volunteers whose hand preference was evaluated with the use
of a standard questionnaire. Myoelectric signals were recorded
while subjects isometrically abducted the index finger at 30% of
the maximal voluntary contraction (MVC) force. A myoelectric
signal decomposition technique was used to accurately identify
MU firing times from the myoelectric signal. In MUs of the domi-
nant hand, mean values for recruitment threshold, initial firing rate,
average firing rate at target force, and discharge variability were
lower when compared with the nondominant hand. Analysis of
the cross-correlation between mean firing rate and muscle force
revealed cross-correlation peaks of longer latency in the dominant
hand than in the nondominant side. Thislag of the force output with
respect to fluctuationsin the firing behavior of MUs is indicative of
a greater mechanical delay in the dominant FDI muscle. MVC
force was not significantly different across muscle pairs, but the
variability of force at the submaximal target level was higher in
the nondominant side. The presence of lower average firing rates,
lower recruitment thresholds, and greater firing rate/force delay in
the dominant hand is consistent with the notion of an increased
percentage of slow twitch fibers in the preferentially used muscle,
allowing twitch fusion and force buildup to occur at lower firing
rates. It is suggested that a lifetime of preferred use may cause
adaptations in the fiber composition of the dominant muscle such
that the mechanical effectiveness of its MUs increased.

INTRODUCTION

The human motor system adapts to functional require-
ments with considerable plasticity. Repetitive low-intensity
exercise such as that during endurance training results in
enhanced aerobic capacity, fatigue resistance, and contractile
slowing of muscle. High-resistance training induces muscle
fiber hypertrophy and concomitantly increased maximal
force output (for detailed review see Faulkner and White
1990). Thus, depending on the use of a particular muscle,
its physiological characteristics and mechanical response
change. Conceptually, a system of altered mechanica re-
sponse would require a modification in the way it is con-
trolled if the goal is to maintain similar outputs.

Long-term preferential use of selected muscles can be
viewed as a moderate form of exercise. In the past decade,

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby marked
‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

several researchers reported differences in the physiology
between the dominant and the nondominant upper limb.
Fugl-Meyer et al. (1982) found a higher percentage of type
I muscle fibers in the extensor carpi radialis brevis of the
dominant arm compared with the homol ogous muscle of the
contralateral arm. An indication of contralateral differences
in fiber composition of the first dorsa interosseous (FDI)
muscle was reported by Tanaka et a. (1984), who measured
alonger force twitch rise time and higher fatigue resistance
in the dominant hand, and Zijdewind et al. (1990), who
reported a lesser decline of the fatigue-associated M-wave
together with prolonged twitch times in the dominant side.
Both results suggested the presence of a higher percentage
of slow-twitch type | fibersin the preferentially used muscle.
In contrast, a study by Rutherford and Jones (1988) showed
no difference between dominant and nondominant FDI in
terms of twitch properties or contractile fatigue. Using the
same muscle, De Luca et a. (1986) investigated latera
asymmetries in the surface electromyogram (EMG) during
voluntary isometric contractions. Right-handed subjects
showed a higher rate of fatigue in the nondominant hand as
manifested in a greater decrease of the median frequency.
Left-handed subjects exhibited no significant lateral differ-
ence in median frequency behavior, which was attributed to
a high level of ambidexterity among this group. More re-
cently, Tan (1989a,b) reported greater motoneuron excit-
ability in the dominant upper limb as measured by the H-
reflex. The H-reflex is mediated via 1A afferents impinging
primarily on anterior horn cells of low-threshold motor units
(MUs). Because low-threshold MUs are associated with
type | fibers, the finding of contralateral H-reflex differences
can be viewed as another sign of asymmetric fiber composi-
tion. However, evidence exists that the H-reflex is signifi-
cantly influenced by supraspinal inputs to the a-motoneuron
pool (Kimura 1983), which might point to a more central
site for lateral asymmetry. In this regard, Yakovlev and
Rakic (1966) published a study that showed a greater num-
ber of pyramidal tract fibers to the right hand in nearly 80%
of adult human brains.

The question of asymmetries in peripheral nervous path-
ways was not unequivocally resolved. Friedli et a. (1987)
reported a higher detection threshold for cutaneous electrical
stimulation in the dominant arm, which they interpreted as
a lateral asymmetry in sensory nerves. Sathiamoorthy and
Sathiamoorthy (1990) demonstrated higher median nerve
conduction velocities in the dominant arm for both left- and
right-handed subjects. However, Tan (1985) concluded that
motor and sensory nerve conduction velocities for the right
and left arm in right- and left-handed subjects did not differ.

Our knowledge of the various lateral physiological and
anatomic asymmetries in the upper extremities is not
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matched by that of the latera differences in the control
mechanism of muscle contraction. Only three studies were
published. Kamen et a. (1992) described a higher cross-
correlation among mean firing rates of pairs of MUs in the
dominant FDI for both left- and right-handed subjects.
Schmied et al. (1994) reported enhanced short-term MU
synchronization, as manifested in stronger and broader cross-
correlogram peaks, in the wrist extensor muscles of the dom-
inant arm; Semmler and Nordstrom (1995) found weaker
synchronization in the FDI muscle of the dominant hand,
but only in right-handed subjects. Whether homol ogous mus-
clesin preferred and nonpreferred hands differ in MU param-
eters that directly affect force production, such as recruit-
ment threshold or mean firing rate, is largely unknown.

The current study was aimed at investigating asymmetries
in the recruitment and firing rate behavior of MUs in FDI
muscle pairs during isometric force generation.

METHODS
Subjects and evaluation of handedness

Eight healthy males aged 21-39 (27.5 + 7.5, mean + SD)
volunteered for this study. All subjects signed an informed consent
form that was approved by the local institutional review board.
Before the experiments, the hand preference of each subject (in
the performance of 10 everyday tasks) was assessed with the use
of a modified Edinburgh Handedness Inventory (Oldfield 1971).
A laterality quotient (LQ) was computed scoring left to right hand-
edness on a scale from —100 to +100. Three of the subjects were
right-handed (LQ > 25), four were left-handed (LQ < —25), and
one exhibited no hand preference (LQ = 0) according to the results
of the questionnaire.

Experimental setup

Subjects were comfortably seated at a lab bench with their fore-
arm resting on a flat surface and the hand secured in a restraining
device. The device immobilized the hand and the wrist by means
of a finger mold and a strap. The FDI was held at maximum
length by fixing the thumb at nearly 90° angle to the index finger.
Isometric abduction force of the FDI was measured in al trials
by placing a high-stiffness force transducer against the proximal
interphalangeal joint of the index finger. Force signals were passed
through a unity gain force conditioner and low-pass filtered (1-
kHz cutoff) before amplification. The filtered force signal was

A. ADAM, C.J. DE LUCA, AND Z. ERIM

displayed against a target trgjectory on a PC monitor in front of
the subject to provide real-time force feedback.

MU action potentials (MUAPs) were recorded with a quadrifilar
needle electrode inserted into the belly of the muscle. This needle
electrode provided four selective pickup surfaces, each 50 ym in
diameter, from which three differential pairs of needle electrode
signals were selected and amplified (band-pass 1-10 kHz). A
ground strap placed around the forearm as well as a silver disk (5-
mm diam) positioned on the middle finger functioned as reference
electrodes.

EMG and force signals were recorded on FM tape and digitized
off-line on a mini-computer. The three channels of EMG signal
were sampled at 50 kHz; the force signal was digitized at
2,048 Hz.

Protocol

During an experimental session subjects performed isometric
contractions with each hand at force levels of 30% of their maximal
voluntary contraction (MVC). Subjects were instructed to abduct
their index finger while avoiding any flexion moment. All measure-
ments were completed for one hand first before testing the other
hand, and the order was determined randomly. Without the needle
in place, three maximal contractions were performed at intervals
of 3 min and the highest value used as the MV C to scal e subsequent
force trgjectories. Subjects were then allowed to practice tracking
the trapezoidal force trajectories during severa trial runs. When
force tracking was stable, the needle electrode was inserted. A
digital storage oscilloscope was used to visualy check the quality
of the EMG signal. Adjustments to the needle position were made
to give stable MUAP shapes at varying force levels. Contractions
were performed in short succession but with a minimum of 3-min
rest in between. Longer recovery times were used when the subject
felt fatigued or when the needle was repositioned to record from
adifferent group of fibers. At least three trials with stable electrode
position and acceptable force tracking were recorded per hand.

Analysis

MU RECRUITMENT AND FIRING RATE. Impulse trains represent-
ing individual MU firing times were obtained from the three channel
needle EMG signa by the precision decomposition technique, which
is described in detail esawhere (De Luca 1993; Mambrito and De
Luca 1984; Stashuk and De Luca 1989). Briefly, precision decompo-
sition utilizes template matching agorithms and firing rate statistics
to reliably identify MUAPs of concurrently active MUs, yielding a
time series representation of MU firings. All parameters were derived
from the correctly identified MU firing times. The initid firing rate

TABLE 1. Age, contralateral MVC values, and degree of handedness for eight male subjects

Subject Age D-MVC, N ND-MVC, N MV C-Diff., % LQ Handedness
Rl 36 38.39 4338 -13 100 R

R2 24 23.94 33.37 -39 80 R

R3 22 38.26 38.26 0 71 R

N1 23 (L) 46.05 (R) 40.04 13 0 —

L1 21 32.03 26.16 18 -87 L

L2 39 24.29 32.12 -32 —67 L

L3 21 27 43.16 -1 -29 L

L4 34 4204 41.60 1 -78 L
Total 275+ 7.5 (8) 3453 + 7.91 (7) 36.87 + 653 (7) ~7.6 + 216 (7) —1.4 + 821 (7)

Total values mean + SD with number of motor unit firing records in parentheses.

Degree of handedness is expressed as a laterality quotient (LQ) obtained from handedness questionnaire. Subjects with an LQ >25 are referred to as
right-handed (RH), those with an LQ less than —25 are referred to as left-handed (LH). Each maximal voluntary contraction (MVC) value represents
the greatest of three consecutive contractions. Mean values for dominant and nondominant hands of LH and RH subjects were not significantly different.
F Except for the age variable, subject N1 was excluded from the calculation of means. D-MVC, dominant MV C; ND-MVC, nondominant MVC; MVC-

Diff., MVC difference.
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of a MU was computed as the inverse of the average interfiring
intervals (IFIs) of the firgt three consistent (IFI = 200 ms) firings.
The recruitment threshold of a MU was determined as the average
force within a window of 15 samples (=7 ms) of the force signd,
centered on the first consistent firing of that particular MU. Average
firing rates were calculated as the inverse of the average IFI over the
first 5 s of a gable target force plateau. The coefficient of variation
(CV; SD/mean) of the IFIswas calculated over the sametimeinterva
as the average firing rate.

The amount of joint fluctuation between mean firing rate signals

of concurrently active MUs and the corresponding whole muscle
force trace were analyzed with a cross-correlation technique (De
Luca et a. 1982b). The same 5-s time interval over which the
firing rate statistics were computed for each contraction was chosen
for the cross-correlation analysis. Each MU'’s firing time impulse
train was low-pass filtered with a 400-ms Hanning window to
produce a continuous time, mean firing rate signal. The firing rate
and the force signals were then high-pass filtered (0.75-Hz corner
frequency) to remove any DC bias before computing the cross-
correlation function.
FORCE TRACES. For each contraction the average force, normal-
ized to the MVC, as well as the CV of force were calculated
over the same 5-s interval of the force plateau as the firing rate
parameters.

Satistical tests

Unless otherwise stated, means of parameters were compared
by unpaired t-tests grouped by hand (dominant vs. nondominant).
Significance levels of P < 0.05 (two-tailed) were reported.

RESULTS

Individual MV C vaues as well as percent differences in
dominant and nondominant MV C values are given in Table
1. Differences between dominant and nondominant hands
are at =40% but show no consistent trend with respect to
degree of handedness (LQ). The mean MVC value of the
dominant FDI (34.53 = 7.91 N) was not statistically differ-
ent from that of the nondominant FDI (36.87 = 6.53 N,
P > 05).

Figure 1 shows typical force and mean firing rate data
obtained from contralateral FDI muscles of a right-handed
subject (subject R3 from Table 1) during two 30% MVC
contractions. The force trace and the mean firing rate signals
of the nondominant FDI (Fig. 1A) were less stable than
those of the dominant FDI (Fig. 1B), reflecting the greater
difficulty experienced by the subjects in following a target
tragjectory with the nondominant hand. From each subject,
FDI abduction force, MU recruitment, and firing rate data
for an average of four such contractions with each hand were
pooled and analyzed.

Distribution of recruitment thresholds

A total of 235 action potential trains were obtained from
MUs that discharged in a stable fashion during the flat por-
tion of the force trajectory. Subtracting the MUs of the sub-
ject lacking hand preference, 121 distinct MUs from 30 con-
tractions were analyzed and pooled into the dominant hand
group and 101 (from 29 contractions) were analyzed and
pooled into the nondominant hand group. Figure 2 shows
the distribution of MU recruitment thresholds in dominant
and nondominant hands expressed as a percentage of the
total number of MUs observed in each hand. To obtain a

reasonable number of data pointsin each histogram, the data
were pooled for al subjects except for the subject that did
not exhibit a clear hand preference. The dominant hands
clearly had a higher percentage of their FDI MUs recruited
at lower absoluteforcelevels (<6 N), whereas the nondomi-
nant hands exhibited a more spread-out recruitment pattern
(Fig. 2). Mean recruitment forces in the dominant hands
were lower than in the nondominant hands (4.05 = 2.96 vs.
511 = 351 N, P < 0.05).

Average firing rates at target force

Plotting the average firing rate at the target force versus
the recruitment threshold for MUsfrom al trials of a particu-
lar subject revealed atrend toward higher discharge ratesin
the nondominant hand. Figure 3 depicts the average firing
rate values for pooled data from left- and right-handed sub-
jects. Linear regression analysis showed a hegative correla-
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Fic. 1. Example of isometric abduction force and mean firing rate sig-
nals of concurrently active motor units (MUs) during submaximal voluntary
contraction of nondominant (A) and dominant (B) 1st dorsal interosseous
(FDI) in aright-handed subject. Mean firing rates are measured in pulses
per second (pps; left ordinate), and the abduction force (bold line) is
plotted as a percentage of subject’s maximal voluntary contraction (%MVC;
right ordinate) . For visualization purposes, each MU’s firing time impulse
train was low-pass filtered with a 400-ms Hanning window to produce a
continuous-time, mean firing rate signal (see De Luca et al. 1982b for a
detailed description of this technique). Subjects were asked to follow a
trapezoidal force trajectory by increasing the abduction force at a rate of
10% MVC/s, holding the force constant at 30% MVC for 20 s, and then
decreasing it to O again. Force trace of the nondominant FDI (A) was less
stable when compared with the dominant muscle (B), reflecting the greater
difficulty experienced in following the force trajectory with the nonpreferred
hand. Note that firing rate and force signals are related through a common
time axis.
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% of Motor Units

0-1 5-6 10-11
Recruitment Threshold (N)

FIG. 2. Distribution of MU recruitment thresholds in dominant (D) and
nondominant (ND) hands for pooled data from left- and right-handed sub-
jects. Recruitment threshold is given as absolute force (N). Number of
MUs per bin is normalized to the total number of MUs per category (D =
121, ND = 101). Circles and horizontal error bars above the histograms,
means + SD; filled circle and bars, dominant hand; open circle and bars,
nondominant hand. These data were obtained from isometric, isotonic con-
tractions at 30% MVC. Significance levels of unpaired t-test; * P < 0.05.

tion between MU firing rate and recruitment threshold within
the dominant (R? = 0.04, P < 0.01) and nondominant mus-
cle (R? = 0.31, P < 0.01). Additionally, the nondominant
side regression line had a greater negative slope (P < 0.01)
and a greater intercept (P < 0.01) than the contralatera
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FiGc. 3. Scatter plot of average firing rates at target force vs. recruitment
thresholds of MUs from all subjects having distinct hand preferences. Aver-
age firing rate, calculated over a 5-sinterval (see ANALYSIS), is measured
in pps; recruitment threshold is plotted as %MV C force. « and ——, MUs
from the dominant FDI (n = 121); o and — — —, MUs from the nondomi-
nant FDI (n = 101). Firing rates in the dominant hand were generally
lower than in the nondominant hand for MUs of similar recruitment thresh-
old. Linear fits through the data points are different for dominant (y = —
0.09x + 19.83, R? = 0.04) and nondominant (y = —0.28x + 24.01, R*> =
0.31) hands. Both the intercept and the negative slope were greater in the
nondominant side (P < 0.01).

side. The mean value of the average firing rates across the
range of observed recruitment thresholds was 8.0% lower in
the dominant FDI when compared with the nondominant
muscle [18.72 + 3.90 vs. 20.34 + 4.35 pulses per second
(pps); P < 0.01].

Initial firing rates

For the same subjects as in Fig. 3, the initial firing rates
of MUs are plotted as a function of recruitment threshold
(Fig. 4). MUs in the nondominant FDI appear to have
dlightly higher initia firing rates than MUs in the dominant
muscle. Over the range of recruitment thresholds of this
study, the correlation between initial firing rates and recruit-
ment thresholds in MUs of the nondominant side was not
significant but showed a weak positive trend (R? = 0.02).
In the dominant side the observed positive correlation was
statistically significant (R? = 0.11, P < 0.01). Regression
analysis showed that the slopes of the straight line fits in
Fig. 4 are not different, but that the intercept in the dominant
hand has a higher value (P < 0.01). Disregarding the weak
effect of recruitment threshold on initial firing rate, the mean
value of initia firing rates for MUs in the dominant FDI
(10.32 = 2.56 pps) was significantly lower (P < 0.01) in
comparison to the mean in the nondominant side (11.52 +
2.62 pps).

Firing rate in the subject without hand preference

The subject lacking hand preference did not express a
clear trend toward lower average firing rates in either FDI
(Fig. 5A). Although the correlation between average fir-

30 -

20 A *

Initial Firing Rate (pps)
)

o ¥ 1 L}

0 10 20 30
Recruitment Threshold (% MVC)

FIG. 4. Scatter plot of initial firing rates vs. recruitment thresholds of
MUs from the pool of left- and right-handed subjects. Filled symbols and
continuous line, dominant hand data (n = 121); open symbols and dashed
line, nondominant hand (n = 101). Initia firing rates, calculated over
the 1st 4 MU discharges, are measured in pps on the y-axis. Normalized
recruitment thresholds (%MVC) are plotted on the x-axis. As in the case
of average firing rates, initial firing rates tended to be lower in the dominant
side compared with the nondominant side. A weak dependence of initial
firing rate on recruitment threshold is evident in the dominant (y =
0.11x + 8.98, R? = 0.11) but less in the nondominant (y = 0.04x + 11.01,
R? = 0.02) hands.
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ing rates and recruitment thresholds in the left and right
hand was not statistically significant, straight line fits
show a decrease of firing rate with increased recruitment
threshold.

A scatter plot of initial firing rates versus recruitment
thresholds of MUsis given in Fig. 5B. Although the subject
exhibited a significant positive correlation on the right side
(R?=0.73, P < 0.05), regression analysis yielded adissimi-
lar pattern on the left side caused by a single outlier point.
When this outlier (labeled in Fig. 5B) was excluded from
the analysis, a weak positive trend was observed between
the initia firing rate and the recruitment threshold.

Because only alimited number of MU firing records were
available for this case (left hand n = 6, right hand n = 7)
and the subject could not be pooled with either left- or right-
handed populations, the data were not suited for further sta-
tistical analysis.

Variability of MU firings

In addition to the lateral discrepancies in firing rates, the
variability of the interval between successive firings differed
between dominant and nondominant hands (Fig. 6A). The

>
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Fic. 5. Scatter plots of average firing rates (A) and initia firing rates
(B) vs. recruitment thresholds of the MUs recorded from the subject that
lacked hand preference. A: no marked difference in average firing rate/
recruitment threshold behavior between MUs in the left (solid circle and
lines, n = 6) and right (open circle, dashed lines, n = 7) hands was
observed. In B the outlier (number sign) was excluded from the analysis.

A Coefficient of Variation of IFls

40 - HD
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B Coefficient of Variation of Force

41 - WD
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FIG. 6. Variability of MU interfiring intervals (IFls; A) and force traces
(B) for dominant and nondominant hands in left- and right-handed subjects
grouped together. Shown are means and SDs of the coefficient of variation
(CV; SD/mean) values for MU IFIs and contraction forces. Calculations
are based on a 5-s interval at the beginning of the force plateau (see
ANALYsSIS). A: mean CV of IFls was significantly smaller in the dominant
hand. B: similarly, the mean CV of force was significantly lower in the
dominant muscle. Variability of force was ~ %, magnitude of the MU
discharge variability. m, dominant hand (A, n = 121; B, n = 30); 0O,
nondominant hand (A, n = 101; B, n = 29). Significance level of t-test
between dominant and nondominant hand; ** P < 0.01.

mean CV of IFls in the dominant hand was significantly
smaller in comparison to the nondominant hand (20.17 =+
3.73% vs. 23.48 = 5.30%, P < 0.01).

Variability of force traces

The mean CV of force in the dominant hand of the pool
of LH and RH subjects was significantly smaller than the
mean vaue of the hondominant hand (1.81 + 0.56% vs.
2.80 = 0.96%, P < 0.01, Fig. 6B).

Irrespective of the variability of the force traces, left- and
right-handed subjects exhibited no difference in force tracing
capabilities when the mean force level for each group was
compared across contralateral muscle pairs. Overall subjects
contracted their dominant FDI at a mean force level of
2924 + 190% MVC and their nondominant FDI at
29.56 + 0.94% MVC.

Interaction of firing rate fluctuations with force

Firing rate signals from concurrently active MU were
cross-correl ated with the force record. No differencein mean
peak cross-correlation values was observed between hands,
but the cross-correlation latency was significantly greater in
the dominant hand (138 = 33 msvs. 123 + 27 ms, P <
0.01, Fig. 7).
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FIG. 7. Results of cross-correlation between mean firing rate and force
signals for the pool of left- and right-handed subjects. For each MU, a
cross-correl ation function was computed between the mean firing rate signal
and the contraction force (see ANALYSIS). Mean = SD of the peak values
of the cross-correlation function are plotted against mean = SD of the
latencies at which the peaks occurred. For physiological reasons and because
of the periodicity of the cross-correlation functions, only cross-correlation
peaks with latencies in the range of 0—250 ms were examined (88% of the
total number of MU had peaks that fell into this range). Positive latency
values indicate that fluctuations in the mean firing rate signal lead corre-
sponding fluctuations in the force output. Subjects exhibited no differences
in peak values of cross-correlation among contralateral hands but had a
significantly longer mean latency in the dominant hand. « and ——, domi-
nant hand (n = 106); o and — — —, nondominant hand (n = 89). Signifi-
cance level of t-test comparison between dominant and nondominant hand;
** P < 0.0

DISCUSSION

Maximal voluntary force production and MU firing behav-
ior during submaximal contractions were assessed in contra-
lateral FDI muscles of eight male subjects. In the seven
subjects that exhibited clear hand preference according to
our handedness test, we were able to reliably characterize
the firing pattern of an average of 15.9 MUs per subject per
hand. We believe that the obtained MU samples adequately
represent the MU population in dominant and nondominant
muscles for two reasons. First, the EMG recordings were
made at various depths within each muscle to record from
different MUs and second, fibers belonging to single MUs
in the FDI are dispersed throughout much of the muscle
cross section, greatly reducing the chance of a sample bias
caused by fiber clustering.

Given the number of distinct MUs analyzed in each hand
group and the accuracy of the decomposition technique, the
relatively small number of subjects was not considered an
impediment in detecting the effect of hand preference on
neural activation in the FDI muscle. Table 2 qualitatively
summarizes the differences between dominant and nondomi-
nant hands for all observed MU parameters. The main find-
ings of this study were reduced initial and average firing
rates in conjunction with a shift toward lower recruitment
thresholds and a greater delay between fluctuations in mean
firing rates and muscle force in MUs of the dominant hand.
Theseresults areinterpreted in terms of an adaptive response

of muscle fibers and motoneurons to increased everyday
activity of the preferred hand.

Effect of hand preference on recruitment threshold and
firing rate of MUs

The distribution of recruitment thresholds in the dominant
hand was skewed toward the low-force end. Accordingly,
the mean recruitment threshold in the dominant FDI, mea-
sured in Newtons, was 20.7% lower than the mean value in
the nondominant side (Fig. 2). Because the sampled MUs
are representative of the whole MU population in the FDI,
the observation that a higher percentage of MUsin the domi-
nant hand was recruited in the lower threshold range indi-
cates a shift toward lower recruitment thresholds in the pref-
erentialy used muscle.

Our data also showed contralateral differencesin MU fir-
ing rates during isometric contraction of the FDI at a force
level of 30% MVC. Two previous studies investigated the
effect of handedness on MU firing rates, but they differed
from the current investigation in that subjects controlled MU
discharge rates, as opposed to force output, and only low-
threshold (<4 N or <10% MVC) MUs were considered.
Similar to our findings in the FDI, Schmied et al. (1994)
reported slightly lower initial firing rates in the extensor
carpi radialis muscle of the preferred arm (9.56 + 0.99 vs.
10.09 = 1.02 pps) in two left-handed and two right-handed
subjects. In contrast, Semmler and Nordstrom (1995) found
no lateral differencesin firing rates during low-level contrac-
tions of the FDI.

Although we saw lower average firing rates and lower
recruitment thresholds in the dominant FDI when compared
with the nondominant side, data for individual muscles are
in agreement with the ‘‘onion skin phenomenon’’ (De Luca
1989; De Luca and Erim 1994), which indicates that earlier
recruited MUs maintain higher mean firing rates than later
recruited MUs at any point throughout a contraction. Plots
of average firing rates as a function of MU recruitment force
for our subjects show that within each muscle (e.g., the
nondominant FDI in Fig. 2A) MUsrecruited at lower thresh-
olds indeed discharged at a higher rate than higher threshold
units. Furthermore, initia firing rates showed a weak trend
to increase with recruitment threshold for both the dominant

TABLE 2. Summary of contralateral differences in whole
muscle performance and MU firing parameters of the FDI

Whole muscle performance

MVC D = ND
Force variability D < ND**
MU parameters
Recruitment thresholds D < ND*
Average firing rates D < ND**
Initial firing rates D < ND**
Discharge variability D < ND**
Firing rate/force cross-correlation latency D > ND**

Results of the comparison of mean parameter values between dominant
(D) and nondominant (ND) hands for the group of left- and right-handed
subjects are shown qualitatively by the symbols <, >, and =. Significance
level of t-test comparison between mean values; * P < 0.05, ** P < 0.01.
See Table 1 for other definitions.
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and nondominant groups of MUs (Fig. 4). This finding is
consistent with previous reports of a positive correlation
between initial firing rate and recruitment threshold (Cla-
mann 1970; De Lucaand Erim 1994) . Although the relation-
ship between the firing rate and the recruitment threshold of
a single MU is noisy and by no means deterministic, the
firing rate behavior of the MU pool appears to be organized
in a hierarchical manner with respect to recruitment thresh-
old. Thus athough the activation patterns of MUs in the
dominant and nondominant FDI are distinct, our results con-
firm that within each muscle the MU pool follows the rank-
ordered recruitment and firing rate organization described
most recently by Erim et al. (1996).

Adaptations in response to preferential use

The observed contralateral firing rate differences are con-
sistent with reports of low muscle twitch characteristics in
the FDI of the dominant hand (Tanakaet al. 1984; Zijdewind
et al. 1990) and support the hypothesis that preferred use of
the dominant hand alters the mechanical properties of the
FDI muscle such that relatively more force is built up at
lower firing rates. Because force output was the controlled
variable in our study, firing rates in the dominant FDI appar-
ently did not need to be as high as in the nondominant FDI
to produce the same amount of force.

There are three apparent adaptations to repeated use that
could potentially augment the force produced by the pool
of lower threshold MUs in the dominant hand: 1) greater
force output for the low-threshold MU through selective
hypertrophy of slow fibers, 2) longer twitch duration times
resulting in greater twitch fusion at low firing rates, and 3)
greater number of MUs recruited at low force levels. Very
little evidence for selective hypertrophy of low-threshold
slow-twitch fibers in response to endurance exercise can be
found in the literature (see review by Edstrom and Grimby
1986). Intensive endurance training and repetitive low-fre-
quency stimulation typically promote increased oxidative ca-
pacity and reduced mean fiber cross-sectional area of the
whole muscle. Hypertrophy of fibers occurs as a result of
increased muscle load (i.e., weight training, compensatory
overload) and affects al fiber types (Faulkner and White
1990; Gardiner 1991). Thus selective hypertrophy of slow-
twitch, low-recruitment threshold MUs does not appear to
be a very likely outcome of daily preferential use. Direct
and indirect evidence for options 1 and 2 can be found in
morphological (Fugl-Meyer et a. 1982) and physiological
(De Luca et al. 1986; Tanaka et al. 1984; Zijdewind et al.
1990) studies that reported a higher percentage of type |
fibers, slower contraction times, and higher fatigue resistance
for muscles of the dominant upper limb. The shift in the
histogram toward lower recruitment thresholds observed in
the dominant hand in this study directly supports option 3,
an increased number of MUs recruited at low force levels.
A higher percentage of low-threshold MUs and a higher
percentage of slow-twitch fibers are most likely not separate
phenomena for the reason that the muscle fibers innervated
by a single motoneuron have somewhat similar contractile
characteristics, which in addition are matched to the moto-
neuron properties such as threshold and conduction velocity
(Kernell 1992). As previously reported, the latency of the
peak in the cross-correlation function between mean firing

rate and force signals is indicative of the electromechanical
coupling within amuscle (De Lucaet a. 1982b). By reveal -
ing longer cross-correlation latencies between firing rates
and force in the dominant muscle (Fig. 7), this study pre-
sents further evidence of contralateral fiber type disparity in
the upper limb.

Induced fiber type disparity was studied in abundance in
anima models (Faulkner and White 1990; Kernell 1992;
Salmons 1994). In particular, prolonged repetitive activation
of muscle, either through electrical stimulation or through
exercise training, was observed to increase the percentage of
slow-twitch fibers. The extent to which such transformations
occur in humans as a result of exercise is not yet well docu-
mented (Gardiner 1991; Salmons 1994).

Temporary changes to recruitment threshold and firing
rate of individual MUs were reported for different experi-
mental paradigms (Datta and Stephens 1981; De Luca
1989; Garnett and Stephens 1981; Masakado et al. 1991).
In these independent studies, the afferent input from skin
receptors was either reduced (skin desensitization through
topical anesthesia) or increased (percutaneous electrical
stimulation), producing a differential effect on low-
threshold (=20% MVC) and high-threshold (=30%
MVC) MUs. In both cases, changes in recruitment thresh-
old were accompanied by complementary changesin firing
rate, preserving the normal recruitment/firing rate inter-
play. In the current study, reduced recruitment thresholds
in the dominant muscle were accompanied by decreased,
not increased, average firing rates, suggesting a more pro-
found adaptation of the MU pool, one not likely mediated
by the skin receptors.

It was not surprising to find that the firing rate disparity
was more prominent among lower threshold MUs (plots of
average firing rate vs. recruitment threshold showed a greater
negative slope in the nondominant hand; see Fig. 3) because
these MUs most likely adapted to preferred use by reducing
the firing rate output for a given excitation level to poten-
tially match the mechanical slowing of the muscle. Another
way of looking at these data is to say that the change in the
distribution of recruitment thresholds in the dominant hand
resulted in a higher number of low-threshold MUs being
activated at a given force level when compared with the
nondominant side. A higher number of active MUs allowed
for lower individual firing rates without compromising total
force output. Nevertheless, it is possible that, apart from
changes to the recruitment and firing characteristics of the
dominant MUs, the drive to the dominant MU pool was also
lower. A CNS drive pattern different from that of nondomi-
nant sideisto be expected because the mechanical character-
istics of the muscle are different. Thus for the subjects of
this study, MUs in the dominant hand appear to become
more effective in generating force at submaximal contraction
levels.

Effect of hand preference on regulation of force

Thevariability of the abduction force during the attempted
constant force task was significantly higher in the nondomi-
nant hand (Fig. 6B). An explanation of this phenomenon
may be found in the work of Keen et a. (1994), who found
that strength training reduced the amount of force variability
by 30% in submaximal contractions of the FDI in elderly
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FIG. 8. A: schematic representation of differences in MU firing rates and
recruitment thresholds (RTs) for contralatera FDI muscle pairs during submax-
ima voluntary contractions. One MU, representative of the whole pool of
MU, is shown for each the dominant and the nondominant side. Abduction
force (bold solid line) was the same for both hands, but the firing rates for
MUs of the dominant hand (solid line) were lower than for MUs in the
nondominant hand (dashed line), as indicated by the hatched area between
the firing rate curves. In addition, the MU recruitment thresholds were lower
in the dominant FDI (filled circle) than in the nondominant FDI (open circle).
B: smple hydraulic model summarizing firing rate and recruitment adaptations
in the dominant hand as a result of daily preferential use. Refer to De Luca
and Erim (1994) for complete details of the model. Inflow of water from the
top spigot into a vat represents the drive to the MU pooal, and the outflow
through the bottom spigot represents inhibitory inputs. Height of spouts and
the distance water travels adong the horizontal line symbolize recruitment
threshold and firing rate of MUs. For each MU, the length of the horizontal
line represents the firing rate, wheress the length of the spout determines the
initia firing rate, which is indicated below by afilled circle. Net accumulaion
of water in the tank corresponds to the common drive. The figure depicts the
firing rate behavior of a higher and a lower recruitment threshold MU in the
nondominant (dotted lines) and the dominant (solid lines) muscle during a
submaximal contraction. In the dominant hand, the RT and initid firing rate
of the 2 MUs were reduced when compared with the contralateral sde. When
performing the same submaximal contraction, the dominant hand operates at
alower excitation level, resulting in lower firing rates in comparison with the
nondominant hand. No crossover occurs between firing rates of the dominant
and nondominant hand because the drop in net excitation is larger than the
decrease in recruitment thresholds. Differences in firing rate and recruitment
behavior in contralateral sides are interpreted in terms of an adaptation in the
muscle of the dominant hand as a result of daily preferentia activity. IFR,
initia firing rate; FR, firing rate.

subjects. They attributed this modification to neuronal condi-
tioning caused by practice and not to muscle plasticity, be-
cause the greatest improvements occurred on a short time-
scale (=4 wk) and during low-force contractions without

a change in the distribution of low-threshold MU forces
(estimated by spike-triggered averaging). In support of this
argument, our data revealed matching lateral difference in
the variability of the IFls (Fig. 6A). Consequently, it is
plausible that the spinal and/or supraspina asymmetries and
not the mechanical properties of the MUs are responsible
for the diminished ability of the nondominant muscle to
produce a constant force. This speculation is consistent with
the results of Yakovlev and Rakic (1966), who found that
agreater number of pyramidal tract fibersinnervate the dom-
inant hand.

In contrast, Semmler and Nordstrom (1995) reported no
contralateral differencesin MU discharge variability or force
tremor amplitude. Schmied et al. (1994) aso found no rela-
tion between mean IFl variability and handedness. These
partially contradicting results might be attributable to inher-
ent differences in the muscles under investigation or differ-
encesin the experimental paradigm, such as contraction level
and whether subjects controlled firing rates or force. In par-
ticular, experiments that asked subjects to maintain steady
MU firings with the use of firing rate feedback may introduce
an unusua regularity to the MU firings.

Our result that mean MV C values did not differ between
dominant and nondominant hands agrees with the findings
of Tanakaet al. (1984), Rutherford and Jones (1988), and
Semmler and Nordstrom (1995); the only other studies
reported that dealt with this subject to the best of our
knowledge. Mean MV C values for the FDI of the domi-
nant and nondominant hand were similar to those found
by Tanakaet al. (1984) but ~20% lower than in the other
two studies. This minor discrepancy may be accounted
for by differences in the methods used for measuring the
force. The lack of an effect of handednesson MV C values,
a common result to all the previous studies in the FDI, is
not surprising because the effect of everyday usage on
maximal contraction strength is expected to be low. Maxi-
mal strength isin large part determined by the force output
of high-threshold MUs, but these are rarely used in every-
day activities and thus should not adapt to preferred use
of one hand.

In light of results from other investigations on the fiber
type distribution, twitch response, and fatigue characteris-
tics of hand muscle pairs, the effect of handednessisinter-
preted as an adaptation of the MU pool in the dominant
FDI to daily preferential use (exercise) over many years.
The adaptation allows for more effective force production
at low firing rates, most likely caused by an increased
percentage of slow fibersresulting in greater twitch fusion
at lower MU firing rates. The observations of higher force
and MU discharge variability in the nhondominant hand
may have been caused in part by any inexperience subjects
had using the nondominant muscle for skilled tasks, but
the influence of genetic factors on the lateralization of the
motor system cannot be ruled out.

Whether the above differences in recruitment and firing
behavior of MUs between dominant and nondominant hands
indeed represent the result of preferred use will have to be
determined by studying, for example, young children whose
muscles presumably did not yet adapt to hand preference or,
better yet, by testing whether dominant muscle characteris-
tics can be achieved in the nondominant side through
chronic, low-intensity exercise.
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Conceptual model for MU modifications in the dominant
hand

Figure 8A schematically summarizes our findings related
to the MU recruitment threshold and firing rate differences
among FDI muscle pairs during submaximal contractions.
Although the force output in both muscles had the same
magnitude (bold solid line), the recruitment thresholds (cir-
cles) and firing rates (solid line) of MUs possessed lower
mean values in the dominant hand.

To summarize the observed effectson MU control proper-
ties, we make use of a model that was previously described
by De Luca and Erim (1994). This ‘‘vat model’’ is helpful
invisualizing the differencesin MU control strategies among
contralateral muscles. Figure 8B shows the model of the
MU firing behavior in the dominant muscle (solid lines)
operating at the same target force level as the nondominant
FDI (dotted lines). Theinflow of water into atank represents
the drive to the MU pool, and the outflow through the spouts
represents the firing rate response of individua MUs. An
outlet valve symbolizes the inhibitory inputs to the MU pool.
Thus the water level in the vat represents the net excitation
level seen by al the MUs. The height of the spouts and the
distance the water travels horizontally are proportional to
the recruitment threshold and the firing rate (indicated by
horizontal bars) of MUs. For simplicity, only two MUs are
shown for each muscle. The MU having the lower recruit-
ment threshold (spout) also has a shorter spout, which corre-
lates with a lower initia firing rate (indicated by a dot on
the firing rate bar). Water from the lower spout travels fur-
ther than from the upper spout, corresponding to the observa-
tion that within one muscle lower threshold MUs have a
higher average firing rate than higher threshold units. Modi-
fications made to the nondominant hand model correspond
to atered MU firing rate and recruitment behavior of the
dominant muscle. The height of the spouts, corresponding
to the recruitment thresholds, and their lengths, correspond-
ing to the initia firing rates, are decreased for the MUs in
the dominant muscle model. The horizontal displacements
of water from the spouts, corresponding to the firing rates
from both higher and lower threshold MUs, are less in the
dominant than in the nondominant hand. This decrease of
firing rates is achieved as a result of adiminished net excita-
tion shown as a decreased water level in the vat, assuming
the vat size is unchanged. The effect of the reduction in net
excitation must be larger than the change in recruitment
thresholds because firing rates of corresponding dominant
and nondominant MUs do not cross over. Thusthe vat model
incorporates the observed firing rate discrepancies among
contralateral muscle pairs by necessitating different excita-
tion levels of the respective MU pooals.
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