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ABSTRACT

RICH, C. and E. CAFARELLI. Submaximal motor unit firing rates after 8 wk of isometric resistance training.Med. Sci. Sports Exerc.,
Vol. 32, No. 1, pp. 190–196, 2000.Purpose:The purpose of this study was to test the hypothesis that average motor unit firing rates
change in parallel with the contractile properties of vastus lateralis following 8 wk of isometric resistance training.Methods: The firing
rates from more than 400 motor units of vastus lateralis were obtained during voluntary isometric contractions of 50% MVC, before
and again after training in male subjects (N 5 10) and their untrained controls (N 5 10). Single motor unit spike trains were recorded
with tungsten microelectrodes.Results:Training resulted in a 36% (P , 0.05) increase in MVC. We also found significant increases
(P , 0.05) in maximal twitch amplitude (117%), time to peak tension (19%) and the maximal instantaneous rate of contraction
(120%) in the trained leg of the experimental group. Neither the maximal integrated EMG nor the rate of increase of integrated EMG
was different after training. There were no significant changes in any of these measures from the untrained leg or the control group.
Average firing rates were not different after training despite the increase in twitch contractile speed.Conclusion: These findings
suggest that the control properties of the nervous system are not altered despite sizable changes in the contractile properties of muscle
following 8 wk of resistance training.Key Words: RECRUITMENT, ADAPTATION, STIMULATION, SINGLE UNIT RECORD-
INGS

The human neuromuscular system adapts its func-
tional capacity to the activity patterns of the individ-
ual. Immobilizing muscle reduces maximal force

generating capacity and contractile speed (11), while resis-
tance training increases maximal force and, in many cases,
contractile speed (1,2). Shortly after beginning resistance
training there is an increase in muscular strength before any
measurable hypertrophy is seen in the muscle (22). Some
authors have reported a training-induced increase in the
integrated electromyogram (iEMG) which they attribute to
an increase in muscle activation (13,14) and suggest that
resistance training increases the ability to maximally acti-
vate muscle. Others have not found increased activation
with surface electromyography (9,19).

The contractile speed of muscle depends on its histo-
chemical properties and the rate at which it is activated by
the CNS (3). The production of force is modulated by the
number of motor units recruited and the rate of motor unit
discharge (7). Fatigue and immobilization slow the contrac-
tile properties of muscle (5,10) and decrease the average
motor unit firing rate (AMUFR) during a voluntary sub-
maximal isometric contraction of constant force. Little data
are available as to how motor unit firing rates may adapt to
resistance training (21,24).

Two preliminary reports having to do with resistance
training and motor unit firing rates have recently become
available. Leong et al. (21) reported that maximal motor unit
discharge rates during MVC are higher in elderly weight
lifters than in their age-matched controls but found no
difference between the groups in discharge rates at 50%
MVC. Patten et al. (24) trained the abductor digiti minimi in
young and elderly subjects. They observed an increase in
maximal motor unit discharge rates that was greater in
elderly subjects than in young subjects after 2 d ofresistance
training. The first of these two studies employed a cross-
sectional design and the training activities of the individual
subjects were highly variable. Our study examines the ef-
fects of a longer duration controlled training protocol on
average motor unit firing rates in a large locomotor muscle,
vastus lateralis.

The purpose of the present study was to determine
whether there is a change in the average motor unit firing
rate during a submaximal isometric contraction after 8 wk of
isometric, single-leg resistance training of the knee extensor
muscles. A change in firing rate would represent a signifi-
cant alteration in the control properties of the neuromuscular
system. We anticipated that training would increase maxi-
mal strength and contractile speed of the muscle which
would be accompanied by an increase in the average motor
unit firing rate during a submaximal isometric contraction.
Given the slower contractile speed and reduced AMUFR
observed in fatigue and immobilization (5,7,10), we rea-
soned that a faster contractile speed would require a higher
rate of motor unit discharge to maintain a completely fused
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tetanus, and that the increased AMUFR after training would
be proportional to the increase in contractile speed.

METHODS

Subjects. Twenty male subjects (age5 22.9 6 2.1 yr
(mean6 SD), height5 176.46 5.82 cm, weight5 78.66
11.23 kg) participated in the experiment. All subjects re-
ported moderate levels of physical activity, but none were
involved in any systematic training. The experiment was
conducted according to the Declaration of Helsinki and
approved by the York University Human Participants Re-
view Committee. All subjects were paid for their participa-
tion and gave their written consent after being informed of
the nature of the experiment.

Training protocol. We used a single leg training model
for the experiment. Subjects were matched on their maximal
voluntary contractile force (MVC) and randomly assigned
to either an experimental (N 5 10) or control group (N 5
10). The experimental subjects underwent isometric resis-
tance training of the knee extensors of their dominant leg;
the contralateral leg was used as an internal control. Train-
ing consisted of five sets of 10 brief MVC (3–5 s) performed
three times per week for 8 wk. The instructions were to
contract as hard and as fast as possible. Visual feedback of
the force record was provided for the subjects and they were
verbally encouraged to surpass each preceding effort. Each
person trained individually on a dynamometer in the labo-
ratory under the supervision of one of the lab staff. Eight
subjects commenced training in late November and took 1
wk off from training over the Christmas holiday. Two others
began after Christmas and trained continuously for 8 wk. All
pretraining measurements were repeated after the training
period.

Dynamometry. The isometric torque of the quadriceps
femoris muscle group was measured in a dynamometer as
described by Psek and Cafarelli (25). The subject sat in the
apparatus with both the hip and knee joints positioned at
approximately 90° of flexion. The torque was registered by
a force transducer clamped 2–3 cm above the malleoli. The
signal from the force transducer was amplified 10–100x
(frequency response DC-1KHz at 3dB down) and stored on
cassette. Later, the torque records were digitized at 1000 Hz
and analyzed off-line using the Easy LX software package
(Keithly Asyst, Taunton, MA). The mean of the force fluc-
tuations was calculated during the 10-s isometric contrac-
tions of 50% MVC when motor unit discharges were re-
corded. The coefficient of variation [(SD/X¯) 100)] of force
over the 10-s period was calculated to observe how the
training may have altered the subjects’ ability to sustain
submaximal force (18).

To obtain a measure of force producing capacity, the
subjects performed three to five brief (3 s) MVC. Their
instructions were to contract as hard and as fast as they
could. Visual feedback of the force record was provided and
this, along with verbal prompting, was used to encourage the
subject to exceed previous attempts at generating maximal
force. Maximality was confirmed during at least one of

these contractions using a modification of the superimposed
twitch technique developed by Merton (23). To stimulate
the knee extensors, carbonized rubber electrodes (83 10
cm) were placed over the femoral nerve; the cathode in the
inguinal crease with its lateral border over the origin of
rectus femoris, the anode 10–13 cm distal to it and oriented
in the same direction. A train of five square wave pulses of
200ms duration at a voltage 20% greater than that required
to produce a maximal twitch was applied to the femoral
nerve at a rate of 100 Hz during MVC. The amplitude of
these shocks ranged from 250–400 V, depending on the
subject. If no superimposed tetanus appeared in the torque
record, it was assumed that the muscle had been fully
activated.

Surface electromyography. Bipolar silver-silver
chloride electrodes with a center-to-center interelectrode
distance of 2.5 cm (EQ Inc., Plymouth Meeting, PA) were
placed over the center of the belly of vastus lateralis oriented
longitudinally midway between the medial border of vastus
lateralis and the anterior border of the iliotibial band and
approximately 10–12 cm proximal to the superior border of
the patella. The exact distance from the lateral superior
border of the patella to the edge of the electrode was
measured during the baseline experiments, and this place-
ment was repeated after training. The signal from the elec-
trode was preamplified 35x at the electrode, amplified again
40x and stored on cassette. The filtering characteristics of
the second stage amplifier were essentially flat from 0 to 10
kHz. No additional hardware or software filtering was per-
formed. After digitizing at an acquisition rate of 1000 Hz,
the signal was full-wave rectified and integrated over a 1-s
period (iEMG). The iEMG was then normalized to the
maximal M-wave area (seeContractile properties, below)
to control for any variability in the electrical impedance of
the skin and subcutaneous tissue.

To estimate the maximal rate at which these muscles were
activated, we chose to measure the rate of increase of EMG
from the onset of electrical activity to the point at which
df/dtmax occurred, a period of 500 ms or so. To do this we
first full-wave rectified the surface EMG signal and then
integrated the rectified signal as function of time. Then we
fit a line to the first 200 ms of the integral using the method
of least squares. The slope of the line of best fit was taken
to represent the rate at which the muscle was electrically
activated.

Intramuscular electromyography. Intramuscular
single motor unit recordings were obtained with high im-
pedance microelectrodes made from 200-mm diameter tung-
sten wire (Howarth Instruments, Cornwall, UK) and using
the method described by Bellemare et al. (4). The electrodes
were 10 cm long and coated with several layers of insulation
to give a final diameter of approximately 270mm. The ends
of the electrodes were sharpened and the insulation removed
exposing 5–15mm of bare wire. This provided a selective
recording surface most sensitive to potentials from fibers
close to the electrode tip. The reference electrode was made
from 50-mm diameter stainless steel wire also insulated. The
wire was inserted into a 26 gauge hypodermic needle;
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approximately 1 mm of insulation was burned off the end of
the wire and the end of the wire was bent to form a small
hook. The microelectrode, hypodermic needle, and wire
were sterilized together by wet autoclaving at 200°C for 20
min.

The skin was prepared by shaving and swabbing the area
adjacent to the surface electrode thoroughly with a 70%
ethyl alcohol solution. The needle containing the reference
electrode was inserted into the subcutaneous adipose tissue
5 cm proximal to the patella at a very shallow angle. When
the needle was withdrawn, the hook on the wire electrode
held it in place. A water-soaked strap electrode around the
upper third of the thigh served as a ground. A small puncture
was made in the skin and fascia over the belly of the muscle
with a 26-gauge hypodermic needle, and the tungsten mi-
croelectrode was inserted through the puncture just into the
muscle. The subject then contracted the quadriceps to 50%
MVC and held the torque constant for 10 s. The microelec-
trode was slowly advanced through the muscle during the
contraction at approximately 0.5 mmzs21 to maximize the
number of spike trains recorded during this brief contrac-
tion. Visual feedback was provided so that the required
torque could be maintained. Typically, 8- to 10-s recordings
were obtained at any one insertion site; the limiting factors
usually being the subject’s discomfort or the length of the
needle. Once the needle had been fully advanced it was
withdrawn and reinserted nearby.

In a single test session before the 8 wk of training a subset
of control and experimental subjects (N 5 8) made an
additional set of brief submaximal contractions (20–80%
MVC) during which single unit recordings were obtained.
The purpose of this procedure was to establish the relation-
ship between AMUFR and relative force in vastus lateralis.

The signal from the tungsten electrode was preamplified
near the source, passed through a second stage variable

amplifier (York University Electronics Shop), and stored on
cassette (Vetter, Rebersburg, PA) for later analysis. Upon
playback and before A/D conversion the recorded signal
was filtered (Neurolog module NL 126, Medical Systems,
Greenvale, NY) at a bandwidth of 1000–5000 Hz. The
filtered intramuscular signal was digitized at 4096 Hz for
off-line analysis using the Easyest LX package. The soft-
ware displayed the entire 10-s recording and enabled us to
“zoom” in on smaller areas of the spike train to examine
groups of potentials. Figure 1 shows an example of a 3-s
recording made during a constant torque contraction of 50%
MVC. Several action potentials from four different motor
units have been extracted from the recording and displayed
on an expanded time base. The fluctuations in amplitude
occur because the recording electrode is moving toward and
then away from discharging cells and because of normal
tremor in the muscle. The most difficult aspect of this
technique is not in identifying potentials from the same cell,
given that the positioning of the recording and reference
electrodes and the discharging cell changes minimally dur-
ing a single recording (see overlaid waveforms, bottom of
Fig. 1). Rather, the difficulty is in obtaining recordings
where the signal-to-noise ratio is sufficient to permit iden-
tification of any potentials from single cells.

We used four criteria to identify groups of action poten-
tials to accept as counts of single motor units: 1) there had
to be a minimum of at least four action potentials per motor
unit; 2) the peak-to-peak amplitude of the potentials had to

Figure 1—Example of spike train recorded during a constant force
contraction of 50% MVC. Top: Spike train recorded from vastus
lateralis while advancing the recording electrode through the muscle.
Symbols identify potentials from different motor units. Bottom: Sev-
eral action potentials from four different units have been extracted
from the longer recording and displayed on a faster time base. The
duration of each potential is about 2–4 ms and the amplitude of the
individual spikes has been reduced by 67%.

Figure 2—Contractile properties during rapid stimulated and volun-
tary contractions to 50% MVC. Top: The waveforms from left to right
are recordings of an evoked twitch, a contraction equivalent to 50%
MVC elicited by a train of five pulses, and a rapid voluntary contrac-
tion to 50% MVC. The 50% MVC rapid voluntary contraction has the
same shape as the stimulated contraction of 50% MVC.Bottom: Left
and right panelsshow the effects of training on contractile properties
using rapid voluntary contractions equivalent to 50% MVC. These
data were collected from four subjects who underwent training and
nine age-matched controls. Training did not result in a change in
contractile speed at 50% MVC.
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be within 10% of one another; 3) the coefficient of variation
of the interspike interval had to be less than 25%, and 4) the
similarity of shape of the potentials was assessed by over-
laying them as shown in Figure 1. In all, we counted the
firing rates of more than 400 motor units that met these
criteria in each of the four “legs” of the experiment (trained,
untrained, control left, control right) before and then again
after training.

Contractile properties. Measurements of contractile
properties were obtained from maximal stimulated twitch
contractions of the knee extensors. These included the max-
imal positive and negative values of the first derivative of
the force record (df/dtmax, -df/dtmax) and the maximal twitch
amplitude (Twmax). Maximal twitch contractions were
evoked by applying a single supramaximal pulse of 200ms
duration to the femoral nerve when the muscle was at rest.
The force signal was amplified 100x and stored on cassette.
Recordings of the compound mass action potentials (M-
waves) were made from the surface electrodes (see,Surface
electromyography, above). An estimate of the test-retest
reliability for these measures was obtained by calculating
the correlation coefficient between values obtained from the
control limbs before and after training.

At first we attempted to measure the contractile properties
of the muscle during an evoked contraction of 50% MVC
using direct femoral nerve stimulation. A train of five
200-ms pulses at 100 Hz were delivered to the nerve while
the muscle was at rest. The voltage was manipulated until
the required force was elicited. This stimulation was per-
formed on six experimental subjects during the pretest, but
it proved to be so uncomfortable that the technique was
discontinued rather than risk the subject’s withdrawal from
the experiment. Instead, the remaining subjects performed
voluntary contractions equal to 50% MVC, where in each
trial they were urged too generate force as fast as they
possibly could (20). These contractions are comparable in
shape and contractile properties with the evoked contrac-
tions produced by the train of stimulating pulses (Fig. 2). In
future work it may be useful to use contractions like these to
study contractile properties at force levels greater than those
elicited during a maximal twitch and without the extreme
discomfort produced by a train of supramaximal pulses.

Statistical analysis. The dependent variables were an-
alyzed with a 23 2 3 2 mixed repeated measures ANOVA
with group (trained and untrained), leg (right and left) and
time (pre, post) as the independent variables.Post-hoccom-
parisons of the treatment means were made with Tukey’s
test. Descriptive statistics include means6 SE. Interactions,
main effects, and mean cell differences were considered
significant and reported as such when the level of probabil-
ity reached or exceeded 0.05.

RESULTS

Maximal activation and force. The maximal volun-
tary contractile force (MVC) of the quadriceps is shown in
Figure 3A. There was a significant three-way interaction of
group, leg, and time (F 5 7.42,df 5 1,36,P 5 0.0099). The

interaction occurred because the MVC of the trained leg in
the experimental group increased from pre- to post-training.
This pattern of change is the cause of all the three-way
interactions that emerged from our data.Post hoccompar-
ison of individual cell means verified that MVC increased
36% in the trained leg of the experimental subjects from
541.066 35.44 N to 736.506 74.98 N but that there were
no significant differences in pre and post means from the UT
and control legs.

Activation of vastus lateralis during maximal contraction
(iEMGmax, Fig. 3B) was not significantly different between
the experimental or control group or between the right and
left legs of the subjects in each group; nor did iEMGmax

change after training. The area of the M wave was also not
different after training (test-retest correlation was 0.80).
Finally, pairwise comparisons of iEMG normalized to the M
wave (Fig. 3C) among groups and legs were not signifi-
cantly different, nor was the normalized iEMG different
after training.

Contractile properties. Maximal evoked twitch con-
tractile force increased after training (Fig. 4). The three-way
interaction of group, leg and time for Twmax was significant
(F 5 19.16,df 51, 36,P 5 0.0001). Twmax increased 17%
from 104.76 11.36 N to 122.96 13.47 N in the trained leg
of the experimental subjects. Twmax of the untrained leg of
the experimental subjects was not different after training.
Twmax of the right leg of the control subjects decreased
significantly from 115.46 11.31 N to 98.86 9.47 N. There
was no change in Twmax in left leg of the control subjects
after training. The test-retest reliability of the maximal
twitches from the control legs was 0.93.

Both thedf/dt and -df/dt are shown in the bottom panels
of Figure 4. Test-retest reliability for these two variables

Figure 3—Maximal voluntary force and activation before and after
training. A 36% increase in MVC after training (A) was not accom-
panied by an increase in activation (B). EMGmax was normalized to the
M-wave area (D) to account for variability in skin impedance (C). *
indicates P < 0.01.
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were 0.77 and 0.94, respectively. There was a significant
two-way interaction of group and time (F 5 9.32,df 5 1,36,
P 5 0.0043) and a significant main effect of leg (F 5 16.53,
df 5 1,36, P 5 0.0002). Thedf/dt increased 20% from
1298.76 139.30 to 1558.86 151.47 in the trained leg of
the experimental subjects. Left legdf/dt was greater in both
the experimental and control groups before and after train-
ing (2068.216 93.44 N/s vs 1399.716 72.33 N/s). The
analysis of -df/dt (Fig. 4C) revealed that the main effects of
leg (F 5 8.18,df 5 1,36,P 5 0.0001) and time (F 5 5.93,
df 5 1,36,P 5 0.0001) were significant. The maximal rate
of relaxation was greater in the left leg of both experimental
and control groups than in the right leg (21230.466 61.13
N/s vs2678.276 34.03 N/s), which was probably a result
of the slight differences in the length of the two strain
gauges. However, there were no differences in any of the
legs from pre- to post-training.

The rate of electrical activation of vastus lateralis during
maximal contractions did not change after training (Fig. 5).
Neither main effects nor two or three-way interactions were
significant. This suggests that the rate of sarcolemmal de-
polarization did not change as a consequence of training.
Furthermore, the coeffecient of variation obtained from the
submaximal force records showed that there was no change
in the subjects’ ability to maintain constant force during 10-s
isometric contractions at 50% MVC. In both the control and
experimental legs the coefficient of variation was 0.036
0.01 before and after training.

Rapid 50% MVC contractile properties. The data
shown in Figure 2 were taken from four trained subjects and
nine control subjects during rapid 50% MVC voluntary
contractions. There was a significant main effect of leg for
df/dt at 50% MVC (F 5 12.87,df 5 1,29,P 5 0.0016). As
did the data obtained from maximal twitch contractions, the
df/dt of the left leg of both subject groups was greater than

the right leg before and after training. Finally, analysis of
-df/dt at 50% MVC showed significant main effects of group
(F 5 12.97,df 5 1,29,P 5 0.0016) and leg (F 5 7.16,df 5
1,29, P 5 0.0138). The -df/dt of the trained subjects was
greater than the control subjects, but there were no changes
in -df/dt after training in any condition.

Average motor unit firing rate. The AMUFR ob-
tained during 10-s contractions of 50% MVC are shown in
Figure 6. Each bar is the mean of about 400 single motor
unit counts. There was a significant main effect of group
(F 5 7.12,df 5 1,36,P 5 0.0114). The average motor unit
firing rate was slightly higher in the experimental subjects
than the control subjects (12.466 1.25 Hz vs 11.416 0.19),
but we found no evidence of a significant increase in
AMUFR after training in any condition. Also shown in
Figure 6 (left panel) is a plot of AMUFR as a function of
relative force between 20 and 80% MVC which suggests
that the relationship between these two variables is linear
throughout the range.

DISCUSSION

The question we asked is whether the average firing rate
of motor units in vastus lateralis changes in parallel with

Figure 6—The effects of training on motor unit firing rates in vastus
lateralis during voluntary contractions of 50% MVC. Left panelshows
the relationship between voluntary force and AMUFR in vastus late-
ralis. These data were collected from a subset of control and experi-
mental subjects before the training protocol and are intended to illus-
trate the linear relation between AMUFR and relative force in whole
muscle. The right panel shows that AMUFR at 50% MVC did not
change as a consequence of training.

Figure 4—Evoked contractile properties before and after training.
Maximal twitch amplitude and the maximal rate of contraction in-
creased as a consequence of training. Maximal relaxation rate did not
change. ** indicatesP < 0.01; *P < 0.05.

Figure 5—Rate of electrical activation of vastus lateralis during MVC.
The rate of electrical activation was not different after training. Data
were obtained from the slope of the EMG integral and normalized to
the M-wave area to account for differences in electrical impedance and
electrode placement.
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whole muscle contractile properties after 8 wk of isometric
resistance training. Our approach to this question was to
determine whether isometric resistance training increased
AMUFR of vastus lateralis at 50% MVC and whether the
increase was proportional to the increase in contractile
speed. There was a large increase in MVC and a consider-
ably smaller increase in evoked contractile speed (df/dt), but
there were no measurable effects on the maximal EMG or
the AMUFR at 50% MVC.

Adaptations in maximal voluntary force produc-
tion. Previous studies have reported large increases in max-
imal voluntary force after isometric (1,9) and isotonic
(14,15) resistance training. MVC increased at about 0.64%
per day over the 56-d training period which agrees well with
several similar studies reviewed by Booth and Tomason (6).
However, this estimate does not imply that the rate of
increase was constant from the onset of training. Increases
in MVC do not always coincide with measurable hypertro-
phy; the increase in maximal force production generally
exceeds the increase in cross-sectional area (CSA), suggest-
ing an increase in the specific tension of muscle. However,
Garfinkel and Cafarelli (12) found no change in specific
tension (force/cm2) in females after 8 wk of isometric train-
ing and Kandarian and White (17) reported a decrease in
specific tension in rodent muscle during the early stages of
training. Although measurements of whole muscle or single
fiber CSA offer some insight into events taking place within
muscle, the time course of protein synthesis and degradation
as the result of resistance training is only beginning to be
explored (22). Recent indications are that protein synthesis
increases substantially within hours after a resistance train-
ing bout, but much less is known about accompanying
degradation rates (22). Until such time as these data are
available, it is difficult to draw conclusions about how
nonhypertrophic mechanisms increase force production af-
ter training.

Twitch contractile properties. Only one other study
of isometric resistance training has reported an increase in
Twmax (11); others report no change (1,2,9). Twmax in-
creased in the trained leg of the experimental group but also
decreased slightly in the right leg of the control group. There
was no change in Twmax after training in the left legs of the
control subjects. If the measurement in the right control leg
was systematically biased in some way, the data from the
trained and control subjects would have changed in the same
direction, either as an increase or a decrease in both groups.
That Twmax decreased in the control group suggests that, if
anything, the increase seen in the trained group could have
been even larger.

The increased Tw contractile speed we observed agrees
with those from other isometric training studies (1,2). In-
terestingly, the faster Tw contractile speed was not accom-
panied by an increase in the rate of neural activation during
MVC nor the df/dt during rapid 50% MVC contractions.
This suggests that the increase in contractile speed may be
the result of changes in the muscle itself. However, resis-
tance training is normally associated with a reduction in the
proportion of type IIB muscle fibers (8) which, by itself,

could slow the contractile speed of whole muscle. On the
other hand, the velocity of the training contractions may
have had an impact on the adaptation in contractile speed.
Unlike isotonic training where submaximal contractions are
performed at relatively slow contractile speeds, our protocol
involved maximal isometric contractions performed at the
maximal rate of contraction. The protocol may thus have
preferentially induced adaptations in motor units containing
type IIb myosin isoforms, which could explain the improve-
ment in the Tw contractile speed that we observed.

Precision of force maintenance. Duchateau and
Hainaut (10) reported an increase in twitch time to peak
tension (TPT) of adductor pollicis after a period of immo-
bilization. At the same time, maximal motor unit firing rates
decreased and the inter-spike interval (ISI) got longer. Since
the ISI was longer than TPT after immobilization, it is
possible that some relaxation took place, thus compromising
the ability to maintain force. In our study,df/dt increased
(decreased TPT), but AMUFR did not change which could
mean that the ability to maintain a constant force was
compromised. However, force fluctuations did not increase
during constant 50% MVC contractions. In fact, TPT de-
creased after training from 139 to 132 ms and the AMUFR
was 12.02 Hz (ISI5 83 ms). Since TPT was still consid-
erably longer than the time between action potentials, it
would not be necessary to increase motor unit firing rates to
maintain fusion during contraction. Keen et al. (18) exam-
ined the effect of training on force fluctuations in elderly
and young subjects and found that the elderly subjects
actually improved at low force levels. Neither our findings
nor those of Keen et al. (18) support the idea that training
results in a reduction of the ability to maintain force
constant.

50% MVC contractile properties. To determine how
resistance training may have altered the rate of force gen-
eration, our subjects also performed rapid voluntary con-
tractions to 50% MVC. These contractions have been shown
to mimic evoked contractions of the same magnitude in that
the rise to peak force and the rate of relaxation in vastus
lateralis occurs at the same rate (20). The data obtained from
these rapid voluntary contractions are similar to those ob-
tained from the stimulation protocol in the present study.
They show that voluntary contractile speed was not influ-
enced by the training and that contractions of this type are
useful for examining the contractile properties of muscle at
high force outputs without using painful levels of electrical
stimulation.

Adaptations in neural control of active muscle.
Under certain conditions the AMUFR of a given muscle
changes during constant force contractions. During maximal
isometric contractions AMUFR decreases as a function of
time, a characteristic that has been attributed to a peripheral
reflex (5). Duchateau and Hainaut (10,15) reported in-
creased contraction time along with substantial decreases in
maximal motor unit firing rates after immobilization. These
studies suggest that motor unit firing rates are adjusted to
match the slower mechanical characteristics of fatigued and
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detrained muscle. If training increases contractile speed,
higher motor unit firing rates might be required to com-
pletely fuse the contraction. Although there was an increase
in contractile speed in the present study, there was no
change in the AMUFR at 50% of the post-training MVC,
quite likely because the small increase in contractile speed
did not require an increase in motor unit firing rates to
maintain a fused contraction in vastus lateralis.

Only two preliminary reports of firing rates being studied
after training are available in the literature. A cross-sectional
study by Leong et al. (21) showed a higher maximal firing
rate in older weight lifters compared with that in their
sedentary controls. One interpretation of these findings may
be that the untrained older subjects, unaccustomed to such
maneuvers, were unable to make a maximal contraction
during the initial testing session. From the same laboratory,
Patten et al. (24) reported an increase in maximal motor unit
firing rates after only 2 d of training. By the end of the
training period, however, these rates had returned to control

values, suggesting that “learning” may have occurred in the
initial phase of adaptation (16).

In summary, 8 wk of isometric resistance training pro-
duced a large increase in maximal voluntary contractile
force and a small increase in contractile speed of the knee
extensors. Despite these changes in contractile properties
there were no accompanying changes in neural activation as
measured by the maximal EMG nor in the average motor
unit firing rate at 50% MVC. These results suggest that after
a short period of isometric training the increase in maximal
force production was not a result of enhanced activation of
whole muscle and that baseline motor unit firing rates were
already high enough to maintain precise control of sustained
submaximal forces despite increases in contractile speed.
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