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ABSTRACT. The reliability and validity of isokinetic meas-
urement of plantar flexion endurance has been studied by a
method previously described by us which utilizes simulta-
neous measurements of mechanical contractional work
(CW) and integrated electromyogram (iEMG). The reliabil-
ity was gauged by test/re-test with a two year’s interval;
while validity was assessed by myoelectric power spectrum
analyses. The output/input balance (CW/AEMG) remained
unchanged for the group as well as inter-individually.
Changes in myoelectric power spectrum as function of num-
ber of contractions were clearly indicative of fatigue. Under
the present conditions fatigue of fast twitch motor units may
explain the rapid decreases in output and excitation fol-
lowed by nearly steady state levels of all registered parame-
ters. As is the case for non-fatigued isokinetic plantar flex-
ions, the motor unit recruitment order appears quite stereo-
{yped during plantar flexion fatigue. The findings of signifi-
cantly lower mean power spectrum during the first part of
each contraction than during the second part may support
the size-principle described by Henneman.
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Muscular endurance may adequately be defined as
time to fatigue, while failure to maintain initial (or
expected) force or power output characterizes fa-
tigue (3). In our opinion there is a need for clinically
applicable ways of objective assessment of muscu-
lar endurance. Plantar flexion offers good possibili-
ties for investigations of both output and electro-
myographic activity. In the straight knee position,
about 90% of the plantar flexor mass is contained
within the triceps surae (4, 28). It is, furthermore,
notably easy to gain access to the motor unit activi-
ty of all three heads of this muscle by surface
clectromyography which has been shown to be rep-
resentative of the electromyographic activity of the
muscle per se (26, 18, 34).

Recently we (6) described a method for assess-

ment of dynamic muscular endurance. Using iso-
kinetic dynamometry, middle-aged and elderly ran-
domly selected healthy subjects performed up to
200 consecutive plantar flexions at 60%s. During the
initial 50-75 manoeuvres peak torques (PT) and
performable contractional work (CW) decreased
successively. Thereafter nearly steady state levels
were generally maintained. Normalizing the inte-
grated electromyographic signals (iIEMG) from all
three heads of the triceps surae for changes in
range-of-motion (RoM) this measure of excitation
decreased about 15-30%, concomitantly with de-
creases in output. The nearly steady state level was
named the endurance level. Age was associated
with greater relative endurance in CW but not in
PT. Since changes and endurance levels of iEMG
were concomitant with those of CW, close correla-
tions were found between CW and iEMGs. A com-
posite measure (CW/iEMG) designed to signify out-
put/input balance was therefore virtually constant
and apparently age but not gender dependent.

The goals of this investigation were (a) to evalu-
ate the reliability of the isokinetic measurement of
muscular endurance by test/re-test at two years’
interval and (b) to validate the method by myoelec-
tric power spectral analyses. The electromyographic
power spectrum has been extensively studied and it
appears clear that the mean or median power spec-
trum decreases, when initial output cannot be sus-
tained, thus denoting fatigue (cf. 24). Furthermore,
it is evident that concomitantly with development
of muscular fatigue, the myoelectric power encom-
passed within a band of high frequency compared
to that contained within a band of low frequency
falls (12, 22, 27). Hence, it was felt that the validity
of iEMG as a measure of ‘“‘input’” fatigue could be
assessed by analyses of myoelectric power spectra.
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Fig. 1. The relationships between peak torque (right Y-
axis, Nm), contractional work (right Y-axis, J) and electri-
cal efficacy (left Y-axis, JAEMG) and number of repeated
isokinetic plantar flexions (X-axis). Manoeuvres were per-
formed at 60°%s. Thirteen clinically healthy males were
included. Tests were performed with about two years
interval (x = test 1; o = test 2). s denotes significant
differences between the two tests. Nm denotes peak
torque, J denotes contractional work and iEMG denotes
summed, truely integrated electromyograms of all three
heads of the m. triceps surae.

MATERIALS

Thirteen clinically healthy, non-selected males were in-
cluded. They were studied twice with two years’ (range
22-25 months) interval between tests 1 and 2. At the first
investigation subjects were aged between 40 and 44.
Originally, at test 1, 15 males were studied. The criteria
for their inclusion has been described elsewhere (8). As
two were ill during the period scheduled for test 2, com-
parison was facilitated by including at both tests only 13
subjects.

METHODS

At both investigations isokinetic plantar flexion manoeu-
vres were performed using Cybex I1® dynamometry (17,
32). The principles of the experimental setup have been
described elsewhere (5, 6). In brief, all subjects performed
200 repetitive plantar flexions at 60%s. For each manoeu-
vre PT, CW and manoeuvre time (= RoM) were regis-
tered on a digital printer. After careful skin preparation,
pairs of self-attaching, disposable silver-silver chloride
surface electrodes (Medico-test, @lstykke, Denmark)
were placed over the maximum bulges of the m. soleus
and the musculi gastrocnemii. The electromyographic sig-
nals obtained were full wave rectified, filtered and then
integrated (iEMG) and registered digitally. At test 2 fre-
quency analyses of the EMGs were simultaneously per-
formed in 12 subjects with high and low frequency cut offs
at 10 Hz and 500 Hz, respectively. The power spectral
density function (PSDF) of each manoeuvre and of the
initial and the subsequent 256 ms periods were obtained
using fast Fourier transform technique. The mean power
frequency (MPF) of all three samples were computed
through:

MPF=ijSDFdf/J PSDF df.

For each contraction the energy at high (=150 Hz)/low
(<59 Hz) frequencies were registered and median ratios
were calculated.

Statistics. For each calculation incorporating PT, CW,
RoM and iEMG, means for sets of five consecutive con-
tractions were used. The spectral analyses were pro-
cessed for every tenth manoeuvre. To compare pairs of
variables Student's t-test for paired observations (1) or
simple regression analyses were used. All statistical tests
were performed at the 5% significance level (p=<0.05,
two-tailed). Statistics were based on normal theory re-
sults.

RESULTS

At both tests subjects failed to maintain initial
(= “‘expected’) output already within 10 succes-
sive isokinetic plantar flexions (Fig. 1). Throughout
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Fig. 2. The relationships between mean power frequency
(MPF) of the m. soleus, the m. gastrocnemius medialis
and the m. gastrocnemius lateralis, in per cent of contrac-
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isokinetic plantar flexions (X-axis) at the preset velocity
60°/s in 12 clinically healthy males.
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Fig. 3. The relationships between high (=150 Hz)/low
(<59 Hz) median ratios of the m. soleus, the m. gastro-
cnemius medialis and the m. gastrocnemius lateralis, in

the subsequent approximately 50 contractions both
PT and CW were successively and significantly
reduced. After about 70 plantar flexions no further
significant reductions occurred. Not until the final
30 manoeuvres were there significant differences
between output at tests 1 and 2. During these last
manoeuvres torque production at test 2 increased
to a level significantly greater than that of test 1.
Initially, RoM did not differ significantly between
lests. After about 100 contractions RoM was,
though, systematically and significantly greatest at
the re-test, providing part of the explanation for the
relatively greater test/re-test differences in CW
than in PT. Since, at both tests, CW and the
summed IEMG of all three heads of the triceps
surae were closely associated (r between 0.82 and
0.95) the CW/AEMG ratio was constant at both
tests, Within the group a rank analysis demonstrat-
ed significant test/re-test inter-individual conformi-
ty of this ratio. In this context it is worth emphasiz-
ing that during the 2-year span of time, vocational
and leisure physical activities were uniformly unal-
tered.

During the initial 25 plantar flexions the MPFs of
all three plantar flexors fell about 15-25% (Fig. 2)
but had a tendency to increase when 50-75 manoeu-
vres had been performed. Increases were, though.
not statistically separable from minimum values
reached. In contrast to the moderate reductions in
MPF, high/low median ratios (Fig. 3) fell drastically
until about the 50th repetition and in particular so
for the m. gastrocnemius lateralis in which this
measure of fatigue dropped nearly 80%. The ratios,
however, again increased after about 100 contrac-

Number of contract.

per cent of contraction number one (¥-axis, %) and num-
ber of repeated isokinetic plantar flexions (X-axis) at the
preset velocity 60%s in 12 clinically healthy males.

tions. In analogy with MPF the increased ratios
were not significantly separable from the minimum
values previously attained.

The MPFs registered for the initial 256 ms frag-
ment of each manoeuvre were, in all three muscles
and throughout the experiment (Fig. 4) significantly
lower than those of the subsequent 256 ms frag-
ment, during which PT consistently occurred. For
all three heads of the triceps surae the MPF of this
second part of the plantar flexion manoeuvre had
fallen significantly after 10 contractions. MPFs of
this part of the manoeuvre were similar to the MPF
of the total manoeuvre (cf. Fig. 2). In contrast the
MPFs of the first 256 ms did not change systemati-
cally throughout the experiment.

DISCUSSION

Reliability

It appears that in randomly selected middle-aged
males with stabilized levels of physical activites,
maximum supine isokinetic plantar flexor output
(Nm, J) varies only slightly at two years’ interval.
Moreover, the chosen expression of dynamic elec-
trical efficacy (CW/AEMG) is remarkably constant
under the present experimental conditions.

The significantly greater mechanical output at
test 2 than at test 1 towards the end of the experi-
ment, when endurance level had been reached,
probably implies that at the re-test subjects remem-
bered the total number of contractions they were
expected to perform, while at test I they were not in-
formed about this maximum number. Hence, at test
2, they at least for a short while increased their
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Fig. 4. The relationships between mean power frequency
of initial 256 ms (denoted x) and subsequent 256 ms (de-
noted o) for the m. soleus, the m. gastrocnemius medialis

level of performance. The fact that output in-
creased somewhat, but electrical efficacy de-
creased slightly, from test 1 to test 2 may signify
that, due to—correct—expectations as regards
number of contractions, the subjects could modify,
slightly, their input/output balance.

The repeatability of the close association be-
tween CW and iEMG emphasizes that under rela-
tively stereotyped dynamic concentric conditions,
surface iEMG can give reliable information as re-
gards performed contractional work, at least in
clinically healthy not specifically trained subjects.
In principle this agrees with the findings of Hof &
Van den Bergh (19) of static force/iEMG relation-
ships in plantar flexion. The fact that, at least for
the triceps surae, iEMG can be obtained with ade-
quate reliability at two years interval is of particular
interest. In isometric contraction Viitasalo & Komi
(34) found acceptable day-to-day reliability of
iEMG registrations obtained by surface electrodes.

Validity

Previously (6) it was suggested that the fall in
iEMG/manoeuvre time occurring during the initial
fatigue phase of this experiment significd decrease
in excitation, possibly due to decrease in mean
firing frequency. The decrease in iIEMG/manoeuvre
time then reported appears to be of the same magni-
tude and follow the same time course as the de-
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and the m. gastrocnemius lateralis (Y-axis, Hz) and num-
ber of repeated isokinetic plantar flexions (X-axis) at the
preset velocity 60%/s in 12 clinically healthy males.

creases in MPF for the total manoeuvres reported
here. The initial falls in MPF and in high/low fre-
quency ratios are in good agreement with other
reports on progressive muscular fatigue, whether
static or dynamic (13, 14, 21, 27). Hence, we feel
that the previously described method for assess-
ment of plantar flexion endurance is adequately
validated.

A considerable part of the available literature (cf.
6) lead us to suggest that the type of fatigue meas-
ured reflects fatigue of fast twitch (FT) motor units.
For example, during supposedly fatiguing static
(35) and isokinetic (22) knee extension experi-
ments, decreases in MPF are more pronounced in
richly than in sparsely FT-fibre populated musculi
vasti lateralii. Furthermore, in the present investi-
gation mean MPFs and high/low frequency ratios of
the musculi gastrocnemii decreased more, particu-
larly those of the m. soleus. Although rather small,
these differences appear to reflect the well-known
relative fibre composition of these muscles (2, 7,
20) similar to the findings from Komi's group.

Recruitment of motor units during non-fatigued
plantar flexions at different velocities of angular
motion has been described to be independent of
velocity of angular motion (5, 8). The MPF of the
first 256 ms period of each manoeuvre in all three
muscles was significantly lower than the MPF of
the subsequent 256 ms. Since slow-twitch (ST) fi-



bres have lower firing frequencies than have FT
fibres (10) the finding implies that, systematically,
ST motor units are recruited prior to FT units dur-
ing isokinetic plantar flexions. A suggestion which
is congruent with the size principle of Henneman
(15, 16). Recently, however, Secher et al. (30) using
lubocurarine to partially block ST motor units
presented some evidence that in isokinetic knee
cxtension at different velocities of angular motion
FT fibres may be highly contributory to initial
torque development. In line with our previous sug-
gestion that under the present conditions fatigue is
mainly caused by failure of FT motor unit func-
tion, the MPF of the second but not of the first 256
ms fragment decreased with the time course similar
o other decreases. Furthermore, several authors
(9. 31, 33) have found that peak torque is positively
associated with relative FT fibre content and/or
area and, consistently peak torques occurred dur-
ing the second 256 ms period of contractions.

The increases in total manoeuvre MPF during the
second half of the experiment may be caused by re-
recruitment of FT motor units. Several speculative
mechanisms shall be offered. Thus, increased intra-
muscular temperature will lead not only to in-
creased output (29) but also to increase in MPF and
in the high frequency content of the myoelectric
power spectrum (cf. 24). The effect of temperature
may however be dampened by increased intramus-
cular pressure (23). Another explanation for the
tendency towards right shifts of the power spec-
irum may be that a central exhaustion protective
mechanism such as that found for at least some FT
motor units (11) and possibly elicited by some feed-
back mechanism, cf. Komi (22), is overruled by
cortical command. As previously pointed out sub-
Jjects probably expected the amount of manoeuvres
maximally required. Hence, by will they might
overcome peripheral signs of fatigue. This sugges-
lion appears to agree with the findings of Merton et
al. (25) who found that during voluntary skeletal
muscle fatigue, pre-fatigue action potentiais can be
evoked by appropriate external cortical stimula-
tion.
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