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Abstract The electromyogram (EMG) median power 
frequency of the calf muscles was investigated during 
an exhausting treadmill exercise and a 20-min recovery 
period. The exercise was an uphill run at a speed of 
5 kin. h -  ~ and a gradient of 20%. During exercise there 
was no decrease of EMG median power frequency. In 
contrast, EMG median power frequency in isometric 
contractions of the same muscles decreased by 7% for 
the soleus muscle and 16 to 18% for gastrocnemius 
muscles immediately after the exercise. During the re- 
covery period the isometric median power frequency of 
the gastrocnemius muscles increased to pre-exercise 
levels in about 5 min. The isometric median power 
frequency of the soleus muscle also increased but had 
not reached pre-exercise values by 20 rain. The obser- 
vations from this study and from a previous uphill 
treadmill investigation at a steeper gradient gave evid- 
ence that two types of exhaustion can be distinguished 
during dynamic exercise; exhaustion at lower exercise 
intensities without a decrease in frequency during exer- 
cise and exhaustion at high intensities accompanied by 
a decline of frequency. The reason for this difference 
remains unclear. 
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Introduction 

A decrease of the electromyogram (EMG) power spec- 
trum to lower frequencies during sustained isometric 
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contractions has generally been accepted as a sign of 
muscle fatigue. A number of authors have analysed the 
EMG power spectrum during dynamic exercise. In 
a few cases a decrease in frequency during dynamic 
exercise has been found during ergometer cycling 
(Bouissou et al. 1989), in isokinetic dynamometer exer- 
cise (Komi and Tesch 1979; Tesch et al. 1983; Gerdle 
et al. 1987; Horita and Ishoki 1987) and in running 
(Ament et al. 1993). Others have found no change of 
frequency during ergometer cycling (Viitasalo et al. 
1985; Gamet et al. 1990) and running (Arendt-Nielsen 
and Mills 1985). We have defined muscle fatigue ac- 
cording to the 82nd Ciba Foundation Symposium (Ed- 
wards 1981) as a loss of ability to maintain the expected 
force or power. 

In a previous study, we have investigated the EMG 
power spectrum of the calf muscles during an extremely 
exhausting uphill run at a gradient of 33% (Ament et al. 
1993). The median frequency (freed) of the EMG power 
spectrum of the soleus and gastrocnemius muscles 
showed a significant decrease during the exercise. The 
results of this investigation gave evidence that a shift of 
EMG power spectrum during exhausting dynamic ex- 
ercise could be a sign of muscle fatigue in the same way 
as it is in isometric contractions. Arendt-Nielsen and 
Sinkjaer (1991) have investigated the muscles of the 
lower limb including the calf muscles under similar 
experimental circumstances at a lower exercise inten- 
sity. They have found no significant changes in fre- 
quency of the EMG power spectrum of the calf muscles, 
only a decrease in the hamstrings. 

The aim of this study was to find the cause of 
the discrepancy between our results and those of 
Arendt-Nielsen and Sinkj~er (1991). To this end 
our experiments involving running on a treadmill 
at 5 km. h - ~ have been repeated, but now at a reduced 
gradient, 20% instead of 33%. The subjects were 
the same as those who had participated in the 33% 
uphill run, so intra-individual comparisons were pos- 
sible. The exercise intensity was less than in both 
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studies described above (12.4 instead of 18 W.kg  -1 
body mass in the 33% uphill run and 15 W . k g -  1 body 
mass in the investigation of Arendt-Nielsen and 
Sinkja~r 1991). 

Methods 

Protocol 

Seven healthy subjects (two women and five men) performed 
an uphill treadmill run until they were exhausted. The tread- 
mill had a speed of 5 km.h  -1 (1.4m.s -1) at a gradient of 20%. 
The age range of the subjects was 20 33 years (average 25 years). 
All the subjects had participated in the previous 33% uphill 
run experiment (Ament et al. 1993). Two subjects (numbers 6, 7) 
did not engage in sport, the others trained one or more hours 
a week. 

According to Margaria (1976) the efficiency of running at this 
gradient is about 22%, which gives an energy cost of 12.4 W.kg-1  
body mass. Before the treadmill exercise the subjects stood on their 
toes for 5-10 s to record an EMG under isometric conditions. The 
exercise started with the subjects jumping on the running treadmill. 
Directly after the exercise, and after 30 s, 1, 2, 3, 4, 5, 7, 10, 15 and 
20 min similar periods of isometric E M G  were measured. Heart rate 
was recorded continuously. The protocol had been approved by the 
local Medical Ethics Committee. 

EMG recording and analysis 

The E M G  activity of the right soleus, gastrocnemius medialis 
and gastrocnemius lateralis muscles was recorded using bipolar 
Ag-AgC1 surface electrodes. The E M G  was amplified 500 times 
and band-pass filtered from 30 Hz ( - -  18 dB-octave-1) to 600 Hz 
( - 3 2 d B ' o c t a v e - 1 ) .  The recorded EMG were transmitted by 
a telemetry system via infrared transmission (Hof et al. 1994) and 
stored on a taperecorder. On replay the EMG bursts at each step 
were A-D converted with 1024 samples, s-  1 in epochs of 0.50 s. The 
exact timing of each epoch was recorded. Thef~ed was calculated by 
fast Fourier transform of the recorded data. Epochs were windowed 
with a Blackman window, and viewed before processing to reject 
those with insufficient signal levels or with artefacts. For the dy- 
namic exercise separate f ,  od values were calculated for each step. 
Standard deviation per step was between 7 to 12 Hz (Hof 1991). 
Values for isometric contractions are the average values measured 
and standard errors of the mean for the complete contraction of 
5-10 s. 

Results 
General observations 

All the subjects reached exhaustion. The endurance 
time of each subject was much longer than in the 
exercise at a 33% gradient. The subjects reported a dif- 
ferent sensation of exhaustion compared to the more 
demanding 33% uphill run. In the 33% uphill run the 
general sensation was not exhaustion but more a loss of 
contractile force in the legs. The trained subjects espe- 
cially found this sensation unpleasant. Examples of the 

freed measurements have been given in Fig. 1 for one 
subject. Figure 2 gives average values of  freed in the 
isometric contractions before and after exercise. In the 
isometric contraction before exercise freed was 30-50 Hz 
higher than in the dynamic contractions during run- 
ning in all muscles. Immediately after runningfmea was 
reduced with respect to the isometric value before exer- 
cise. 

Dynamic fmed 

The course of fm~d during running as calculated by 
the slope of the linear regression coefficient showed 
a small increase in seven cases, in nine a small de- 
crease and in a five cases no change at all (Table 1, 
Fig. 1). The coefficient of regression ranged from 0.03 
to - 0 . 1 5 H z . s  -a for the soleus muscle, 0.05 to 
- 0.24 Hz. s - a for the gastrocnemius medialis muscle 

and 0.04 to -0.06 Hz.s  - I  for the gastrocnemius 
lateralis muscle. The average values Offm~d of all three 
muscles showed no significant change during treadmill 
exercise. Thefmea of the soleus muscle decreased by 3.8 
(SD 8.4) Hz., for the gastrocnemius medialis muscle 
it increased by 0.4 (SD 17.1) Hz and for the gastrocne- 
mius lateralis muscle the average increase was 1.0 
(SD 7.6) Hz. 

Isometric freed 

Electrocardiogram recording and heart rate 

The electrocardiogram was continuously recorded and stored on 
tape using the telemetry system. Heart rate was calculated every 10 s 
and at the end of the dynamic exercise using a Siemens Elema 
Mingograph 1604. The same method was used to calculate heart 
rate during isometric exercise. 

Statistics 

The change Offrnoa during the dynamic exercise was calculated by 
linear regression analysis. The student's t-test was used for statistical 
analysis (P < 0.05 or P < 0.01 for analyses of the slope estimate of 
linear regression). 

On average freed had decreased after the running 
exercise and recovered subsequently to the pre- 
exercise level or somewhat above it. The time course 
was different for the soleus muscle on the one hand, and 
for the gastrocnemius muscles on the other. In the 
gastrocnemius muscles the lowest freed was evident im- 
mediately after the exercise: a decrease of 26.1 (SD 23.4) 
Hz (18%) for gastrocnemius medialis muscle and of 
21.6 (SD 14.0) Hz (16%) for the gastrocnemius lateralis 
muscle. Immediately after exercise fmed of the soleus 
muscle was not significantly lower, 9.2 (SD 34.0) Hz 
(7%), but the decrease proceeded to a minimum at 
1 min postexercise with a decrease of 24.1 (SD 25.8) Hz 
(18%). The recovery of the soleus muscle was slower 
compared to the recovery of the gastrocnemius muscles 
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uphill run (Ament et al. 1993) 



(Fig. 2). Several of the individual results deviated con- 
siderably from the average trend, for example the data 
for gastrocnemius medialis muscle in Fig. 1. One sub- 
ject even showed in the soleus muscle a marked in- 
crease instead of a decrease immediately postexercise 
(from 145 to 205 Hz), which returned subsequently to 
pre-exercise values. 

Endurance time and heart rate 

Because of the lower intensity, endurance time was 
about five times longer [-464 (SD 425)s] than in 
the 33% uphill run. The heart rate at the end of exer- 
cise was 173 (SD 8) beats, min-  1. For six subjects heart 
rate was higher (average 4 beats.min -1) compared 
with the 33% uphill run. In one subject heart rate was 
the same. 

Effects of training 

The average endurance time of the five trained subjects 
was 600 s and of the two untrained subjects about 
100 s. Dynamicfmed of untrained subjects had a tend- 
ency to decrease more than in trained subjects. At first 
sight there was not much difference in recovery time 
between trained or untrained subjects. The group of 
untrained subjects was too small to draw clear con- 
clusions about differences of recovery time between the 
two groups. 

Comparison Of fm~a at the onset of exercise with the 
33% uphill run 

The average fm~d at the onset of the exercise was 
74.0 (SD 10.4) Hz for the soleus muscle, 114.0 (SD 13.9) 
Hz for the gastrocnemius medialis muscle and 91.1 (SD 
13.9) Hz for the gastrocnemius lateralis muscle. The 
initial values of fm~d at the onset of the dynamic 
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exercise as well as in the first isometric contraction were 
not significantly different from the 33 % uphill run: the 
soleus muscle showed the lowest frequencies and the 
gastrocnemius medialis muscle the highest frequencies. 
The average fm~a of the first 10 steps of both exercises 
by the same subject were statistically compared with 
each other. Only in 2 of the 21 EMG investigated was 
there a difference between the present and the previous 
33% experiment. 

Discussion 

In the present experiments no systematic decline of 
freed during exhausting exercise was found. This result is 
in agreement with Arendt-Nielsen and Sinkj~er (1991). 
Isometric fmea after exercise had decreased in all 
muscles; the decrease of isometric fmoa of the soleus 
muscle was significant but delayed. If we compare these 
results with the previous 33% uphill investigation the 
following points can be distinguished: 

1. No systematic decrease of dynamic fm~d was found 
during running at 20% (Table 1). 

2. There was a larger decrease in isometricfmoa immedi- 
ately after the run in the soleus muscle (Fig. 2). 

3. After the 20% uphill run there was a slower recovery 
of isometricfmod of the soleus muscle. There was no 
difference in the gastrocnemius medialis muscle in 
the two investigations and a faster recovery of 
isometric fmed in the gastrocnemius lateralis muscle 
(Fig. 2). 

4. The average endurance time was five times longer. 
5. The heart rate at the end of the exercise was higher. 
6. The energy cost of the 33% uphill run was 

18 W.kg  -1 body mass [-calculated from Margaria 
(1976)1 and average endurance time 96 s. The total 
energy generated during this run was 1730 J 'kg-1 .  
For the 20% uphill run these values were 
12" 4 W" kg-  1, 464 s and 5750 J" kg-  1, respectively. 
Total energy generated in t he  20% run was thus 
more than three times larger. 

Table  1 Uphi l l  run, 20% 

Soleus Media l i s  Latera l i s  

Subject  Beginn ing  End  Difference c.l.r Beg inn ing  End  Difference c.l.r Beginning  End  Difference c.l.r E n d u r a n c e  
t ime 

1 76.9 75.6 - 1.3 0.00 96.4 122.8 
2 72.1 78.7 6.6 0.03* 95.5 93.0 
3 80.5 72.8 - 7.7 - 0.01" 118.3 128.7 
4 82.3 76.9 - 5.4 - 0.01" 124.5 127.3 
5 54.5 58.9 4.4 0.01" 108.9 83.3 
6 67.6 63.4 - 4.2 - 0.06 126.0 110.8 
7 84.3 65.3 -- 19.0 - 0.15" 128.2 134.9 

26.4 0.02* 106.4 115.7 9.3 0.01" 1323 
-- 2.5 - 0.01 83.2 91.5 8.3 0.04* 215 

10.4 0.02* 96.0 100.8 4.8 0.01" 582 
2.8 0.01 90.2 85.4 -- 4.8 - 0.01" 501 

- 25.6 - 0.06* 83.9 87.4 3.5 0.01" 430 
15.2 0.22* 88.4 85.8 - 2.6 - 0.04 68 
6.4 0.05 82.9 71.3 - 11.6 - 0.09* 129 

Given  for each muscle:  f~ea at  beg inn ing  (Hz), fm~d at  the end of dynamic  exercise (Hz), their  difference (Hz) and  the coefficient of l inear  regression 
(c.l.r.) (in Hz/s). The  far r ight  co lumn  gives the endurance  t ime (s). The c.l.r, values  wi th  an  aster isk are s ignif icant ly  different f rom zero 
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7. In both investigations isometric fm~d was 30-50 Hz 
higher compared with dynamicf~ea at the beginning 
of dynamic exercise. 

8. Although there was an interval of several months 
between the 33% and 20% uphill run studies there 
was no difference infm~d at the onset in both types of 
uphill runs for each subject. The same observation 
applied to fm~a in the isometric test contraction im- 
mediately before exercise. This would seem to indi- 
cate that fmed and probably the EMG frequency 
spectrum was quite constant in these subjects and 
would also be in other healthy persons. 

Muscle fatigue has generally been defined as a failure 
to maintain the required or expected force or power 
output (Edwards 1981). A recent review of the origin of 
muscle fatigue has been carried out by Jones and 
Round (1990). It has been shown that the effect of 
reduction of contraction force is a decrease of contrac- 
tion velocity and of produced power (de Haan et al. 
1989). The following factors within the muscle cell 
influence muscle contraction force or power output. In 
skinned muscle fibres it has been reported that accumu- 
lation of inorganic phosphate (Cooke and Pate 1985; 
Stienen et al. 1990) and hydrogen ions (Potma et al. 
1994) reduce directly the contraction force of the 
muscle filaments. It has been demonstrated that an 
intracellular rise of Mg ÷2 concentration decreases the 
calcium release of the sarcoplasmatic reticulum (Lamb 
and Stephenson 1994). This decreased calcium release 
reduces contraction force. In muscle fatigue also a 
slowing of relaxation has been demonstrated (Arendt- 
Nielsen and Mills 1985; de Haan et al. 1989; Bergstr6m 
and Hultman 1991). Two mechanisms have been sug- 
gested as being responsible for this. Firstly, cross- 
bridge detachment rate of the myo-filaments has been 
found to be reduced (Crow and Kushmerick 1983) and 
secondly the re-accumulation of calcium by the sarcop- 
lasmatic reticulum has been found to be retarded (Cady 
et al. 1989). It has also been suggested that the coupling 
between excitation and contraction might fail because 
of transmission failure in the T-tubules (Uinnergren 
and Westerblad 1987). The neuromuscular junction has 
been shown to remain unaffected in normal circum- 
stances (Bigland-Ritchie et al. 1982) and is only affected 
in disease (myasthenia gravis). 

In addition to factors within the muscle cell, there are 
factors within the central nervous system (central fac- 
tors) related to muscle fatigue. It has been reported that 
during a steady stimulation current the discharge rate 
of the motor units declines (Kernell and Monster 1982). 
It has been suggested that types III and IV afferent 
nerves might be involved in this reflex mechanism 
(Bigland-Ritchie et al. 1986). 

A decrease of f~n~a is generally seen during exhausting 
isometric contractions. It has been suggested that this 
decrease Offm~d could be caused by a decline in mean 
muscle fibre conduction velocity (Naeije and Zorn 

1982; Arendt-Nielsen and Mills 1985; Zwarts et al. 
1987) and discharge synchronisation of the motor units 
(Buchtal and Madsen 1950; Milner-Brown et al. 1973; 
Bigland-Richie et al. 1983; Datta and Stephens 1990). 

It has usually been considered that intramuscular 
lactate accumulation plays an important role in the 
decrease of the muscle fibre conduction velocity and 
therefore also might influence the freed" Patients with 
McArdle's disease are unable to accumulate intramus- 
cular lactate because of an enzyme defect in the glyco- 
genolytic pathway of the skeletal muscle cell. Linssen et 
al. (1990) have found a decrease of mean fibre conduc- 
tion velocity in healthy subjects during intermittent 
isometric contractions of 80% of the maximal volunt- 
ary contraction. In patients with McArdle's disease this 
decrease of the mean fibre conduction velocity has not 
been found to occur. The same difference has been 
found during sustained isometric contractions at differ- 
ent levels of contraction force between patients with 
McArdle's disease and healthy subjects (Linssen et al. 
in press). Recent evidence, however casts some doubt 
on the lactatefmea relationship. Jansen et al. (submitted 
for publication) have demonstrated an increase in 
blood lactate concentration without a decline of 
fmed during cycling with incremental exercise intensities. 
Recently Vestergaard-Poulsen et al. (1995) have shown 
that during isometric contractions freed decreased as 
intramuscular pH decreased, but that postexercise 
freed recovered faster than intramuscular pH. Thus the 
relationship between lactate accumulation and the de- 
crease of EMG spectrum to lower frequencies is not as 
simple as has generally been thought. 

If we assume that a decrease of dynamic fmoa is a sign 
of muscle fatigue as in isometric exercise there is a con- 
tradiction in this experiment in comparison with the 
33% uphill run - no signs in dynamic fmed and stronger 
signs of muscle fatigue in isometric frnea during recov- 
ery. It has been shown that there is a linear relationship 
between muscle power output and muscle tissue perfu- 
sion (Jorfeldt and Wahren 1971; Andersen and Saltin 
1985), but at a high exercise intensity, muscle perfusion 
reaches its maximum. It has been demonstrated that if 
muscle power output exceeds a certain level, muscle 
perfusion becomes insufficient (Van Leeuwen et al. 
1990). In the 33% uphill run a relatively insufficient 
blood supply might have been the reason for a decline 
in dynamic fmed. 

In the present investigation no changes were meas- 
ured during exercise while after exercise signs of fatigue 
were found. A similar effect was seen in experiments of 
Jansen et al. (submitted for publication). The origin of 
this phenomenon is unknown and we can only specu- 
late about the cause. Of the enumerated factors related 
to muscle fatigue none explains the fatigue signs post 
exercise. It is plausible that it is a factor outside the 
muscle cell and outside the nervous system. In pro- 
longed dynamic exercise many organ systems are heav- 
ily loaded: the muscle itself, muscle blood supply, the 
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circulatory system, etc. The point of exhaustion is at- 
tained when the load in one of these organ systems 
exceeds its maximum. It is evident that EMG related 
effects reflect mainly processes at the muscle fibre 
level. 

Heart rate at the end of exercise was significantly 
higher compared with the 33% uphill run. This is an 
indication that the circulatory system was more 
stressed. A second factor is that in the 20% uphill run 
much more heat was generated. If the efficiency of 
running was 25%, heat production during the exercise 
would have been 4300 J. kg-  1 versus 1300 J. kg-  1 in 
the 33% uphill run. Heat loss is accompanied by an 
increased skin tissue circulation. So a need for heat loss 
is a factor loading the circulatory system. A third factor 
is the muscle metabolites. The exercise intensity in this 
investigation was 12.4 W-kg -1. For a 70 to 80-kg 
subject the power produced ranges from 190 to 220 W. 
For most individuals endurance capacity is not far off 
these values. In dynamic exercise exceeding the endur- 
ance capacity, lactate accumulates in the blood and 
interstitium. The effect is that in these circumstances 
subjects stop exercise due to an exhaustion factor prob- 
ably outside the muscular-nervous system. Immediate- 
ly postexercise the state of recovery starts. During 
a 20% uphill run many organs are involved to maintain 
the exercise. The moment of exhaustion is accompanied 
with a physiological shift from exercise to recovery. It 
has been shown that this moment is accompanied by 
a re-distribution of blood supply throughout the or- 
gans (Eriksson et al. 1985). Exhaustion due to a non- 
muscular factor could be the reason why in the 20% 
uphill run in our study no systematic decrease was 
found in dynamic fm~a. The different sensations de- 
scribed by the subjects (all of whom had exercised in 
both experiments) seem to support this hypothesis. 

In this experiment we have measured isometric 
fmod up to 20-min post-exercise instead of 10 min in our 
33% uphill run study. In 9 of the 14 levels of isometric 
fmea of the gastrocnemius muscles and 3 of the 7 levels of 
the soleus muscle pre-exercise levels was exceeded. Sim- 
ilarly, Van der Hoeven et al. (1993) have found after 
sustained maximal isometric contractions an increase 
of mean Power frequency exceeding pre-exercise values 
after 10 min. In their investigation mean power fre- 
quency stabilized after 10 to 12 rain. This effect was 
caused by a supernormal conduction velocity of muscle 
fibres, probably caused by a slight degree of muscle 
oedema. The increase of isometricf~ea in gastrocnemius 
muscles in our investigation was porbably due to the 
same effect. 

In the 33% uphill-run study as well as in the 20% 
uphill-run isometric fm~d was 30-50 Hz higher com- 
pared with dynamic f~ea- A study by Cresswell et al. 
(1995) has suggested that a longer muscle fibre length 
gives rise to a lower conduction velocity. It is possible 
that muscle fibres are on average longer when running 
than when standing on the toes. 

The results of our uphill run experiments and of the 
investigation of Arendt-Nielsen and Sinkja:r (1991) and 
of Jansen et al. (submitted for publication) have given 
evidence that during dynamic exercise different types of 
fatigue can be distinguished; fatigue without a decrease 
of dynamicfmea and fatigue with a decrease of dynamic 
fmea. The latter form has the tendency to occur during 
extremely high exercise intensities. The fatigue in exer- 
cise without a decrease of dynamicfmoa seems to occur 
at lower intensities and is accompanied with frequency 
changes after reaching the moment of exhaustion. 

Our hypothesis is that exhaustion during dynamic 
exercise accompanied by a decrease of EMG median 
power frequency is due to intramuscular factors. An 
insufficient muscle blood supply under these circum- 
stances might be the decisive factor. These circumstan- 
ces have been found at extremely high exercise inten- 
sities. If we look at the data in the literature given in the 
Introduction the same observation has been found. The 
reason for the exhaustion during dynamic exercise 
without a decrease of EMG power frequency as in the 
present 20% experiments, is probably the same as that 
encountered in any test just above supra-maximal in- 
tensities, that is marked by accumulation of blood 
lactate concentration. An hypothesis therefore is that 
during this type of exhaustion the steady state of non- 
muscular physiological parameters cannot be main- 
tained during exercise. This forces the subject to stop. 
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