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Wim Amentl, Gerard J. J. Bonga 2, At L. HOP and Gjisbertus J. Verkerkel 

‘Centre for Biomedical Technology, 2Department of Medical Physics, University of Groningen, The Netherlands 

Summary: EMG median power frequency of the calf muscles was investigated 
during an exhausting treadmill exercise. This exercise was an uphill run, the 
average endurance time was 1.5 min. Median power frequency of the calf 
muscles declined by more than 10% during this exercise. In addition EMG 
median power frequency of isometric contractions of the same muscles was 
measured before and in one minute intervals for 10 min after this run. 
Immediately after the run isometric median power frequency had declined by 
less than 5% for the soleus muscle, more than 10% for the gastrocnemius 
medialis and gastrocnemius lateralis muscles. In the 10 min following exercise 
the isometric median power frequency increased to pre-exercise levels. Maybe 
the median power frequency shift to lower frequencies during dynamic exercise 
can be interpreted as a sign of local muscle fatigue. Key Words: Muscle fatigue- 
Isometric contractions-Dynamic contractions-Median power frequency. 

For more than 50 years it has been well known 
that the EMG power spectrum shifts to lower 
frequencies during sustained isometric contractions. 
This frequency shift in isometric contractions is 
generally accepted as a sign of muscle fatigue and 
has been investigated by many authors; for a review 
see De Luca9. Two causes are known for this shift: 
the decline of muscle fibre conduction velocity 
(MFCV)1.23,26 and a motor unit firing synchroniz- 
ation process in the central nervous system4,7,8,22. 
Two parameters of the power frequency spectrum 
are generally used as signs of local muscle fatigue 
during isometric contractions: the decline of the 
mean power frequency (MPF)6*17*19 and the decline 
of the median power frequency10*21v25. In the present 
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paper the median power frequency (Fmed) will be 
used. 

Most movements of muscles in daily life are 
dynamic contractions. Until now measurements of 
the EMG bursts during dynamic exercise have been 
reported by only a few authors. Komi and Tesch16 
found a decrease of the MPF of the vastus lateralis 
muscle during 100 isokinetic dynamic contractions 
and correlated this with the muscle fibre compo- 
sition. The decrease of MPF was largest in muscles 
with a high percentage of fast-twitch (type II) fibres. 
Bouissou et a1.5 investigated the effect of metabolic 
alkalosis on the MPF of the vastus lateralis muscle 
during exhausting bicycle exercise. The decrease of 
MPF was strongest in the group with metabolic 

alkalosis (19%) compared with placebo (10%). 
Shankar et a1.24 investigated the effect of contraction 
velocity and applied torque upon the power spectrum 
during non-fatiguing dynamic contractions. They 

found that Fmed varied with the applied torque but 
not with the velocity of contraction. Garnet et a1.l’ 
compared the EMG power spectrum of vastus 
medialis and soleus muscles during an increasing 
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workload on a cycle ergometer. They found no 
significant changes in the MPF and Fmed. Arendt- 
Nielsen and Sinkjaer2 investigated the EMG of 
several muscles during an exhausting uphill run. 
They found a significant MPF decrease in semitend- 
inosus muscle but not in other muscles of the 
investigated lower limb, including soleus and gastro- 
cnemius muscles. 

The aim of this study was to see if the course of 
the median power frequency of the EMG bursts 
during dynamic fatiguing muscle work can be used 
as a sign of fatigue, similar to the decline of median 
power frequency during isometric exercise. The 
exercise chosen is an uphill run. Most of the energy 
for this exercise is delivered by quadriceps, gluteus 
and calf muscles. Symptoms of fatigue might be 
expected in one of these muscles. 

MATERIALS AND METHODS 

Protocol 

Nine healthy subjects (two women and seven 
men) performed an uphill treadmill run till the 
moment of exhaustion. Exhaustion was defined as 
the moment the subject was no longer able to 
sustain the required power for this uphill run. The 
age range of the subjects was 20 to 33 years (average 
25 years). Six subjects were trained athletes, the 
three others were non-spotters. The trained subjects 
trained once a week or more. The subjects were 
asked to step on the running treadmill and to run 
as long as possible. The treadmill had a speed of 
5 km h-i (1.4 m s-l) and the incline was 33%. 
According to MargariaZo the efficiency of running 
is 25% at this inclination and corresponds to an 
energy cost of 18 watt kg-’ body weight. This is 
clearly an exercise far above the anaerobic threshold3 
for most people. Before the treadmill exercise the 
subjects stood on their toes for 5-10 s to record an 
EMG under isometric conditions. Directly after the 
treadmill exercise, and after 30 s, 1 min, 2 min, 3 
min, 4 min, 5 min, 7 min and 10 min similar periods 
of isometric EMG were measured. During the 
treadmill run and recovery period heart rate was 
recorded. The protocol was approved by the medical 
ethical committee. 

EMG Recording and Analysis 

EMG activity of the right soleus, gastrocnemius 
medialis and gastrocnemius lateralis muscles was 

bipolarly recorded by means of Ag-AgCl surface 
electrodes. The electrodes of gastrocnemius muscles 
were placed on the muscle belly in the direction of 
the muscle fibres and on the medial site of the 
soleus muscle. The electrodes were 11 X 11 mm2 
and placed 26 mm from each other. Before placing 
the electrodes the skin was cleaned with 96% 
alcohol. The EMGs and contralateral foot contact 
were transmitted by a telemetry system via infrared 
transmission15 and stored on a tape recorder. At 
replay the EMG bursts at each step were A/D 
converted at 1024 samples s-l in epochs of 0.50 s. 
The timing of each epoch was recorded by using 
contralateral foot contact. In this manner we were 
able to analyse the complete EMG burst controlled 
by an analogue trigger on the foot contact signal 
followed by an adjustable delay. The duration of 
each EMG burst during exercise was quite stable 
within every subject, ranging from 280 to 400 ms. 
Signs of EMG cross talk, e.g. low frequency activity 
between the actual EMG bursts have not been 
observed. Median frequency was calculated by fast 
Fourier transform of recorded data. Epochs were 
windowed with a Blackman window, and viewed 
before processing to reject those without sufficient 
signal level or with artifacts. For the dynamic 
exercise separate Fmed values have been calculated 
for each step. Standard deviation per step is 
about 12 Hz for all muscles14. Values for isometric 
contractions are average values + measured standard 
deviation for the complete contraction of about 
10 s. 

ECG Recording and Heart Rate 

ECG was continuously recorded and stored on 
tape by the previously mentioned 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 of Fmed during the dynamic exercise 
was calculated by linear regression analysis. Stu- 
dent’s t-test was used for statistical analysis 
(P<O.O5). 
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RESULTS 

General Observations 

As could be expected, this exercise was highly 
fatiguing. All subjects stopped within 3 min. In 
general median frequency decreased considerably 
in this exhausting exercise. Fmed during dynamic 
exercise of the measured muscles had a wide 
frequency range from -150 Hz. On average the 
soleus muscle showed lowest Fmed in dynamic as 
well as in isometric exercise while the gastrocnemius 
medialis muscle was highest. In dynamic exercise this 
difference was statistically significant, in isometric 
exercise it was not. In one (untrained) subject 
soleus EMG was not recorded because of a technical 
failure. Fmed in isometric contractions was 30-40 Hz 
higher compared to Fmed during dynamic exercise 
in all muscles (significant difference). The course 

of Fmed for three subjects and three muscles is 
shown in Figure 1. 

Dynamic Fmed 

The decrease for the soleus muscle was 
9.4 + 10.3 Hz (10.4%) of Fmed before exercise, 
for gastrocnemius medialis muscle 16.7 k 13.8 I-Ix 
(13.1%) and for gastrocnemius lateralis muscle 
14.8 + 10.0 I-Ix (13.4%). The decrease was signifi- 
cant for all three muscles. Of the 26 measured 
muscles Fmed increased in only three cases. For 
soleus muscle the linear regression coefficient for 
the dynamic contractions was -0.09 k 0.10 Hz s-l, 
for gastrocnemius medialis muscle -0.24 f 
0.26 Hz s-l, gastrocnemius lateralis muscle -0.21 
+ 0.16 Hz s-l. 

Isometric F- 

Immediately after the run iSOIIIetIk Fmed 

decreased with 5.4 + 31.0 Hz (3.9%) for the soleus 
muscle, 17.9 2 18.7 Hz (10.9%) for gastrocnemius 
medialis and 22.4 f 28.2 I-Ix (15.7%) for gastro- 
cnemius lateralis muscles. Only for soleus muscle 
is this decrease non-significant. In the following 7-8 
min of rest Fmed of the three muscles recovered to 
pre-exercise levels (Figure 2). 

Endurance Time and Heart Rate 

Subjects could tolerate this exercise for only a 
short time, from 31-162 s. Average endurance time 
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was 96 s. Heart rate at the end of exercise was 
171 + 7 beats min-i. 

Effects of Training 

The endurance time of all three untrained subjects 
was within 1 min, while the time of all six trained 
subjects was longer than 1 min. The total decrease 

of Fmed during dynamic exercise was similar in 
both groups (9 Hz for soleus, 15 I-Ix for both 
gastrocnemius muscles). As a consequence the slope 
of the decrease was different. The linear regression 
coefficient of the dynamic Fmed was, in the untrained 
group, for soleus muscle -0.17 + 0.18 Hz s-l, for 
gastrocnemius medialis muscle -0.44 + 0.39 Hz s-l 
and for gastrocnemius lateralis muscle -0.33 + 
0.16 Hz s-l. For the trained group these values 
were -0.07 + 0.07 Hz s-l, -0.13 k 11 Hz s-l and 
-0.14 + 13 Hz s-l, respectively. After the treadmill 
run the inCrCaSC in Fmed to pre-exercise values was, 
in the untrained group, 5-7 min, in the trained 
group this time was 7-10 min. The differences 
between the trained and untrained group have not 
been statistically tested because of the limited 
number of subjects. 

DISCUSSION 

In this experiment the dynamic and isometric 
frequency spectrum of the same muscles has been 
investigated. A significant frequency decrease of 
F med during dynamic exercise in all three muscles 
was observed. Isometric EMGs showed a significant 
shift Of Fmed to lower frequencies in gastrocnemius 
muscles and a non-significant decrease of Fmed in 
the soleus muscle. There was a recovery of Fmed in 
isometric contractions to pre-exercise levels in the 
10 min post-exercise. The decrease immediately after 
and the recovery of Fmed in isometric contractions is 
commonly seen as a sign of local muscle fatigue 
and recovery. The recovery of Fmed in the post- 
exercise period is probably due to recuperation of 
the muscle cell metabolism. From this study it turns 
out that dynamic Fmed during exercise shows a 
gradual decline similar to the situation in a continu- 
ous isometric contraction. An interesting finding 
was the consistently higher isometric Fmed compared 
with the dynamic Fmed in all subjects. This difference 
is not understood. Possible causes might be the 
effect of a synchronization process in the central 
nervous system during dynamic movements, or a 
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FIG. 1. Median frequency of separate steps during uphill running (dots) and in isometric contractions before and 10 min after the 
exercise (line f SD) for three subjects. H and W are trained subjects. 
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shifting of the skin and electrodes over the active 
muscle. 

The endurance time was obviously smaller in the 
untrained group. The total decline of Fmed of 
8-16 Hz in dynamic exercise was hardly different 
between the trained and untrained group. The 
decline of Fmed in Hz s- 1 during dynamic exercise 
was therefore faster in the untrained group. Interest- 
ing also is the longer duration of the recovery of 
F med in the trained group. In order to validate 
these results statistically, the experiments should be 
repeated with larger groups of subjects. 

The investigation of Arendt-Nielsen and Sinkjaer’ 
is comparable to our investigation: an uphill run of 
5 km h-l with a decline of 25%. The difference in 
inclination gives a difference in energy cost. In the 
protocol of Arendt-Nielsen and Sinkjaer the energy 
cost was +15 watt kg-’ body weighta while in our 
protocol it was 218 watt kg-l body weight. The 

FIG. 1. Continued. 

endurance time in their investigation was more than 
twice as long (3.6 min) as ours (1.6 min). They 
found no significant frequency decrease in soleus 
and gastrocnemius medialis muscles while we found 
a significant decrease of Fmed in all three calf 
muscles. The higher workload of the calf muscles 
might have caused the greater shift of Fmed in 
our experiment. In both experiments exhaustion 
occurred. An explanation might be that in our 
experiment exhaustion occurred due to a local 
muscle factor, and in the experiment of Arendt- 
Nielsen and Sinkjaer the exhaustion might be non- 
muscular but caused by failure elsewhere, in another 
organ system or systems. The loss of force capacity 
in dynamic exercise might have come about because 
of central or local changes. A reduction of the 
maximum velocity of shortening is seen in dynamic 
exercise and is one of the local changeP. Maybe 
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FIG. 2. Average median frequency of isometric contractions of 
all subjects before and after dynamic exercise. The recovery in 
all three muscles is within 7-8 min to pre-exercise levels. 

the decrease of Fmed during dynamic exercise is 
also a sign of a local change. 

Komi and Tesch18 have compared the frequency 
shift in dynamic isokinetic exercise with muscle 
fibre composition. They found a larger shift in fast- 
twitch (type II) fibres. Soleus muscle consists mostly 
of type I fibres . l2 Gastrocnemius muscles contain 
type I and II. Fmed shift in our experiment for 
gastrocnemius medialis muscle was 16.7 Hz and for 
the gastrocnemius lateralis muscle 14.8 Hz while 
for soleus muscle (mostly type I) it was less, 9.5 Hz. 
This experiment thus confirms the findings of Komi 
and Tesch, and suggests that type II fibres give a 
more pronounced change in EMG signal character- 
istics. Gollnick et al. l3 found a difference in glycogen 
depletion during work between muscle fibre types 

during dynamic exercise. At dynamic workloads 
below the maximal oxygen uptake (V+& the slow- 
twitch fibres (type I) showed glycogen depletion, 
at workloads above Vo2max the fast-twitch fibres 
became glycogen depleted before the slow-twitch 
fibres. 

The shift of Fmed in dynamic contractions is 
dependent on applied muscle torque and muscle 
fibre type. The results of this investigation and of 
Arendt-Nielsen and Sinkjaer* suggest that Fmed 
changes are also affected by workload intensity. If 
both the results of Arendt-Nielsen and Sinkaer and 
ours are correct they suggest that the decline of 
F med during dynamic exercise with constant load 
might be a sign of muscle fatigue. These results 
also suggest that there are two types of fatigue 

Journal of Electmmyography & Kincsioiogy Vol. 3. No. 4, 1993 



220 W. AMENT ET AL. 

1. Arendt-Nielsen L, Mills KR: The relationship between mean 
power freguency of the EMG spectrum and muscle fiber 
velocity. Eiectroenceph Clin Neur~physiol60:130-134, 1985. 

2. Arendt-Nielsen L. Sinkiaer Th: Ouantification of human 
dynamic muscle fatigue by electromyograph and kinematic 
profiles. I Electromyogr Kinesiol l:l-8, 1991. 

3. Astrand PO, Rodahl K: Physical performance (Ch 7). In: 
Textbook of work physiology. (3rd edn), McGraw-Hill, New 
York, pp 29>353, 1986. 

4. Bigland-Ritchie B, Johansson R, Lippold OCJ, Woods JJ: 
C&ractile speed and EMG changes during fatigue of 
sustained MVC. J Neuroohvsiol50:313-324. 1983. 

5. Bouissou Ph, Estrade PY’, Goubel F, Guezennec CY, 
Serrurier B: Surface EMG power spectrum and intramuscular 
pH in human vastus lateralis muscle during dynamic exercise. 
J ADDS Phvsiol 67:1245-1249. 1989. 

6. Briman H, Bilotto G, De’ Luca Cl: Myoelectric signal 
conduction velocity and spectral parameters: Influence of 
force and time. J Appl Physiol58:1428-1437, 1985. 

7. Buchtal F, Madsen A: Synchronous activity in normal and 
atrophic muscle. Electroenceph Clin Neurophysiol2:425-444, 
1950. 

8. Datta AK, Stephens JA: Synchronization of motor unit 
activity during voluntary contraction in man. J Physiol 
442:397-419, 1990. 

9. De Luca CJ: Myoelectric manifestations of localised muscular 
fatigue in humans. Crir Rev Biomed Eng 11:251-279, 1984. 

10. De Luca CJ. Sabbahi MA, Stulen FB, Bilotto G: Some 
properties of the median frequency signal during localized 
muscle fatigue. In: International series on sports sciences, 
Vol. 13, (B:ochemistry of Exercise), ed by Knuttgen HK et 
al.. Human Kinetics Publishers. Chamnaixn. Illinois, PP 

175-186, 1983 (ISBN 0931250412). - - -. 
11 Garnet D, Duchene J, Garapon-Bar C, Goubel F: Electromy- 

ogram power spectrum during dynamic contractions at 
different intensities of exercise. Eur J ADDS Phvsiol 
61:331-337, 1991. 

REFERENCES 

during dynamic exercise, a local muscular and a 
central non-muscular type. Which of these effects 
actually determines the endurance time would 
then depend on workload intensity, and on the 
distribution of the workload over the various 
muscles. 

12. Gollnick PD, Sjodin, Karlsson J, Jansson E, Saltin B: 
Human soleus muscle: a comparison of fiber composition 
and enzyme activities with other leg muscles. Ppiigers Arch 
348~247-255, 1974. 

13. Gollnick PD, Piehl K, Saltin B: Selective glycogen depletion 
pattern in human muscle fibres after exercise of varying 
intensity and varying pedalling rates. J Physiol 241:45-57, 
1974. 

14. Hof AL: Errors in frequency parameters of EMG power 
spectra. IEEE Trans Biomed Eng 38:1@77-1088, 1991. 

15. Hof AL, Bonga GJJ, Swarte FGJ, de Pater L: A modular 
telemetry system for transmission of three EMGs (abs). In: 
XZth Congress of Biomechanics, Amsterdam, pp 130, 1987. 

16. Jones DA, Round JM: Fatigue during dynamic or prolonged 
exercise (Ch. 8.6) In: Skeletal muscle in health and disease. 
Manchester University Press, 1990. 

17. Kadefors R, Lindstrom L, Petersen I, drtengren R: EMG 
in objective evaluation of localized muscle fatigue. Stand J 
Rehab Med suppl. 6:75-93, 1978. 

18. Komi PV, Tesch P: EMG frequency spectrum, muscle 
structure, and fatigue during dynamic contractions in man. 
Eur J Physiol42:41-50, 1979. 

19. Lindstrdm L: On the frequency of EMG signals. PhD thesis, 
Research Laboratory of Medical Electronics, Chalmers 
University of Technology, Goteberg, Sweden, 1970. 

20. Margaria R: Biomechanics of human locomotion (Ch. 
3). in: Biomechanics and energetics of muscular exercise. 
Clarendon Press. Oxford. DD 67-139. 1976. 

21. Merletti R, Sabbahi MA, ‘De Luca CJ: Median frequency 
of the myoelectric signal. Effects of muscle ischemia and 
cooling. Eur J Appl Physiol52:258-265, 1984. 

22. Milner-Brown HS, Stein RB, Yemm R: The contractile 
properties of human motor units during voluntary isometric 
contractions. J Physiol228:285-306, 1973. 

23. Naeije M, Zom H: Relation between EMG power spectrum 
shifts and muscle fiber action potential conduction velocity 
changes during local muscular fatigue in man. Eur J Appl 
Physiol 50:23-33, 1982. 

24, Shankar S, Gander RE, Brandell BR: Changes in the 
myoelectric signal (MES) power spectra during dynamic 
contractions. Electroenceph Clin Neurophysiol 73:142-150, 
1989. 

25. Stulen FB, de Luca CJ: Frequency parameters of the 
myoelectric signal as a measure of muscle contraction 
velocity. IEEE Trans Biomed Eng 28:515-523, 1981. 

26. Zwarts MJ, van Weerden TW, Haenen HTM: Relationship 
between average muscle fiber conduction velocity recovery 
and applied ischemia. Eur J Appl Physiol56:212-216, 1987. 

Journal of Elecrromyography & Kinesioiogy Vol. 3, No. 4, 1993 


