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Summary-Muscle fatigue in the anterior temporal and masseter muscles of 13 normal subjects 
was induced by maximum clench in intercuspal position. Frequency analysis using a fast Fourier 
transform algorithm to obtain the power-spectral density function and the power spectrum of 
the electromyogram signal indicated that the power spectra obtained during fatigue were 
statistically significantly shifted to lower frequencies and narrower than those obtained at the 
beginning of the clench. The shift was due to a significant increase of the power in the low- 
frequency range and a significant decrease of that in the high-frequency range. The power- 
spectrum shift to lower frequencies had an exponential time course. The most pronounced shift 
occurred in the first 25 per cent of the total clenching time. Decrease of the conduction velocity 
of the action potential along the muscle fibre seems to be the main cause of the shift. 

tNTRODUffION 

The interference electromyogram (EMG) contains 
more information than just the degree of muscle con- 
traction; it indicates the condition of the muscle too. 
Studies on limb muscles showed that metabolic 
changes occurring during fatigue decrease the fre- 
quency of the EMG and, thus, its power spectrum 
shifts to lower frequencies (Chaffin, 1969; Kwatny, 
Thomas and Kwatny, 1970; Viitasalo and Komi, 
1978). This shift is due to a reduction of the conduc- 
tion velocity of the action potential along the muscle 
llbre and, therefore, to an increased duration of the 
motor-unit action potential (MUAP) (Lindstrom, 
Magnusson and Petersen, 1970; Viitasalo and Komi, 
1977; Bigland-Ritchie, Jones and Woods, 1979; 
Gydikov, Kosarov and Dimitrov, 1979). Indeed, the 
duration of the MUAP is indirectly related to the 
shape of the EMG power spectrum (Cenkovich and 
Gersten, 1963; Kaiser and Petersen, 1963, 1965; 
Kadefors, Petersen and Broman, 1973; Blinowska and 
Plotrkiewicz, 1978). 

A common complaint of subjects with functional 
disturbances of the masticatory system is muscle pain. 
Experimentally induced hyperactivity of the mastica- 
tory muscles produces symptoms in normal subjects 
similar to those found in dysfunction (Christensen, 
1975, 1979; Scott and Lundeen, 1980). This could sup- 
port the hypothesis that muscle pain is produced by 
muscle fatigue (Laskin, 1969). Derijk, Jones and Keith 
(1977) reported two types of masseter-muscle EMG in 
patients with mandibular joint dysfunctions: a high- 
frequency and a low-frequency pattern. It is possible 
that the low-frequency pattern was produced by 
muscle fatigue. Derijk et al. (1977) suggest that fre- 
quency analysis of the EMG may help in better 
understanding changes in the muscles of dysfunctio- 
nal patients, in particular if muscles are fatigued 
- 
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because of parafunctional hyperactivity. However, 
before frequency analysis can be used to study this 
problem, it is necessary to investigate how muscle 
fatigue affects the frequency content of the EMG of 
masticatory muscles in normal subjects. Furthermore, 
it is important to determine if the fatigue effect differs 
from that of bite force, as the frequency of the EMG 
changes by varying bite force (Palla and Ash, 1981). 
Our aim was to investigate in normal subjects the 
effect of muscle fatigue and contraction time on the 
power spectrum of the temporal- and masseter-muscle 
EMG. 

Subjects 

MATERIALS AND METHODS 

Thirteen normal subjects, 11 male and 2 female, age 
range 21-35 yr, were selected from the staff and stu- 
dents of the University of Michigan, School of Den- 
tistry. No subject reported a past or present history of 
functional disturbances of the masticatory system. 
The symptoms considered were pain, clicking and cre- 
pitation of the mandibular joint, muscle pain or fati- 
gue when chewing, reduced jaw mobility, facial pain, 
headache and ear-ache. No clinical examination was 
undertaken. Each subject gave informed consent. 

EMG protocol 

Bipolar surface silver electrodes (Grass E4S, Grass 
Instruments, Quincy, Mass., U.S.A.) were used to 
record the EMG activity of both anterior temporal 
and masseter muscles. After vigorously scrubbing the 
skin with an alcohol-soaked gauze pad, electrode 
cream (Grass EC2) was applied and the electrodes 
secured in place with adhesive collars. The electrodes 
were aligned in the direction of the muscle fibres, 
about 2 cm apart, the position being determined by 
palpation. The earth electrode was attached to the ear 
lobe. The impedance of each active electrode was 
always below 2 kfi and that of the earth electrode 
below 10 kR (Grass impedance meter EZM). The 
EMG signals were amplified differentially and filtered 
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between 10 and 1OOOH.z (down 3 dB at 14 and 
6OOHz). The amplified signals were recorded on 
paper (Grass EEG Polygraph 78) and on magnetic 
tape (FM tape recorder Hewlett-Packard 3955; band- 
width of O-l.25 kHz, Hewlett-Packard, Palo Alto, 
Cal., U.S.A.) 

Experimental protocol 

The subject, sitting upright in a dental chair in a 
Faraday room, was instructed to clench at maximum 
in intercuspal position for a period exceeding by 10 s 
the very first moment of muscle fatigue, which he 
indicated by a hand movement. Muscle fatigue was 
defined as the initial urge to stop the muscle contrac- 
tion because of a feeling of slight discomfort (Chris- 
tensen, 1979). The feeling of discomfort had to be 
clearly different from a pain sensation and had to 
coincide with a time at which the subject had the 
feeling he could continue clenching. Feedback for 
monitoring the degree of muscle activity was not pro- 
vided to the subject. The clenching time until the 

onset of the fatigue sensation was measured from the 
paper recording to the nearest second. 

Data processing 

The EMG analogue signals were digitized at a sam- 
pling rate of 1428 per second per channel, displayed 
on a graphics terminal to screen and choose the data 
to be analyzed, and stored on a magnetic tape for 
subsequent frequency analysis. The digitizing and 
editing procedures have been described by Geister, 
McCall and Ash (1975) and Brown et a/. (1979). 

The EMG frequency analysis was carried out by 
computer using a fast Fourier transform (FFT) algo- 
rithm (Harding, 1976) implemented on 0.36 s of data. 
The resultant power-spectral density function (PSDF) 
(Bendat and Piersol, 1971) ranged from 2.79 to 
716.29 Hz and had a resolution of 2.79 Hz. For each 
muscle, we calculated: 

(1) The average PSDF of two samples of 7 s duration 
each (20 FFT); the first sample corresponded to the 
EMG signal at the beginning of the clench and the 

Frequency (Hz) 

Frequency (Hz) 

Fig. 1. Group-mean power spectra of the left anterior temporal and masseter muscles at the beginning 
of the clench and during fatigue (13 subjects). 
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second one to that after onset of the fatigue sensation. 
(2) The average PSDF of 5 samples of 2.9 s of’ dur- 
ation each (8 FFT) at constant intervals covering the 
entire clenching time. This was performed to study 
the effect of the contraction time on the PSDF. 

The computational results were printed on a high- 
speed line printer and plotted using a Calcomp plot- 
ter. Before plotting, the PSDF was smoothed by using 

5-point least-square curve-fitting technique 
YSavitzky and Golay, 1964) and normalized to the 
maximum value. 

To determine if the shape of the power spectra 
changed significantly between conditions, the PSDF 
values were further processed. We calculated the 
cumulative power function [C!‘(j)] and the relative 
pcwer of 17 frequency bands. Frequencies below 
I X.9 Hz were discarded for these procedures, because 
th,e power of the initial frequency bands is of dubious 
accuracy (Brown, 1975). We computed the frequencies 
at 10, 25, 50, 75 and 90 per cent of the cumulative 
power (FlO, F2.5. F50, F75, F90) and the bandwidths 
between 10 and 90 per cent (B90 - 10) and between 
25 and 75 per cent (B75 - 25) of the CP(f). The 17 
bands had a width of 40 Hz each, except for the first 
one which ranged from 18.9 to 70 Hz. The relative 
power of each band was expressed as a percentage of 
the total power. 

We also calculated the mean r.m.s. (root mean 
scuare) voltage of the two samples corresponding to 
le EMG signal at the beginning of the clench and to 
tl-at after fatigue onset. Prior to the computation, a 
straight-line fit was performed on each sample to 
remove any base-line offset. For more details on the 
d;tta-processing technique see Palla and Ash (1981). 

We used the frequencies FIO, F25, F50, F75, F9Q, 
the bandwidths B90 - 10. B75 - 25 and the relative 
power of the 17 bands in the computation of the stat- 
istical tests to determine whether fatigue and clench- 
ing time had a significant effect on the PSDF. All tests 
were computed with p < 0.05 using the computer 
programs developed by the Statistical Laboratory of 
the University of Michigan. The statistical tests used 
a-e mentioned in the results. 

RESULTS 

The normalized group-mean power spectra of the 
left temporal and masseter muscles showed that the 
power spectra of the fatigue state were shifted to 
lower frequencies and were narrower than those of 
the beginning of the clench (Fig. 1). These power- 
spectra variations were statistically significant 
(0 < 0.0005) as indicated by multivariate analysis of 
variance (Rao, 1952) performed on the frequencies 
E 10, FX. F50. F75. F90 and the bandwiths 390 - 10 
and B75 - 25. The mean values of these frequencies 
a-e given in Table 1. To determine in which frequency 
range the relative power increased and in which it 
decreased. we compared the mean relative powers of 
the two conditions within each band by analysis of 
variance for repeated measures (Winer, 1971). The 
mean relative power below 70Hz increased signifi- 
cdntly during fatigue in all four muscles, whereas that 
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Table 2. Variation of F50 (Hz) during clenching. Mean and standard deviation (13 
subjects) 

RAT LAT RM LM 

Time 1 144.21 k 39.822 160.94 f 41.536 125.84 k 39.692 130.26 k 37.776 
Time 2 125.69 f 39.228 136.28 f 48.190 100.39 + 42.494 102.33 + 40.830 
Time 3 119.34 + 36.605 133.26 _t 46.875 91.04 1_ 35.559 93.01 + 42.358 
Time 4 106.67 & 39.083 122.07 + 51.413 84.61 + 37.556 90.31 _t 40.651 
Time 5 107.58 f 43.225 119.31 k 54.241 88.49 k 41.926 93.53 & 45.462 

Significance at the 0.05 level: Tl-T2, Tl-T3, Tl-T4, Tl-T5 for all muscles T2-T4 for 
R.A.T., L.A.T., R.M. T2-T5 and T3-T4 for L.A.T. 

above 110 Hz for the masseter muscles and above 
150 Hz for the temporal muscles diminished signifi- 
cantly (p < 0.01). No significant changes were found 
in the intermediate frequency range. 

The effect of clenching time on the shape of the 
power spectrum was studied by comparing within 
each muscle the mean F50 of the 5 samples by means 
of analysis of variance for repeated measures. F50 was 
highly correlated with FlO, F25, F75, F90 and 
B90 - 10, 875 - 25 (correlation coefficients between 
+0.87 and +0.98; n = 240) and can therefore be used 
to characterize statistically power-spectra variations. 
The mean F50 of the left temporal muscle decreased 

. y,a+blnx 

200 

1 

R.A.T. -I I, L.A.T. 

1 R.M. 1 L.M. 

I 2 3 4 5 
Time 

Fig. 2. Variations of F50 during fatiguing maximum 
clench. Times indicated correspond to the 5 samples. 

Mean k SD of 13 subjects. 

continuously from the first to the last sample, whereas 
that of the other 3 muscles decreased only to the 
fourth sample (Table 2). The differences between the 
mean F50 values of the 5 samples were statisti- 
cally significant @ < 0.01). The largest F50 decrease 
between two consecutive samples was between the 
first and the second sample, and was the only one 
significant (p < 0.01, Newman-Keuls test; Winer, 
1971). F50 tended to decrease exponentially during 
clenching (Fig. 2). The relationship between F50 and 
clenching time was well described by a logarithmic 
curve of the form y = a + b In x. The mean corre- 
lation coefficient calculated by pooling all the individ- 
ual coefficients (Table 3) was - 0.94 (95 per cent confi- 
dence interval: -0.91; -0.96). The mean relative 
power of the first frequency band (below 70Hz) in- 
creased significantly during clenching in all 4 muscles 
(p < 0.0005) (Fig. 3, Table 4). With regard to the sig- 
nificant decrease of the relative power of the higher 
frequency bands, masseter and temporal muscles 
showed a different behaviour: the significant decrease 
began above 70 Hz for the masseter muscles and 
above 150 Hz for the temporal muscles 
(p < 0.0550.0005). As found for F50, both increase 
and decrease occurred exponentially: they were more 
pronounced at the beginning of the clench (Fig. 3). 

Root mean square tloltage 

The mean r.m.s. voltage of the 7 s of EMG signal 
following the onset of the fatigue sensation was sig- 
nificantly smaller than that of the 7 s of EMG signal 
at the beginning of the clench (p < 0.05; analysis of 
variance for repeated measures). The decrease of the 
r.m.s. voltage was 15 per cent for the right temporal 
muscle, 23 per cent for the left temporal muscle and 
25 per cent for the right and left masseter muscles. 

Clenching time 

The clenching time until onset of the fatigue sensa- 
tion ranged from 24 to 51 s (mean 39 s; SD _+ 7.55). 

DISCUSSION 

The power spectra obtained during fatigue were 
significantly shifted to lower frequencies and were 
narrower than those obtained at the beginning of the 
clench. This modification was due to an increase of 
the relative power in the low-frequency range and to a 
decrease in the high-frequency range. Our findings 
agree with those on other striated muscles (Kogi and 
Hakamada, 1962; Kadefors, Kaiser and Petersen, 
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Table 3. Individual correlation coefficients between F’S0 and 
the clenching time, calculated using a logarithmic curve of the 

form y = a + blnx 

Subject RAT LAT RM LM 

1 - 0.99 - 0.93 -0.78 -0.89 
2 - 0.99 -1.00 - 0.99 - 0.96 
3 -0.73 - 0.96 - 0.95 -0.98 
4 -0.96 -0.83 - 0.97 -0.10 
5 -0.38 -0.80 -0.95 -0.70 
6 -1.00 - 0.99 -0.99 - 0.97 
7 -0.91 -0.85 - 0.92 -0.98 
8 - 0.84 -0.71 -0.90 - 0.96 
9 -0.79 - 0.86 -0.83 -0.81 

10 -0.96 -0.90 -0.88 - 0.95 
11 -0.91 - 0.96 - 0.98 - 0.98 
12 - 0.99 -0.82 - 0.99 -0.89 
13 - 0.92 -0.86 -0.96 

1968; Chaffin, 1969; Lindstram et nl., 1970; Kwatny 
et al., 1970; Viitasalo and Komi, 1978). 

Palla and Ash (1981) reported that bite-force in- 
crease produces a power-spectrum shift to lower fre- 
quencies. This shift, however, was far less pronounced 
than that found in our present study and was caused 
more by a decrease of the relative power in the high- 
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Fig. 3. Variations of the relative power of 4 frequency 
bands of the left temporal muscle during fatiguing maxi- 

mum clench (mean + SD for 13 subjects). 

frequency range than by a power increase in the low 
frequencies. This suggests that the shift induced by 
force increase is elicited by a different mechanism 
than that seen during fatigue. Whereas recruitment of 
larger motor units (MU) and increased synchroniza- 
tion between MUs are the probable causes for bite- 
force shift, the shift occurring during fatigue appears 
to be due mainly to a slowing of the conduction vel- 
ocity of the action potential along the muscle fibre, as 
the velocity decrease increases duration of the 
MUAP. The width of the EMG power spectrum is 
inversely related to the duration of the MUAP (Cen- 
kovich and Gersten, 1963; Kaiser and Peter&n, 1963, 
1965; Kadefors et al., 1973; Blinowska and Piotrkiew- 
icz, 1978). Slowing of conduction velocity during fati- 
gue has been observed both in man (Lindstram et al., 
1970; Viitasalo and Komi, 1977; Bigland-Ritchie et 
al., 1979; Gydikov et al., 1979) and in the cat (Mor- 
timer, Magnusson and Peter&n, 1970). This phenom- 
enon may be due to an increase of metabolic by- 
products caused by blood-flow reduction (Mortimer 
et al., 1970) or to a change of the extracellular cation 
concentration, namely an increase of [K’] and a de- 
crease of [Na+] with consequent lowering of the ex- 
citability of the muscle-fibre membrane (Bigland- 
Ritchie et al., 1979; Jones, Bigland-Ritchie and 
Edwards, 1979). 

Synchronization between MUs increases during 
fatigue, increasing the duration of the EMG fluctu- 
ations (Lippold, Redfearn and Vuco, 1960; Person 
and Mishin, 1964; Person and Kudina, 1968); thus, 
the power spectrum shifts to lower frequencies (Per- 
son and Libkind, 1970). Increased synchronization 
between MUs during fatigue has been found also for 
the masseter muscle, by cross-correlating the EMG 
signals of two muscle locations (S. Palla, unpub- 
lished). Therefore, we can not exclude the possibility 
that synchronization was involved in producing the 
power-spectrum shift to lower frequencies. 

Recruitment of larger MUs should produce a power- 
spectrum shift to lower frequencies because such 
MUs have action potentials of longer duration than 
small ones (Buchthal, Guld and Rosenfalck, 1955). 
Blank, Gonen and Magora (1979) reported that, 
during a near-maximal voluntary contraction, con- 
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Table 4. Variation of the relative power of 4 frequency bands during clenching. Mean and standard deviation 
(13 subjects). Bl: band 1 (l&9-70Hz); B2: band 2 (71-110Hz); B3: band 3 (111-150 Hz); B6: band 6 

(231-270 Hz) 

RAT 

LAT 

RM 

LM 

Bl 
B2 
B3 
B6 
Bl 
B2 
B3 
B6 
Bl 
B2 
B3 
B6 
Bl 
B2 
B3 
B6 

Time 
1 2 3 4 5 

15.8 + 8.43 26.1 + 16.28 28.5 ) 14.81 33.4 k 19.60 35.3 + 23.47 
21.0 k 11.72 18.3 &- 4.73 19.4 k 4.29 19.6 k 3.93 17.8 + 4.58 
17.8 + 3.38 17.8 _t 3.86 16.8 _t 3.61 16.9 + 4.47 16.2 t_ 6.01 
8.3 k 4.94 6.7 f 4.31 5.9 * 3.73 4.9 & 3.71 5.7 * 4.40 

12.1 f 7.34 22.0 + 12.25 23.6 f 12.76 28.9 k 16.56 31.4 + 19.57 
17.6 f 8.69 18.8 + 7.21 17.7 & 6.08 19.1 + 5.72 18.6 + 6.12 
17.3 _t 4.70 17.4 f 4.83 18.5 ) 4.14 15.9 * 4.15 15.9 + 4.89 
8.5 & 2.97 7.2 _+ 4.19 7.0 + 4.92 5.7 * 4.14 5.7 f 5.20 

20.3 f 9.10 39.3 + 20.85 42.5 k 17.76 48.1 ir 19.74 46.3 k 22.95 
25.4 f 11.03 20.5 f 6.67 20.4 + 5.64 19.1 + 3.65 17.5 * 3.83 
19.1 f 3.60 14.3 _t 5.05 13.9 k 3.64 12.6 k 3.85 14.3 k 6.26 
6.0 k 4.03 4.0 & 3.62 3.6 + 3.33 3.1 + 3.21 3.2 + 3.10 

18.1 + 7.92 38.6 f 22.07 43.4 * 20.20 45.2 _+ 21.29 43.8 &- 24.07 
24.6 + 11.75 18.8 & 4.73 18.6 + 3.49 18.2 i 4.05 17.2 + 5.51 
20.8 + 5.12 14.6 1 5.38 13.6 k 3.84 12.8 k 4.42 14.1 f 4.66 

6.4 + 4.08 4.4 f 3.63 4.0 k 3.48 3.7 f 3.44 4.3 + 4.03 

tinued until fatigue was reached, small MUs are re- 
placed by larger ones with action potentials of higher 
amplitude and longer duration. Because our subjects 
sustained a maximum voluntary contraction (MVC) 
and because all MUs are activated at the beginning of 
a MVC (Bigland-Ritchie et a/., 1979), it is unlikely 
that recruitment of larger MUs occurred in our study. 
Thus, the power-spectrum shift to lower frequencies 
found during fatigue elicited by MVC seems to be 
caused by an increased duration of the MUAP. 

The power-spectrum shift to lower frequencies had 
an exponential time course; the shift was most pro- 
nounced in the initial part of the clench. The interplay 
of the following two phenomena may explain this 
finding: (1) The firing frequency of the motoneurons 
during a fatiguing h4VC decreases continuously to 
reach a constant level (Marsden, Meadows and Mer- 
ton, 1971; Bigland-Ritchie ef al., 1979; Jones et al., 
1979) (2) The increase of the duration of the MU 
action potential is linearly related to the stimulation 
frequency of the muscle fibre (Bigland-Ritchie et a/., 
1979). Thus, the duration of the muscle-fibre action 
potential should increase rapidly at the beginning of 
MVC, when motoneurons fire at maximum frequency. 
As the contraction progresses, the motoneuron firing 
frequency decreases and, thus the rate of increase of 
MUAP duration should decrease. Bigland-Ritchie et 
al. (1979, their Fig. 4) showed that the conduction 
velocity of the action potential along the muscle fibre 
decreases exponentially during MVC. The exponen- 
tial time course of the shift is of prime concern in 
studies dealing with EMG power spectra at maximum 
clench. This time must be short to avoid a substantial 
alteration of the spectra due to the clenching-time 
effect. 

The power-spectrum shift during fatiguing maxi- 
mum clench was caused by a significant increase of 
the relative power in the low-frequency range and by 
a significant decrease of that of the high frequencies. 
Our results confirm findings on other striated muscles 
(Kadefors et al., 1968; Kadefors and Peter&n, 1970; 

Viitasalo and Komi, 1977). Both increase and de- 
crease had an exponential time course being more 
pronounced in the initial than in the final part of the 
clench. Kadefors ef al. (1968) reported that spectral 
changes during fatigue took place in two phases: the 
power of the high frequencies was strongly affected in 
the initial part of the concentration, whereas that of 
the low frequencies increased more linearly. The dif- 
ference between their result and ours may be due to 
the different level of initial muscle contraction, as they 
used contrations of less than 50 per cent of the maxi- 
mum. The results of Viitasalo and Komi (1977) may 
support this hypothesis; using contractions of 60 per 
cent maximum, they also found that the relative 
power increased and decreased with a similar time 
course. 

The frequency F50 was highly correlated with FlO, 
F25, F75, F90 and the bandwidths B90 - 10, 
B75 - 25, confirming previous results (Palla and Ash, 
1981). Subjects with high F50 values had wide power 
spectra, whereas those with low F50 values had power 
spectra which were narrow and localized in’ a lower 
frequency range. Thus, F50 can be used to determine 
whether power spectra differ with statistical signifi- 
cance. 

The r.m.s. voltage decreased significantly from the 
beginning of the clench to the fatigued state, indicat- 
ing a decrease in force. This finding agrees with those 
of other studies on muscle fatigue during MVC 
(Stephens and Taylor, 1972; Komi and Rusko, 1974; 
Bigland-Ritchie et al., 1979). Force decrease shifted 
the power spectrum of the masseter and temporal 
muscles to higher frequencies (Palla and Ash, 1981). 
Thus the force decrease during fatigue may have 
counteracted the effect of fatigue on the power spec- 
trum, to reduce the amount of low-frequency shift 
during the clenching. 

Maximum voluntary contraction of the elevator 
jaw muscles produced a sensation of muscle fatigue, 
on average, after 39 s. Christensen (1979) reported a 
mean value of 31 s. 
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Fatigue as produced by maximum voluntary clench 
shifted the power spectrum to lower frequencies. 
Hence, frequency analysis is useful for detecting 
muscle fatigue in the masticatory muscles, and should 

be useful in diagnosis if the masticatory muscles of 
patients with dysfunction are fatigued, but only if para- 
functional induced muscle fatigue is accompanied by 
increased duration of the MUAP. 
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