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CHAPTERCHAPTER 4 

EMGG POWER SPECTRUM AND 
MOTORR UNIT CHARACTERISTICS 

INN THE MASSETER MUSCLE OF THE RABBIT 

Abstrac tt  - Masticatory muscles contain a large variety of motor units with different 

physiologicall and morphological properties. In this study we tested the hypothesis 

thatt a relationship exists between the mechanical and myoelectrical properties of 

singlee motor units in the masseter muscle of the rabbit. It was expected that faster 

contractingg motor units, which usually have a relatively large number of fibers with 

largee diameters, should have faster action potentials with larger amplitudes than 

slowerr motor units. Single motor units were stimulated. A two-dimensional force 

transducerr registered mechanical parameters of the units. EMG electrodes were 

usedd to determine amplitude and frequency parameters of the action potentials of 

thee same units. The results showed that faster contracting motor units indeed 

producedd action potentials with higher conduction velocities. However, faster motor 

unitss had no significant larger amplitude of the action potential. Small but significant 

positivee correlations were found between the tetanic peak force and the amplitude of 

thee action potentials. Little difference was found among the various frequency and 

amplitudee parameters, respectively, making them equally suitable to describe the 

actionn potential. Surprisingly, a negative correlation between the amplitude and 

frequencyy parameters of the action potential was found, which may result from 

variabilityy in arrival times of action potentials at the electrode site. Regional 

differencess in the frequency parameters were found between the anterior and 

posteriorr parts of the superficial masseter. 
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ChapterChapter 4 

Introductio n n 

Duringg force generation a fast depolarization of muscle fibers occurs which is 

accompaniedd by ion transport through the fiber membranes. This variation in 

membranee potential is called the action potential. There are obvious correlations 

betweenn the features of the action potential and the diameter of muscle fibers. In an 

earlyy theoretical study, Hodgkin (1954) concluded that the conduction velocity of 

fiberss should vary as the square root of fiber diameter. Hakansson (1956) 

demonstratedd experimentally in isolated muscle fibers of the frog that conduction 

velocityy and amplitude increased with fiber circumference. Hence, fibers with 

relativelyy large diameters produce faster action potentials with larger amplitudes 

thann fibers with smaller diameters (Gath and Stalberg, 1975). 

Previouss studies also point to a relationship between fiber diameter and fiber 

type.. In general, in limb and trunk muscles the fast contracting fibers have larger 

diameterss than the slow contracting fibers (Taxt, 1983; Gordon et al., 1988; Larsson 

etet al., 1991) and muscle fiber type correlates well with muscle fiber conduction 

velocityy (Sadoyama et al., 1988). Therefore, fast fibers are expected to produce 

actionn potentials of larger amplitude and with faster depolarizations than slow twitch 

fibers.. Consequently, the action potentials of fast twitch fibers should have an 

inherentlyy higher frequency contents than those of slow twitch fibers (Stulen and 

DeLuca,, 1981; Roy etal., 1986). 

Musclee fibers are arranged into motor units. Generally, the fibers in a given 

motorr unit are considered to be of the same type (Gauthier et al., 1983) and they are 

activatedd by a single motoneuron. The resulting force output of a motor unit is the 

summ of the individual forces of the motor unit fibers and the resulting electrical output 

iss the sum of the individual motor unit fiber action potentials. Motor units can be 

dividedd into different physiological groups and there are obvious correlations 

betweenn particular features of the physiological, morphological and histochemical 

profiless of the motor units (see for review: Burke, 1986). Slow contracting motor 

units,, for instance, consist of slow muscle fibers with relatively small fiber diameters. 

Theyy tend to have fewer muscle fibers per unit and produce smaller forces 

comparedd to fast motor units (Kwa et al., 1995a,b). Consequently, slow contracting 

motorr units should have action potentials with smaller amplitudes and lower 

conductionn velocities compared to faster motor units. 
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Justt recently, we succeeded in mapping the physiological parameters (tetanic 

peakk force and twitch contraction time) of a large number of motor units in the 

masseterr muscle of the rabbit and correlated them with mechanical properties such 

ass the direction and the position of the motor unit line of action in the muscle 

{Turkawskii et a/., 1998). Motor units in the muscle showed a large range of twitch 

contractionn times and force magnitudes. Twitch contraction time and tetanic peak 

forcee ranged, respectively, from 16 to 42 ms and from 5 to 290 mN. A significant 

correlationn between contraction time and force amplitude was demonstrated. 

Relativelyy fast motor units produced larger forces than relatively slow-contracting 

motorr units. In addition, a correlation between physiological properties and motor 

unitt position was found. Motor units located in the more posterior regions of the 

masseterr were faster and produced smaller forces than motor units in more anterior 

parts. . 

Thee aim of the present study was to investigate the single motor unit action 

potentiall of the masseter muscle in terms of its properties in the frequency and time 

domainn and relating them to physiological and mechanical properties. In addition, we 

wantedd to test the hypothesis that differences in amplitude and conduction velocity 

off the action potential exist between different motor unit types. It was expected that 

fastt motor units had faster action potentials with larger amplitudes than slow motor 

units. . 

Material ss  and method s 

Animals Animals 

InIn vivo experiments were performed on eight New Zealand White rabbits 

(Oryctolagus(Oryctolagus cuniculus L), weighing between 2,000 and 2,300 g (age, 10-13 wks). 

Thee experiments had been approved by the Animal Ethics Committee of the Medical 

Schooll of the University of Amsterdam. 
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SurgicalSurgical procedures 

Forr an extensive description of the surgical procedures and the method to stimulate 

singlee motor units the reader is referred to previous papers (Turkawski et a/., 1996; 

1998).. After the animals were pre-anesthetized with a mixture of Rompun and 

Ketaminee applied intramuscularly and Atropine applied subcutaneously, a tracheal 

cannulaa was provided for artificial ventilation. Further anesthesia was effected 

throughh the administration of halothane in a 1:3 oxygen-nitrous oxide mixture. 

Thee zygomatic arch was exposed and detached from the skull at both ends. A 

flexiblee aluminum strip, screwed onto the outer surface of the zygomatic arch, 

servedd to connect a force transducer to the masseter muscle. To stabilize the 

mandiblee the dental arches were cemented together. A small skin incision was made 

too expose the masseter and the exposed muscle was covered with paraffin oil to 

preventt dehydration. 

AA 4 x 4 mm window was cut into the left parietal bone and a small opening 

wass made in the dura mater to allow a microelectrode (Teflon-coated tungsten, 

diameterr 0.2 mm, impedance 1 MÜ.), mounted on a micromanipulator, to enter the 

brainn using a stereotaxic holder. The electrode was inserted into the brain 5 mm 

anteriorlyy of the cortical most posterior rim, 3 mm lateral from the cortical midline, 

andd was lowered perpendicular to the cortical surface until it reached the trigeminal 

motorr nucleus 16 mm from the cortical surface. 

Singlee motoneurons were stimulated extracellularly with square-wave 

constantt current stimuli of 10-30 uA (pulse width: 100 us), delivered to the left 

trigeminall motor nucleus. To evoke twitch contractions single pulse stimuli were 

deliveredd at a rate of 1/s. Fused tetanic contractions were evoked with 0.33 s pulse 

trainss with a pulse frequency of 60-80 Hz, delivered at a rate of 1 per 5 s. The 

criteriaa for selecting a single unit were based on EMG and force response (see 

Turkawskii et a/., 1998). Force and electromyographic response of 76 single motor 

unitss were registered. Motor units showing a large stimulus artifact were excluded, 

soo 40 motor units remained for further analysis. 

RegistrationRegistration and analysis of motor unit force 

Wee used a force transducer, capable of measuring both the magnitude and the 

positionn of the line of action of forces in a single plane. Design and technical 
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specificationss of this transducer were described in detail by Turkawski et al. (1996). 

Briefly,, a motor unit force applied to the transducer is resolved into orthogonal force 

components.. The force components are registered with a set of strain gauges 

arrangedd into three full Wheatstone bridges which produce a voltage proportional to 

thee amount of force. Force magnitude and the position of the line of action can be 

calculatedd from the three output voltages. The transducer was mounted on a small 

micromanipulatorr for manual displacement and positioned at an angle of about 15

relativee to the mid-sagittal plane of the animal's head to keep the overall force vector 

off the muscle inside the plane of the transducer. A drawing of the force transducer 

ass used in the experimental set-up is given in Turkawski et al. (1998). 

Thee transducer's output voltages were amplified with a strain gauge amplifier 

(HBMM K-10; bridge voltage 5 V; maximal amplification: 5000x). After low-pass 

filteringg (Butterworth, 500 Hz) the output signals were recorded on digital tape (Bio-

Logicc DTR-2602, resolution: 14 bit, bandwidth: 2.5 kHz). Digital data were processed 

onn a microcomputer (PC 486), using Labview software (National Instruments). The 

signalss were additionally filtered with a finite impulse response (FIR) digital filter 

(twitch:: 150 Hz low-pass). The signals of 10-50 single twitches and 5-15 tetanic 

responsess were averaged. The number of averaged tetanic responses was limited to 

aa maximum of 15 to minimize the risk of fatigue. The stimulus pulse served as a 

triggerr for the averaging procedure and was also recorded on tape. 

Thee motor unit force response was characterized by the twitch contraction 

timee (TCT), which is inversely proportional to the speed of shortening, and by the 

tetanicc peak force (TePF). The TCT was defined as the time between the initial rise 

off a force from the baseline and the twitch peak force. The TePF was defined as the 

maximall force generated during the tetanic contraction. When the jaw is closed the 

sarcomeress of an active motor unit are not at their optimal length for force 

generationn (Weijs and Van der Wielen-Drent, 1982). To bring the fibers to this length 

thee muscle was slightly stretched by displacement of the zygomatic arch, with a 

maximumm of 3 mm (Turkawski et al., 1998). The position of the line of action of a 

motorr unit was defined by its moment arm length (the perpendicular distance 

betweenn the line of action and the jaw joint) and the angle relative to the antero-

posteriorr x-axis. Hence, motor units with lines of action anterior to the jaw joint had 

positivee moment arms and motor units with lines of action posterior to the jaw joint 

hadd negative moment arms. 

49 9 



ChapterChapter 4 

RegistrationRegistration and analysis of EMG 

Thee muscle consists of different parts (Weijs and Dantuma, 1981), i.e., anterior 

superficiall masseter, posterior superficial masseter, anterior deep masseter, middle 

masseterr and posterior deep masseter. A drawing of this subdivision is shown in Fig. 

1.. Electromyographic (EMG) activity of the motor units was registered with 12 

monopolarr Teflon-coated copper wire electrodes (bared tip: 1.5 mm, diameter: 0.1 

anteriorr superficial masseter posterior superficial masseter 

anteriorr deep and middle masseter posterior deep masseter 

Figur ee 1. 
Thee anatomical subdivision of the masseter muscle and the electrode positions. 
Filledd circles indicate superficial electrodes; open circles indicate deep electrodes. 

mm)) which were arranged in two regularly spaced rows parallel to the zygomatic 

arch.. Six electrodes were inserted 1-2 mm deep into the superficial layer of the 

masseterr and six electrodes were inserted 6-8 mm deep into the deeper layer of the 

muscle.. The electrode positions were double checked on lateral view röntgen graphs 

takenn from the rabbit's head. A reference electrode was attached to the skin in front 

off the masseter muscle. 
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Thee 12 EMG signals were amplified <20000x), band-pass filtered (40-4000 

Hz)) and stored on digital tape (Bio-Logic DTR-2602, resolution: 14 bit, bandwidth: 

2.55 kHz). The EMG signals with the largest action potential amplitude (peak to peak) 

weree selected on an oscilloscope and transferred to a microcomputer (PC 486) at 

aa sample frequency of 6 kHz for further data processing with Labview software 

(Nationall Instruments). The signals were additionally filtered with a finite 

impulsee response (FIR) digital filter (1500 Hz low-pass). A Hamming window function 

wass used to reduce start and end artifacts. A standard fast Fourier algorithm was 

usedd to convert the averaged EMG signals (with a total length of 

500 ms) from the time to frequency domain. The frequency spectrum had a resolution 

off approximately 20 Hz. The EMG electrode with the largest action potential served 

ass a reference for the position of the active motor unit, i.e., the motor unit was 

assignedd to the specific muscle part in which the EMG electrode potential was 

located. . 

Thee EMG can be represented by two types of variables, i.e., frequency and 

magnitude,, which can be obtained from the action potential in the time domain or 

afterr conversion of the action potential to the frequency domain. The frequency 

contentss of the action potential was characterized by four parameters: 1) the peak 

too peak time (PTP-Time) which was obtained directly from the action potential in 

thee time domain and was defined as the delay time between largest positive 

andd largest negative voltage of the action potential; 2) the mean frequency 

(Mean-Freq)) of the power density function; 3) the median frequency (Med-Freq) 

off the power density function; and 4) the peak frequency (Peak-Freq) which 

wass defined as the frequency component in the power density function at peak 

power. . 

Thee magnitude of the action potential was characterized by five variables: 

1)) peak to peak voltage (PTP), which was defined as the difference in voltage 

betweenn the largest positive and largest negative voltage of the action potential; 

2)) the root mean square (RMS) of the action potential; 3) the integrated rectified 

actionn potential (INT), which was defined as the area under the rectified 

actionn potential; 4) the peak power (PP) of the power density function; and 

5)) the total power (TP), which was defined as the area under the power density 

function.. Most of the force and action potential variables are explained in Fig. 2. 
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Twitchh Contraction Time (TCT) Peak to Peak Time (PTP-Time) Peak Frequency (Peak-Freq) 

time e time e frequency y 

Tetanicc Peak Force (TePF) 

time e 

Peakk to Peak Voltage (PTP) 

time e 

Peakk Power (PP) 

frequency y 

Integratedd Rectified Voltage (INT) 

time e 

Totall Power (TP) 

frequency y 

A.. Parameters obtained 
fromm the force responce. 

B.. Parameters obtained 
fromm the action potential 
inn the time domain. 

C.. Parameters obtained 
fromm the action potential 
inn the frequency domain. 

Figur ee 2. 
Schematicc diagram of action potential parameters and force parameters 

Thee various variables were analyzed for significance of correlation. Rank 

Spearmann correlations were used to avoid assumptions about the distribution of the 

variables.. In addition, a principal component analysis, which included a varimax 

rotation,, was used to evaluate the relationship among the EMG variables and the 

relationshipp between EMG and force parameters. An analysis of variance (one way 

ANOVA)) was used to compare the force and action potential parameters of motor 

unitss in the different muscle parts. 
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Tablee 1. Action potential and mechanical parameters (n=40) 

meann SD min max 

meann frequency (Hz) 

mediann frequency (Hz) 

peakk frequency (Hz) 

lower-3dBB (Hz) 

upperr -3dB (Hz) 

PTPP Time (ms) 

PTPP (uV) 

RMSS (uV) 

INTT (uV) 

TePFF (mN) 

anglee ) 

armm (mm) 

TCTT (ms) 

487.0 0 

459.3 3 

432.6 6 

269.0 0 

596.3 3 

0.8 8 

166.3 3 

8.6 6 

1061.2 2 

81.7 7 

77.0 0 

18.0 0 

26.5 5 

115.9 9 

119.8 8 

128.4 4 

104.9 9 

146.9 9 

0.3 3 

61.8 8 

3.3 3 

456.4 4 

60.9 9 

31.2 2 

16.0 0 

5.8 8 

288.7 7 

269.0 0 

206.9 9 

124.1 1 

372.4 4 

0.5 5 

44.1 1 

1.8 8 

229.4 4 

5.1 1 

20.5 5 

-9.6 6 

15.8 8 

749.2 2 

744.8 8 

744.8 8 

537.9 9 

931.0 0 

1.5 5 

284.1 1 

16.1 1 

2198.9 9 

196.0 0 

150.9 9 

42.1 1 

41.8 8 

Result s s 

Figuree 3 shows examples of action potentials from ten different motor units. Biphasic 

actionn potentials were most common. The average values, ranges and standard 

deviationn values of various action potential and force parameters are given in Table 

1.. Also in the table are the lower and upper -3 dB points (relative to the Peak-Freq), 

whichh are commonly used in literature as a measure of the band width. An example 

(Fig.. 4) of the relationship between an action potential frequency parameter (Med-

Freq),, an action potential magnitude parameter (INT) and a force parameter (TCT) 

showss that fast motor units (short TCTs) have higher frequencies. Also visible in the 

figuree is the negative correlation between the frequency and the magnitude of the 
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actionn potential. Hence, faster motor units showed no significant increase in the 

actionn potential magnitude. 

CorrelationsCorrelations between EMG parameters 

Strongg correlations with linear relationships were found between the parameters 

relatedd to the action potential frequency (Table 2). Strong correlations with linear 

relationshipss were also found between each of the three action potential magnitude 

#89 9 #144 4 

#81 1 #141 1 

# 4 4 4 #112 2 

#12 2 #110 0 

# 6 6 ## 104 

> > 
o o 

55 ms 

Figur ee 3. 
Actionn potentials from ten different motor units. 
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Tablee 2. Spearman rank correlation coefficients between EMG variables 

Peak k 

Mean n 

Med--

-Freq q 

-Freq q 

Freq q 

PTP-Time e 

PTP P 

RMS S 

INT T 

PP P 

TP P 

1.000 Mean-Freq 

0.977 * 

0.988 * 

-0.711 * 

-0.311 * 

-0.533 * 

-0.699 * 

-0.711 * 

-0.522 * 

1.000 Med-Freq 

0.999 * 

-0.755 * 

-0.23 3 

-0.477 * 

-0.644 * 

-0.677 * 

-0.466 * 

1.000 PTP-Time 

-0.722 * 

-0.25 5 

-0.488 * 

-0.666 * 

-0.699 * 

-0.488 * 

1.00 0 

0.07 7 

0.23 3 

0.366 * 

0.455 * 

0.24 4 

** significant correlations (p<0.05) 

parameterss which were obtained from the action potential in the time domain. Their 

reliabilityy as a measure for the magnitude of the action potential appeared to be 

equal.. These parameters showed also strong correlations <r>0.83) with the two 

magnitudee parameters obtained from the frequency domain, with a tendency to an 

exponentiall relationship. 

AA number of significant negative correlations between action potential 

frequencyy parameters on the one hand and magnitude parameters on the other 

handd was found, indicating that action potentials with higher frequencies had smaller 

amplitudes.. Strongest correlations were found when the frequency parameters 

Peak-Freq,, Mean-Freq and Med-Freq and the magnitude parameters RMS and INT 

weree involved. 

CorrelationsCorrelations between EMG and force parameters 

Thee TCT was significantly negatively correlated with all frequency-related 

parameterss of the action potential, except the PTP-Time (Table 3). Hence, faster 

motorr units (short TCT) had action potentials with higher frequencies, indicating that 

PTP P 

1.000 RMS 

0.94** 1.00 INT 

0 . 8 4 ** 0 . 9 4 * 1.00 PP 

0 . 8 3 ** 0 . 9 5 * 0 . 9 6 * 1.00 TP 

0.95** 1.00* 0.94* 0.95* 1.00 
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Tablee 3. Spearman rank correlation coefficients between EMG and force variables 

Force e 

EMGG TePF Angle Arm TCT 

Peak k 

Mean n 

Med--

-Freq q 

-Freq q 

Freq q 

PTP-Time e 

PTP P 

RMS S 

INT T 

PP P 

TP P 

0.08 8 

0.05 5 

0.05 5 

-0.15 5 

0.288 * 

0.21 1 

0.22 2 

0.18 8 

0.23 3 

0.411 * 

0.388 * 

0.399 * 

-0.24 4 

-0.23 3 

-0.344 * 

-0.333 * 

-0.399 * 

-0.333 * 

-0.577 * 

-0.555 * 

-0.566 * 

0.488 * 

0.18 8 

0.344 * 

0.411 * 

0.477 * 

0.333 * 

-0.455 * 

-0.399 * 

-0.411 * 

0.23 3 

0.08 8 

0.14 4 

0.20 0 

0.22 2 

0.15 5 

** significant correlations (p<0.05) 

theyy had fast traveling action potentials with more power in high frequency bands. 

Thee strongest significant correlation was found between the TCT and the Peak-Freq 

(r=-0.45).. Note, that no significant correlations were found between the TCT and the 

actionn potential magnitude-related parameters, nor between the TePF and the action 

potentiall magnitude parameters (except the PTP) and frequency-related 

parameters. . 

Thee results of the principal component analysis showed that it was possible to 

explainn 82% of the variance of the data set with the three largest components (Fig. 

5).. The first and relatively large component reflected changes in the magnitude of 

thee action potential and covered 53% of the variance, the second component 

reflectedd variations in frequency contents of the action potential and covered 18% of 

thee variance, whereas the third and smaller component reflected variations in force 

parameterss and covered 11 % of the variance. The figure shows three major clusters. 

Twoo distinct clusters were formed by, respectively, the action potential magnitude 
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Figur ee 4. 
Threee different types of parameters are combined into a 3D scatterplot. The 
relationshipp is shown between a force parameter (TCT), an action potential 
frequencyy parameter (Med-Freq) and an action potential magnitude parameter 
(INT). . 

parameterss and the action potential frequency parameters. A third, less distinct, 

clusterr was formed by the force parameters. 

RegionalRegional differences 

Theree were also small significant correlations between frequency-related parameters 

andd the moment arm and angle of the force vector (Table 3). This implies that motor 

unitss with large moment arms, which are characteristic for the more anterior parts of 

thee masseter, had action potentials with lower frequencies. The ANOVA showed 

significantt differences in frequency parameters between the anterior and posterior 

partt of the superficial masseter (p<0.001); no significant differences were found 

betweenn the anterior and posterior part of the deep masseter, nor between the 

superficiall and deep masseter. 

Significantt correlations were also found between the magnitude-related 

parameterss and the moment arm. This suggests that posterior muscle parts had 

smallerr action potential magnitudes. The ANOVA showed a significant difference of 
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twoo parameters (INT and PP) between the anterior and posterior part of the 

superficiall masseter; no significant differences were found between the other muscle 

parts. . 

Discussion n 

AA large number of studies is available which report on various aspects of the 

physiological,, mechanical or electromyographical features of the motor units in the 

masseterr muscle (see for example: Türker and Miles, 1989; Herring et al., 1991; 

McMillann and Hannam, 1992; Weijs ef a/., 1993; Miles et al., 1995; Kwa et al., 

1995a,b;; Scutter and Türker, 1998). As far as we are aware of this is the first study 

>^ed-FreV£P -T i^ e> 0 .0 0 - .. ,- «fMean-Freq 
Peak-Frëqq -  / " u . 2 

Figur ee 5. 
Plott of the first three coordinate axes of the principal component analysis of the 
EMGG and force parameters. The figure shows the absolute values of the factor 
loadings. . 
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inn which the mechanical properties of single motor units in the masseter muscle are 

relatedd to their myoelectrical properties. Because amplitude and conduction velocity 

off the action potential increase with fiber diameter (Hodgkin, 1954; Hakansson, 

1956)) it was expected that fast contracting motor units, which usually have a 

relativelyy large number of fibers and large fiber diameters, should also have faster 

actionn potentials with larger amplitudes than slow motor units. The hypothesis is only 

partiallyy confirmed by our results, which showed a negative correlation between the 

TCTT and the action potential frequency parameters, indicating that faster motor units 

indeedd have action potentials with higher conduction velocities than slower motor 

units. . 

However,, faster motor units showed no significant increase in the action 

potentiall amplitude. This is in line with the results of Kwa et at. (1995a) who did not 

findd a correlation between motor unit size and the TCT in the masseter of the rabbit. 

Itt suggests that there is no relationship between motor unit size and fiber diameter in 

thee masseter of the rabbit. In addition, in the present study only a weak correlation 

betweenn TePF and the action potential amplitude was found. How can this weak 

correlationn be explained? First, it should be realized that the pick-up area of the 

electrodee is limited and that the contribution of a particular fiber to the amplitude of 

thee action potential decreases with its distance to the electrode. For small motor 

unitss the detection distance is reported to be 9 mm regardless of the electrode size 

(Fuglevandd et ai, 1992). Thus in case of a larger motor unit, the action potentials of 

moree distant fibers fall outside the electrode pick-up area of the electrode, whereas 

thee force generated by these fibers is still registered by the force transducer. In a 

computerr simulation study, Nandedkar et al. (1988) concluded that for needle 

electrodess the area/amplitude ratio of the action potential is less sensitive to 

electrodee position than either amplitude or area. Indeed, most correlations found in 

thee present study were improved when the area/amplitude ratio was used as a 

measuree of the action potential magnitude. The TCT, for example, which showed no 

significantt correlation with any magnitude parameter was significantly correlated 

(r=0.399 , p<0.01) with INT/PTP. A second explanation for the weak correlation could 

bee the variability in electrode position relative to the motor unit territory. Different 

electrodee positions will affect the registered action potentials, even if similar motor 

unitss are compared. A third factor could be that due to the stimulation protocol fast 

motorr units with larger neurons are preferentially selected. The relatively small 
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numberr of really slow motor units (TCT » 30 ms) might contribute to the small 

correlationss found. 

Surprisingly,, a negative correlation between the amplitude and frequency 

parameterss of the action potential was found, which is opposite to what can be 

expectedd from the relationship between fiber diameter, conduction velocity and 

amplitude.. A correlation between the amplitude and frequency parameters could 

resultt directly from low-pass filter characteristics of muscle tissue. However, since 

bothh frequency and amplitude decrease with increasing distance between the 

registrationn electrode and the active muscle fibers, a positive correlation is to be 

expected,, which is contrary to the negative correlation found in the present study. 

Involvementt of muscle tissue filtering properties could be ruled out by comparing the 

amplitudee and frequency contents of simultaneously recorded action potentials at 

twoo different positions (data not shown). Possibly, the negative correlation between 

amplitudee and frequency could be explained by the variability in arrival time of the 

individuall fiber action potentials at the recording electrode. The arrival time of the 

fiberr action potentials at the electrode is determined by various factors, such as the 

lengthh and propagation velocity of the terminal nerve axon, the transmission time 

acrosss the neuromuscular junction and the location of the endplates relative to the 

electrodee (Stalberg et a/., 1996). The summated action potentials at the recording 

electrodee are generally polyphasic. Consequently, the spectrum of large motor units, 

withh a large number of fibers, producing large action potentials, can be expected to 

havee a lower predominant frequency band than the spectrum of small motor units, 

withh less muscle fibers, producing small action potentials. However, considering this 

explanationn the small uptake area of the electrode should be taken into account. 

Ourr results showed an average median frequency of 459 Hz with a 

predominantt frequency of 269-596 Hz (-3 dB points). From the average PTP-time 

(0.88 ms) given in Table 1, the main power in the frequency spectrum could be 

estimatedd around 625 Hz. An explanation for this discrepancy is that the entire 

actionn potential signal contains low frequency components which are not 

representedd by the PTP-time. Trimble et a/. (1973) found the predominant frequency 

bandd of single motor units to be 470-1400 Hz (-3 dB points) and Gath and Stalberg 

(1975)) found a frequency band of 190-980 Hz. The differences in frequency bands 

betweenn various studies are probably due to differences in experimental methods 

applied,, such as electrode type and distance between electrode and active fibers. 
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Anotherr factor which should be considered is the frequency band of the filters. A 

frequencyy of 1000 Hz should not be affected by a 1500 Hz low-pass filter. However, 

thiss frequency is not necessarily the highest frequency in the action potential. 

Therefore,, power spectra of unfiltered action potentials were used to determine the 

filterr settings. Hence, the median frequency should not be affected by the low-pass 

filter. . 

Thee mutual correlations between the various frequency parameters and 

betweenn the amplitude parameters were high. These high correlations were 

reflectedd in the cross-correlogram which showed a distinct clustering of the 

frequencyy parameters and of the amplitude parameters. It can be concluded that 

eachh of the parameters is suitable to describe the action potential. The force 

parameterss (TePF, TCT, angle, arm) were not strongly related to the amplitude of 

thee frequency cluster, indicating that their mutual relationships are more complex. 

Onn average, the action potentials of motor units in the posterior superficial 

masseterr were found to be faster than those in the anterior superficial masseter. 

Thiss is consistent with the force results of a previous study (Turkawski et ai, 1998). 

Thee histochemical profile of the rabbit masseter is also consistent with the regional 

variationn in TCT and action potential frequency parameters. Bredman et ai. (1990) 

foundd that posterior and superficial regions of the masseter had a higher percentage 

off type IIA (fast) fibers than anterior and deep portions, respectively. 
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