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CHAPTERCHAPTER I 

INTRODUCTION N 

Thee research interest of the Department of Functional Anatomy of the Academic 

Centree for Dentistry Amsterdam (ACTA) is focused on the structural and functional 

organizationn of the mammalian masticatory system. In the present study the 

mechanicall and electrical properties of motor units in one the jaw closing muscles, 

thee masseter muscle, were investigated. 

MotorMotor  unit  contractile  properties 

Thee motor unit can be considered as the basic unit of motor activity, since it is the 

smallestt unit that can be recruited and controlled by the central nervous system. It 

consistss of a single a motoneuron and the set of muscle fibers innervated by this 

neuron.. Each adult muscle fiber is innervated by only one motoneuron and each 

motoneuronn may innervate tens to thousands of muscle fibers. Most muscles 

possesss several hundred motor units. The muscle fibers of motor units are 

intermingledd with each other and are restricted to a particular region of the muscle, 

thee motor unit territory. 

Whenn a motoneuron is excited, its muscle fibers are activated and produce a 

force.. Under experimental conditions this force is generally measured isometrically, 

usingg a force transducer. After a single nerve action potential, a twitch contraction in 

alll the fibers of the unit is generated. The twitch force of a motor unit is the sum of all 

singlee fiber twitch forces. The magnitude of the twitch force is defined by the 

amplitudee of its peak. The time lapse between the initial rise of the twitch force after 

activationn and peak twitch force is called twitch contraction time. When a motor unit 

iss activated by a train of nerve action potentials, a series of similar twitches will be 

produced.. At a sufficiently high stimulus rate, the successive twitches will summate 

andd fuse, resulting in a tetanus with a larger force than the individual twitches. 
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ChapterChapter I 

Fatiguee is usually defined as a decline in force during tetanic stimulation. A 

motorr unit is fatigue resistant if its tetanic force shows a relatively small or no 

decline,, whereas a fatigable unit shows a relatively large decline. 

Motorr unit peak force, contraction speed and fatigability are motor unit 

propertiess that usually covary. Based on their contraction velocity and fatigability, 

motorr units have been classified into different types: S (slow, fatigue-resistant), FR 

(fast,, fatigue-resistant), Fint (fast, intermediate fatigable), and FF (fast, fatigable). 

Thee twitch peak force is correlated to the motor unit type in the order of FF-Fint-FR-

S.. This classification suggests a discontinuous variation of motor unit properties, 

whichh is not always present. 

Differencess among motor units with respect to contraction force and 

contractionn speed seem to be primarily related to variation of the total physiological 

cross-sectionall area of the muscle fibers and to variation of their myosin heavy chain 

(MHC)) contents, respectively. The physiological cross-sectional area of a motor unit 

dependss on the number of muscle fibers and their cross-sectional area. The number 

off fibers per motor unit can vary greatly. For example, the number of fibers per 

motorr unit in the masseter muscle was found to vary between 5 and 400 in the pig 

(Herringg et a/., 1989) and between 40 and 720 in the rabbit (Kwa et a/., 1995a). 

Accordingly,, in the masseter a large variation of possible motor unit forces can be 

expected. . 

Withh respect to the MHC contents of the muscle fibers, immunohistochemical 

techniquess have revealed that in adult mammalian limb and trunk muscles at least 

fourr different isoforms of MHC are expressed: MHC-I, MHC-IIA, MHC-IID, and MHC-

IIBB (Schiaffino and Reggiani, 1994). In the aforementioned order, these isoforms 

demonstratee an increasing speed of contraction. In masticatory muscles, two other 

MHCC isoforms have been found: MHC-fetal (d'Albis era/., 1991) and MHC-cardiac a 

(Bredmann et a/., 1991a). Furthermore, in the masticatory muscles a relatively large 

numberr of fibers contain more than one type of MHC (Korfage and Van Eijden, 

1999,, 2000). These hybrid fibers have intermediate contraction speeds. A strong 

correlationn between MHC isoform content and twitch contraction time has been 

demonstratedd for motor units in the masseter muscle of the rabbit (Kwa et al., 

1995b).. It was found that the fibers of a single motor unit can have different MHC 

compositions.. Furthermore, it appeared that the continuous range of contraction 

speedd of motor units matched the continuous spectrum of MHC mixtures. 
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Introduction Introduction 

Thee above-described features suggest a large variation of the contractile 

propertiess of masseter motor units. This variation would allow for a fine gradation of 

musclee force and contractile speed. Until now, however, no information is available 

onn the variation of contractile properties of masseter motor units obtained from direct 

forcee registrations. 

MotorMotor  unit  action  potentials 

Whenn a motor unit is activated, action potentials propagate along its muscle fibers. 

Thee motor unit action potential can be defined as the sum of the action potentials of 

thee muscle fibers that belong to that motor unit (Stalberg et al., 1996). This action 

potentiall can be recorded, for instance by an electrode inserted into the muscle. 

Similarr to the magnitude and duration of motor unit force, the magnitude and 

durationn of the motor unit's action potential are related to the morphology of the 

motorr unit. Differences in the amplitude of the action potential are associated with 

thee position of the recording electrode as well as the number of active fibers (Burke 

andd Tsairis, 1973), differences in duration are associated with differences in fiber 

diameterr (Gath and Stalberg, 1975) and differences in fiber length (Dumitru et al., 

1999).. The larger the number of muscle fibers per motor unit, the larger the 

amplitudee of the action potential and the larger the diameter of the muscle fibers the 

shorterr will be the duration of the action potential. Therefore, the shape of the action 

potentialss might give information on motor unit morphology and consequently on 

motorr unit contractile properties. This is important as direct measurement of motor 

unitt force and/or morphology is generally not possible in the human and information 

onn motor unit properties has to be obtained from electromyographic recordings. 

Thuss far, no studies are available in which contraction properties and action 

potentialss of masticatory muscle motor units have been registered simultaneously. 

IntramuscularIntramuscular  location  of  motor  unit  force 

Thee human and animal masseter have a complex architectural design. The muscle 

hass broad attachment areas and its muscle fibers have different positions and 

orientationss (human: Van Eijden et al., 1997; rabbit: Weijs and Dantuma, 1981; pig: 

Herring,, 1997). This architecture permits the production of different mechanical 
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actionss in case of selective activation of different muscle parts. Such a differential 

activationn has indeed been demonstrated in a variety of species and for a large 

numberr of motor tasks (human: Blanksma et at., 1992; Van Eijden et a/., 1993; 

rabbit:: Weijs and Dantuma, 1981; pig: Herring et a/., 1979). The selective activation 

off muscle parts is only possible if the motor unit territories in the masseter are small 

andd restricted to specific areas. Indeed, motor unit territories in the masseter have 

beenn reported to occupy on average less than about 5% of the muscle's cross-

sectionall area (human: McMillan and Hannam, 1991; Tonndorf and Hannam, 1994; 

miniaturee pig: Herring et a/., 1991; rabbit: Weijs et a/., 1993; Kwa et a/., 1995a). 

Thesee restricted territories provide an anatomical basis for accurate control of the 

combinedd muscle force vector through selective activation of motor units. 

Ass the masseter is a short, wide muscle with different compartments 

separatedd by tendon sheets, it can be expected that the motor units within the 

masseterr have a large variety of positions and directions of pull. Thus far, however, 

noo studies are available in which the intramuscular position of motor unit forces has 

beenn determined. In the present study we will examine whether force vectors, 

generatedd by individual motor units, can be identified. 

Immuno-- and histochemical studies have demonstrated regional differences 

inn fiber type composition within the masseter (human: Eriksson and Thornell, 1983; 

pig:: Herring etai, 1979; rat: Rokx et a/., 1984; rabbit: Bredman et at., 1990). Anterior 

andd deep muscle regions have a relatively high percentage of slow type fibers, 

whereass the percentage of more fast type fibers is relatively large in the superficial 

andd posterior muscle regions. Hence, it can be expected that the different motor unit 

typess are distributed accordingly. 

MotorMotor  unit  properties  and jaw position 

Becausee of the complex geometric arrangement of fibers in the masseter muscle, it 

cann be expected that regionally dependent changes in fiber length, and 

consequentlyy in sarcomere length, occur if the position of the jaw is changed. 

Ass the force a muscle fiber is capable of producing depends on the length 

off its sarcomeres and the duration of its action potential depends on 

thee fiber diameter, it can be expected that motor unit force and motor unit 

actionn potential will change with the position of the jaw and that the amount of 
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changee will depend on the intramuscular position of the motor unit. In the present 

studyy these changes were examined by recording motor unit properties at different 

jaww gape angles. 

Aims Aims 

Thee forces of the individual motor units of the masticatory muscles were never 

measuredd directly. Direct measurement of motor unit force involves an invasive 

surgicall procedure and is not possible in humans. Therefore, we used the rabbit 

masseterr muscle as an experimental model. Single motor unit twitches and tetani 

weree elicited by stimulating motoneurons extracellularly in the trigeminal motor 

nucleus.. The forces produced by single motor units in the rabbit masseter are very 

small.. Therefore, a new transducer was developed capable of measuring both the 

magnitudee and position of these small forces {chapter 2). 

Thee aforementioned large variation in motor unit morphology and biochemical 

propertiess suggests that motor unit contractile properties in the masticatory muscles 

showw a large variability, both with respect to the magnitude and the speed of 

contraction.. Furthermore, the restricted motor unit territories suggest that motor unit 

forcee vectors have different intramuscular positions. One of the main purposes of the 

presentt study was to obtain information on the variability of the contractile properties 

andd intramuscular position of masseter motor unit forces. Therefore, we did not only 

measuree the magnitude and duration of motor unit force, but also its intramuscular 

positionn and direction. More specifically we wanted to know: (1) which motor unit 

typess are present in the masseter, (2) whether the aforementioned variation in motor 

unitt morphology is also reflected by a variation in the magnitude and speed of 

contractionn of motor unit force, (3) whether the magnitude and speed of contraction 

doo covary, (4) whether motor units within the masseter muscle are capable of 

generatingg different force vectors, and (5) whether different motor unit types are 

distributedd heterogeneously across the muscle (chapter 3). 

Too study the possible relationship between the shape of the motor unit action 

potentiall and the motor unit contractile properties, motor unit forces and action 

potentialss from the same motor units were registered. It was hypothesized that the 

shapee of the action potential was related to the magnitude and duration of motor unit 

forcee (chapter 4). 
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Ass motor units in the rabbit masseter show a large variability in fiber lengths, 

fiberr orientations and attachment sites, it was expected that with a change of jaw 

positionn regional differences in motor unit length and consequently in motor unit 

contractilee properties and in the shape of the motor unit action potential occur. The 

effectt of the jaw gape on various motor unit properties was examined by recording 

motorr unit force at different jaw gape angles. For this purpose a jaw opening device 

wass developed with which the position of the jaw could be adjusted to various 

specifiedd jaw angles. We were particularly interested whether the shape of the jaw 

gapee angle-active force curves of the motor units depends on the position of the 

motorr unit within the muscle (chapter 5) and whether the shape of the motor unit 

actionn potential depends on the length of the motor unit and its intramuscular 

positionn (chapter 6). 

Finally,, a review is given in which the results of the present study and of 

otherss on masticatory motor units are discussed (chapter 7). 
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CHAPTERCHAPTER 2 

AA NEW TRANSDUCER SYSTEM 
FORR DIRECT MOTOR UNIT 

FORCEE MEASUREMENT 

Abstrac tt  - A new transducer was developed for in situ measurement of the force 

vectorr in a complex muscle. The transducer measures the magnitude, and the line 

off action of a force in a single plane. The dynamic range of the transducer is 0-5 N. 

Thiss range includes the small forces developed by an active motor unit and the 

relativelyy large passive force of a whole muscle. In this study we present the details 

off the transducer design and specifications, and describe its application in the 

measurementt of motor unit forces of the rabbit masseter muscle. 

Introductio n n 

Informationn on the magnitude and direction of muscle forces during dynamic 

activitiess is important for understanding muscle function. Various transducer designs 

havee been used to measure muscle force in animals. Most transducers give precise 

informationn on the magnitude of the force, but do not always provide reliable 

informationn on the position of the line of action. The line of action of a muscle force 

iss determined by the sum of the forces of the active muscle fibers at a particular 

moment. . 

AA straight line through the points of attachment (origin-insertion) is sometimes 

usedd as the line of action in muscles with a relatively simple architecture and small 

attachmentt sites. Different approaches have been used to predict the position of the 

linee of action in muscles with a more complex architecture (Jensen and Davy, 1975; 

Vann der Helm and Veenbaas, 1991; Koolstra et al., 1989). Most of these methods 
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predictt the position of the line of action on morphological criteria. However, because 

thee position of the line of action depends on the position of the active fibers within 

thee muscle, a prediction of the line of action based on morphological criteria is not 

alwayss reliable for architecturally complex muscles with broad attachment sites. 

Ann example of a highly complex muscle is the masseter muscle of the rabbit. 

Itt is irregularly shaped and has relatively broad attachment sites to the mandibular 

bonee and the zygomatic arch. On the basis of its architecture, the masseter muscle 

cann be divided into different anatomical compartments, with different fiber directions, 

andd regional differences in masticatory activity {Weijs and Dantuma, 1981). In 

addition,, the masseter shows regional differences in fiber type composition 

(Bredmann era/., 1991). Motor unit territories within the masseter muscle are reported 

too be relatively small (Weijs et a/., 1993; Kwa et a/., 1995a). Therefore, a hypothesis 

hass been put forward that the rabbit masseter muscle is capable of generating a 

multitudee of mechanical effects, depending on the selective activation of motor units. 

Accuratee monitoring of the line of action will make it possible to demonstrate the 

mechanicall capacities of the masseter muscle, and answer the question whether 

differentt mechanical effects may result from selective activation on the motor unit 

level.. For this purpose we developed a new transducer, capable of measuring both 

thee magnitude and the position of the line of action of motor unit forces acting in a 

predeterminedd plane. 

Material ss  and method s 

TransducerTransducer  design  & construction 

Thee present transducer was developed on the basis of a device designed for 

measurementt of relatively large push-off force and ice friction during speed skating 

(Jobsee et a/., 1990; De Koning era/., 1992). Radical modifications in the design were 

necessaryy to adapt the transducer's sensitivity range to include the very small forces 

off single motor units. In addition, a drastic reduction of its physical dimensions was 

necessary. . 

Thee main component of the device is a rectangular aluminum base-plate (55 

xx 27.8 x 4 mm) milled into the shape shown in Fig. 1a. The central part of the three 
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Figur ee 1. 
A::  The transducer device consists of an aluminum base plate (Bp). Strain gauges 
(whitee squares), glued onto each side of the aluminum base plate are configurated 
intoo three Wheatstone bridges at position bi, b2 and b3. The two holes in the lower 
partt of the transducer (p,, p2) represent the two points of force application. 
B:: Definitions of forces and directions of pull. Any external force applied to the 
bottomm of the transducer and acting in its plane can be resolved into three force 
components:: Fx, Fyi, Fy2. The definition of the direction of pull ) is shown in 
thee lower part. 
C:: In vivo application of the transducer. An aluminum strip (As), screwed to the 
outerr surface of the detached zygomatic arch (Za), connects the transducer with 
thee masseter muscle (Ms) of the rabbit. Lead wires (Lw) run from the strain gauges 
too a connector (Co) 

squaress (b1, b2, b3), outlined by the black area in Fig. 1a, was further milled to the 

exactt thickness of 0.15 mm. Foil strain gauges, each with two rectangular elements 

(HBM:: 1.5/120XY23S), were glued onto both sides of the three squares. The top 

portionn of the device was provided with a connector for the wires of the strain 

gaugess as shown schematically in Fig. 1c. Two holes (pi and p2, Fig. 1a) in the lower 

partt of the transducer are the actual points of application for the muscle force. The 

devicee is protected by an aluminum cover (not shown in the figures). 
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Thee thinnest portions of the connections between the three squares and the 

restt of the transducer act like hinges. An external force applied to the bottom of the 

transducerr is resolved into a vertical force component, which shears primarily the 

squaress at position b1 and b3 in a proportion that depends on the point of 

applicationn of the force, and a horizontal component, which shears primarily square 

b2.. The four gauge elements of each square form a full Wheatstone bridge, in such 

aa way that the voltage drops of the two elements of one side are subtracted, while 

thee voltage drops of corresponding parallel gauges on either side of the square are 

added.. The three bridges thus produce an electrical signal proportional to the 

amountt of shearing. The bridge output signals were amplified with a commercial 

strainn gauge amplifier (HBM K-10; bridge voltage 5 V; max. amplification: 5000x), 

andd low-pass filtered (10 Hz for calibration; 500 Hz for in vivo trials). The output 

signalss were recorded on digital tape (Bio-Logic DTR-2602, resolution: 14 bit, 

bandwidth:: 2.5 kHz) or alternatively, read out on a digital voltmeter (resolution DC: 

1000 uV,  0.3%). Digital data were processed on a microcomputer (PC 486, 

Software:: Labview; National Instruments Company, Austin, Texas, USA). 

Calibration Calibration 

Thee relationship between transducer output signals and the applied force 

wass determined. The forces were applied by calibrated weights while the 

transducerr could be rotated on a precision-stage. Five series of loading tests were 

performed. . 

TestTest series 1. Force in the range 5 mN - 5 N was alternately applied at two 

differentt points (pi and P2, as illustrated in Fig. 1), and in two orthogonal directions. 

Thee orthogonal directions were defined as parallel with (x-direction), and 

perpendicularr to (y-direction) the lower rim of the transducer (Fig. 1b). The bridge 

outputt voltage during loading was subtracted from the bridge output voltage in the 

unloadedd condition to avoid influence from long term offset changes. Each trial was 

performedd twice: a graded increase of load was followed by a graded decrease of 

load.. All curves of direct load plotted against bridge output voltage showed to be 

linear.. Therefore, least-squares linear fits were calculated from the calibration data. 

Thesee provided nine regression coefficients (a ira33) used in the following set of 

threee linear equations: 
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Bii = an Fx + ai2 Fyi + ai3 Fy2 

B22 = a2i Fx + a22 Fyi + a23 Fy2 

B33 = a3i Fx + a32 Fy! + a33 Fy2, 

wheree the bridge output voltage (B-|.3) for each transducer is determined by the three 

actingg forces (Fx, Fy1: Fy2). The coefficients of determination (r2, defined as the 

explainedd variance of bridge output voltage divided by total variance) were 

calculatedd from the calibrated data to evaluate the linearity of force-transducer 

responsee relation. 

Thee position of the line of action was determined by the force direction and 

thee moment arm of the resultant force vector. The moment arm, which was defined 

ass the perpendicular distance between the resultant force vector and pi, can be 

calculatedd from the three force vectors: Fx, Fyi and Fy2 (assuming a static 

equilibrium). . 

TestTest series 2. In order to determine whether the response of the force acting 

inn the x-direction, and the force acting in the y-direction, were added linearly by the 

transducer,, a force of 2 N was applied, at different angles , at intervals of 

,, and additional angles at 5  and . The force was alternately applied at PT 

andd p2. Each trial was performed twice for each point. Bridge output voltages were 

expectedd to vary with the cosine of the direction of pull applied. Therefore a cosine 

function,, based on the least square principle (Batschelet, 1981) was fitted to the 

dataa points. The three force components (Fx, Fyi and Fy2) were calculated from 

bridgee output signals, using the calibration equations. Angles obtained from 

calculatedd force components were compared with the applied force angles. 

TestTest series 3. A force of 2 N was applied perpendicular to the plane of the 

transducerr to determine its sensitivity to forces and moments acting outside the xy-

plane.. The force was alternately applied at pi en p2. The bridge output signals were 

comparedd with bridge output signals caused by a force of the same magnitude, 

actingg in the xy-plane of the transducer. 

TestTest series 4. To study the effect of temperature, loading tests were 

performedd at a temperature of C and after heating up to . This range 

includess the normal body temperature of a rabbit. The temperature was measured 

withh a digital thermometer with its sensor directly attached to the transducer. Bridge 

outputt voltages were recorded at 1  increment of temperature. 
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TestTest series 5. The transducer response to light taps was evaluated on an 

oscilloscope,, in order to obtain data on transducer resonance frequency. Taps were 

appliedd to the transducer mounted on a micromanipulator as in the experimental 

setup. . 

InIn  vivo  application 

Twoo New Zealand White rabbits, weighing between 2,000 and 2,300 g were used for 

pilott experiments. The experiments were approved by the Animal Ethics Committee 

off the University of Amsterdam, Medical School. For a description of the anesthesia 

andd ventilation procedure see Kwa et al. (1995a). Intermaxillary fixation, to stabilize 

thee mandible, was achieved by cementing the dental arches together. The animal's 

headd was fixated in a standard stereotaxic holder with the lambda-bregma line 

parallell to the horizontal plane. The masseter muscle was exposed and the 

zygomaticc arch was detached from the skull at both ends. A flexible aluminum strip 

screwedd onto the outer surface of the zygomatic arch served to connect the 

transducerr and muscle. The transducer was mounted on a small micromanipulator 

forr manual displacement along three axes (x-, y- and z-axis). A part of the 

periosteumm of the skull was removed and a 4 x 4 mm window was cut in the left 

parietall bone. A small opening was made in the dura mater to allow a tungsten 

microelectrode,, mounted on a micromanipulator, to enter the brain. 

Singlee motoneurons or small groups of motoneurons were stimulated 

extracellularlyy by small electrical currents of 10-30 uA (pulse frequency: 1 Hz, pulse 

duration:: 50 us), delivered to the left trigeminal motor nucleus, according to Kwa et 

al.al. (1995a). 

Result s s 

Calibration Calibration 

TestTest series 1. Each bridge had a different force-output voltage response. Single 

recordingss of output voltages after amplification (5000x), are shown in Fig. 2a-f. The 

majorityy of curves showed good linearity (r2>0.99). Deviations from linearity occurred 

18 8 



AA new transducer system for direct motor unit force measurement 

onlyy in the case of a specific direction of pull or point of application for which a 

bridgee was least sensitive. All coefficients of determination were larger than 0.99, 

exceptt for two cases mentioned below in detail, involving bridge 1 (force in y-

direction,, applied at p2) and bridge 3 (force in y-direction, applied at p-,). The curves 

off transducer response plotted against forces acting along the x-axis, at angles of 0

(appliedd at point 1), and 180  (applied at point 2), were mirror images of one 

another.. Therefore, only the latter recordings are presented in Fig. 2. The dimension 

off the bridge output sensitivity as used below is: V V"1 NT1 i.e., bridge output voltage / 

bridgee excitation voltage / force. 

Bridgee 1 responded primarily to forces acting in the y-direction applied at 

pointt 1 (Fyi), but was also influenced by forces acting in the x-direction (Fx). 

Sensitivityy to Fy! was 168.3 uV V"1 N"1. Sensitivity to Fx was 83.4 uV V"1 N"1. Bridge 

11 was relatively insensitive to forces in the y-direction applied at point 2 (Fy2, 1.0 uV 

V"11 N"1, 1^=0.92). Bridge 2 responded primarily to forces in the x-direction. Sensitivity 

too Fx was 416.3 uV V"1 N"1. Sensitivity to Fyi and Fy2 was very low (-2.8 and 3.4 pV 

V"11 N"1). Bridge 3 responded primarily to Fy2 (164.3 uV V"1 N~1), but was also 

influencedd by forces acting in x-direction (Fx, -81.4 uV V"1 N"1). Bridge 3 was 

insensitivee to Fyi (-1.6 uV V~1 N 1 ; ^=0.65). 

Itt appeared that deviations from the line of best fit were not randomly 

distributed,, but were dependent on the magnitude of the applied force. Since the 

deviationss increased with increasing force, an error of prediction calculated over the 

wholee sensitivity range may underestimate the transducer's accuracy to measure 

smalll forces. To illustrate the transducer's accuracy we calculated the error of 

predictionn for a small force (5 mN), at the beginning of the sensitivity range, and for 

aa large force (5 N). The transducer measures a force of 5 mN acting in the x-

directionn with an accuracy of  0.3 mN. A force of 5 N acting in the same direction 

cann be measured with an accuracy of  3 mN. If these two forces act in the y-

directionn they can be measured with an accuracy of  1 mN for a force of 5 mN, and 

off  13 mN for a force of 5 N. 

Thee error in the moment arm depends on the magnitude of the applied force. 

Thee transducer measures the moment arm of a force of 8 mN with an accuracy of

2.55 mm. The accuracy improves rapidly with larger forces. The moment arm of 

forcess larger than 20 mN can be measured with an accuracy of  1 mm. 
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TestTest series 2. The relationship between the output voltage of the three 

bridgess and the direction of pull is shown in Fig. 3a,b. The calculated direction of pull 

off the resultant force vector was compared with the applied direction of pull (Fig. 3c). 

Thee curve is linear over the whole range of angles applied (r >0.999) indicating that 

thee responses to the force acting in the x- and y-directions are added linearly by the 

transducer.. The accuracy of the direction of pull for the applied force of 2 N was

.. All data points in Fig. 3 are from single recordings. 

Att smaller forces the error in the direction of pull increases. The direction of 

pulll for forces down to 15 mN acting in the y-direction, can be measured with an 

accuracyy of  1  (the accuracy at a force of 8 mN is . The direction of pull is 

mostt accurate if the force is acting in the y-direction and least accurate if the force is 

actingg in the x-direction. The accuracy in the x-direction is about one fifth of the 

accuracyy in y-direction. 

TestTest series 3. Bridge output voltages caused by a force of 2 N perpendicular 

too the xy-plane of the transducer did not exceed 5% of the transducer response 

causedd by a force of the same magnitude, acting inside the xy-plane of the 

transducer. . 

TestTest series 4. There was no significant effect of the temperature on the 

sensitivityy of bridge 1. The measured change in the output voltages of bridges 2 and 

33 were 0.77 C and 0.35 C (amplification: 5000x), respectively. This 

differencee represented a change in the average sensitivity of 0.4% for bridge 2 and 

0.9%% for bridge 3. 

TestTest series 5. The transducer resonance frequency was approximately 350 

Hz.. This is well above the highest frequency component of forces produced by the 

contractingg muscle, that do not exceed 200 Hz. 
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InIn  vivo  application/evaluation 

Twoo test results from an initial biomechanical in vivo study of the rabbit are 

presentedd in Fig. 4. The calibration function previously determined was used to 

calculatee the force magnitude and the position of the line of action from two different 

motorr units. In addition, we calculated the point where the resultant force vector was 

appliedd to the zygomatic arch. 

Thee top graph of Fig. 4. shows the changes in the output voltages of the three 

bridges,, plotted against time. The resultant force magnitude calculated from the 

bridgee output voltage is shown in the middle graph of Fig. 4. The positions of the 

liness of action in the masseter muscle at peak force are plotted in the bottom picture 

off Fig. 4. 

Motorr unit #1 showed a maximum force of 58 mN, and a direction of pull of 

.. The line of action matched exactly the position of visible contractions in the 

superficiall masseter. Motor unit #2 showed a maximum force of 22 mN, and a 

directionn of pull of . The line of action matched the position of visible contractions 

inn the posterior deep masseter. 

Discussio n n 

Onee of our objectives is to study the mechanical effects resulting from activation of 

singlee motor units in a complex muscle. The forces developed by single motor units 

usuallyy do not exceed 0.25 N (Kwa et a/., 1995a) and a very sensitive device is 

requiredd in order to register variations in the line of action. A problem in measuring 

thee magnitude of force from an active motor unit is the large elastic force from 

surroundingg tissues. This passive force depends on the extension of the muscle. 

Thee present transducer is shown to have a sufficient dynamic range to solve this 

measuringg problem. 

Dependingg on individual demands, the transducer can be used with or without 

aa connecting strip. Regardless of the presence or dimensions of a connecting strip, 

anyy force applied will be resolved into three force components 

att the two points (pi and P2) in the lower part of the transducer. Nevertheless, one 
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Figur ee 4. 
Dataa obtained from two different motor units (#1 and #2). On the left side a single signal, recorded 
fromm a relatively large motor unit. On the right side averaged signals (n=35), from a smaller motor unit. 
Top:: successive output voltages of bridge 1, bridge 2 and bridge 3 plotted against time. Middle: 
resultantt force magnitude calculated from the three bridge output voltages using the calibration 
function.. Bottom: the positions of the lines of action in the masseter muscle. 

24 4 



AA new transducer system for direct motor unit force measurement 

shouldd keep in mind that if the force is not directly applied at pi or p2, moment arm 

andd direction of pull will have an effect on the readings of the strain gauges, and 

thereforee on the accuracy of the measurement. During our in vivo experiments we 

usedd a 21-mm-aluminum strip to facilitate the connection between the transducer 

andd the zygomatic arch. The flexible aluminum strip also reduced forces acting 

outsidee the xy-plane. An analysis of the transducer's performance when the force 

wass applied through the connective strip showed the following results. The 

connectingg strip had no significant effect on the error of the force magnitude of small 

forcess at the beginning of the transducer's sensitivity range. However, the maximum 

errorr increased with the force magnitude up to 3 mN for a force of 5 N. The 

maximumm error in the moment arm increased with 1.5 mm for a small force of 8 mN. 

Thee error in moment arm decreased rapidly with increasing force magnitude. The 

connectingg strip had a minor effect on the accuracy of the force direction. The 

maximumm increase in the error of the force direction was only . 

Thee rabbit masseter muscle has a highly complex architecture with muscle 

fiberss running in several directions. Although the new transducer was designed to 

measuree force in two dimensions, it is suitable for accurate registration of masseter 

musclee force because the major force vectors of the masseter muscle lie in a single 

plane.. A crosstalk of less than 5% ensures that forces applied outside the plane of 

measurementss do not affect the measurement of the force vectors position. 

Thee present transducer measures force magnitude in the range of 0-5 N. We 

didd not test the transducer accuracy beyond this range, but the transducer can be 

loadedd with forces up to 6 N without damaging the device. 
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FORCEE VECTORS 
OFF SINGLE MOTOR UNITS 

INN A MULTIPENNATE MUSCLE 

Abstrac tt  - The masseter muscle of the rabbit has a complex architectural design. 

Restrictedd motor unit territories in the muscle provide an anatomical basis for 

accuratee control of the force vector through selective activation. In addition, the 

musclee shows regional differences in fiber type composition. The main objective of 

thee present study was to measure the force vectors of single motor units within the 

rabbitt masseter muscle by a direct mechanical approach to test the hypothesis that: 

(1)) motor units within the masseter muscle are capable of generating different force 

vectors;; and (2) different motor unit types are distributed heterogeneously 

throughoutt the muscle. We used a force transducer, capable of measuring both the 

magnitudee and the position of the line of action of a force in a single plane. Motor 

unitss in the masseter muscle showed a large range of twitch contraction times and 

forcee magnitudes. There was also a large variation in the direction and moment arm 

off the lines of action. The variation of the lines of action was (almost) as large as the 

rangee of fiber directions found inside the muscle. Largest forces, with relatively slow 

contractionn velocities, were produced by motor units in the anterior masseter. 

Smallerr forces and fastest twitch contractions were produced by motor units in the 

posteriorr deep masseter. In addition, motor units in the anterior masseter showed 

moree variability in force production than in the posterior masseter. Our results 

supportt the idea that the masseter muscle is divided into functionally different parts. 
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Introductio n n 

Manyy mammalian muscles show regional differences in fiber arrangement, fiber type 

composition,, and muscle activity. The observation that these regional differences 

oftenn correspond with distinct, tendon-bound subvolumes, supplied by primary nerve 

branches,, supports the idea that these muscles are organized into independently 

controlled,, spatially discrete, neuromuscular compartments (see for a review English 

etet a/., 1993). Neuromuscular compartmentalization has now been demonstrated in 

variouss mammalian muscles of various species (English and Weeks, 1987; Ballice-

Gordonn and Thompson, 1988; Gans ef a/., 1989; Pratt and Loeb, 1991; Pratt et al., 

1991;; Chanaud et al., 1991a,b; English ef al., 1993). Variability in force directions 

withinn one and the same muscle has been suggested to be an important function of 

muscularr compartmentalization (Herring et al., 1979; Weijs and Dantuma, 1981). 

Att the most elementary level a muscle is organized into motor units. A motor 

unitt consists of a single motoneuron and the muscle fibers it innervates. Motor units 

showw a large variability in morphology (innervation ratio, cross-sectional area, 

geometricc distribution of muscle fibers) and physiologic and biochemical properties 

(forcee output, contraction velocity, resistance to fatigue, oxidative and glycolytic 

capacities,, ATPase activities, and myosin heavy chain isoform contents; see, for a 

review,, Burke, 1986). The muscle fibers of a motor unit can be concentrated into 

relativelyy small areas (Burke and Tsairis, 1973; English and Letbetter, 1982; 

Richmondd et al., 1985; Stalberg and Eriksson, 1987; Tonndorf et al., 1994). 

Restrictedd motor unit territories in muscles with broad attachment sites provide an 

anatomicall basis for accurate control of the force vector through selective activation. 

Thee masseter muscle of the rabbit is irregularly shaped and has broad 

attachmentt sites to the zygomatic arch and the mandibular bone. Tendon sheets, 

arrangedd parallel from origin (zygomatic arch) to insertion (mandible), divide the 

musclee into compartments with different fiber directions and a multipennate fiber 

arrangementt (Weijs and Dantuma, 1981). Motor unit territories within the masseter 

musclee were reported to be relatively small (Weijs et al., 1993; Kwa et al., 1995a). 

Regionall differences in muscle activity during mastication support the idea that the 

musclee is organized into neuromuscular compartments (Weijs and Dantuma, 1981). 

Inn addition, the masseter shows regional differences in fiber type composition. Slow-

twitchh muscle fibers predominate in deep and anterior regions whereas fast-twitch 
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fiberss predominate in more superficial and posterior regions (Bredman etai, 1990). 

Fromm studies so far, a good deal is known about the variability in anatomic 

andd physiologic properties of motor units and of their spatial distribution but it 

remainedd difficult to determine the force vector of a single motor unit, For reliable 

resultss to be obtained, direct motor unit force measurement is required, but 

obviously,, for technical reasons, it remained difficult to measure the force vector of a 

singlee motor unit within a whole muscle. Recently, we developed a force transducer 

capablee of measuring the force vector of an active motor unit in a single plane 

(Turkawskii etai., 1996). 

Thee main objective of the present study was to measure the force vectors of 

singlee motor units within the rabbit masseter muscle by a direct mechanical 

approachh to test the hypothesis that: motor units within the muscle are capable of 

generatingg different force vectors, and the different motor unit types are distributed 

heterogeneouslyy throughout the muscle. 

Material ss  and method s 

Animals Animals 

InIn vivo experiments were performed on 8 New Zealand White rabbits (Oryctolagus 

cuniculuscuniculus L), each weighing between 2,000 and 2,300 g (age, 10 to 13 wks). The 

experimentss had been approved by the Animal Ethics Committee of the Medical 

Schooll of the University of Amsterdam. 

SurgicalSurgical  procedures 

Thee animals were pre-anesthetized with a mixture of Rompun {xylazine, 5 mg/kg, 

Bayerr AG, Leverkusen, Germany), and Ketamine (ketamine hydrochloride, 35 

mg/kg)) applied intramuscularly and Atropine {atropine sulphate, 0.2 mg/kg) applied 

subcutaneously.. A tracheal cannula was provided for artificial ventilation (TSE-

Animall Respirator 4601, rate 35 to 45 strokes per minute, tidal volume, 40 to 50 ml, 

pressuree 130 to 150 mm H20). Further anaesthesia was effected through the 

administrationn of halothane (2 to 4 vol%) in a 1:3 oxygen-nitrous oxide mixture. 
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Too avoid the animals' dehydration, we administered a 0.9% physiologic saline 

solutionn intravenously through an ear cannula at a rate of 0.03 ml/s. Their rectal 

temperaturee was kept between 37 and C with a heated mattress. Each animal 

wass provided with a heart electrode so that we could monitor the heart rate. 

Wee surgically removed each animal's left eye to improve access to the 

zygomaticc arch and to prevent friction between the eyeball and the transducer. The 

zygomaticc arch was exposed and detached from the skull at both ends. A flexible 

aluminumm strip, screwed onto the outer surface of the zygomatic arch, served to 

connectt the transducer and muscle. To stabilize the mandible, we cemented the 

dentall arches together by applying carboxylate cement at the molars, premolars and 

incisors. . 

AA small skin incision was made to expose the masseter and the exposed 

musclee was covered with paraffin oil to prevent dehydration. Electromyographic 

(EMG)) activity of the masseter muscle was registered with 12 monopolar Teflon-

coatedd copper wire electrodes. Six electrodes were inserted 1 to 2 mm deep into the 

superficiall layer of the masseter and 6 electrodes were inserted 6 to 8 mm deep into 

thee deeper layer of the muscle. Electrodes in both muscle layers were arranged in 

twoo regularly spaced rows parallel to the zygomatic arch. 

Thee animal was placed in a stereotaxic holder, and a head plate was used to 

fixx the animal's head with the lambda-bregma line parallel to the horizontal plane. A 

4 x 44 mm window was cut in the left parietal bone, and a small opening was made in 

thee dura mater to allow a microelectrode (Teflon-coated tungsten, diameter 0.2 mm, 

impedancee 1 MQ), mounted on a micromanipulator, to enter the brain. The electrode 

wass inserted into the brain 5 mm anteriorly of the cortical (most posterior) rim, 3 mm 

laterall from the cortical midline, and was towered perpendicular to the 

corticall surface till it reached the trigeminal motor nucleus 16 mm from the cortical 

surface. . 

Stimulation Stimulation 

Singlee motoneurons were stimulated extracellularly with square-wave constant 

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

motorr nucleus. To evoke twitch contractions we delivered single pulse stimuli at a 

ratee of 1/s. Fused tetanic contractions were evoked with 0.33-second pulse trains 
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withh a pulse frequency of 60 to 80 Hz, delivered at a rate of 1 per 5 sec. The criteria 

forr selecting a single unit were based on EMG and force response (Kwa et ai, 

1995a,b).. Criteria based on EMG response were: (1) an all-or-nothing response to 

thresholdd stimulation, with minimal change in threshold during single twitch 

stimulation;; (2) simultaneous and consistent EMG responses visible on more than 

onee electrode; and (3) consistent shape of the EMG signal after each single 

stimulus.. Criteria based on the force response were: (1) an all or nothing isometric 

twitchh force and (2) constant shape of the twitch on all three force channels when 

EMGG signals were present. In each animal from 8 to 25 different motor units were 

recorded.. We selected new motor units by moving the stimulating electrode along a 

singlee track in the brainstem. 

ForceForce transducer 

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 

technicall specifications of this transducer were described in detail by Turkawski et 

al.al. (1996). Briefly, a motor unit force applied to the transducer is resolved into 

orthogonall force components. The force components are registered with a set of 

strainn gauges arranged into three full Wheatstone bridges, which produce a 

voltagee proportional to the amount of force. Force magnitude and the position 

off the line of action can be calculated from the three output voltages. The 

dynamicc range of the transducer includes small forces developed by an active 

motorr unit and the relatively large passive force of a whole muscle. The 

dynamicc range is between 0 mN and 5 N, and the accuracy ranges from 1 mN at 5 

mNtoo 13 m N a t S N . 

Thee transducer was mounted on a small micromanipulator for manual 

displacementt along three axes and positioned at an angle of about 15  relative to 

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

musclee inside the plane of the transducer (Figs. 1a, 1b). A drawing of the transducer 

configurationn as used in an experimental setup is shown in Fig. 1c. 

Onn the skull the following Cartesian coordinate system was defined: origin, a 

pointt between the two jaw joint surfaces; x-axis, parallel to the occlusal surfaces with 

thee positive x-axis pointing posteriorly; and xy-plane, at an angle of 15  with the mid-
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sagittall plane and the positive y-axis pointing downward. Hence, a force exerted to 

thee transducer with a direction of 0  coincides with the positive x-axis and a force of 

90  with the positive y-axis. The orientation of the occlusal surfaces and the position 

off the jaw joint origin were obtained from a lateral view radiograph of the head. 

Fig.. 1 shows a drawing of the coordinate system in relation to the skull. 

Althoughh the transducer was positioned to match the average fiber direction 

off the masseter, single muscle compartments may have force vectors deviating from 

thee transducer's sensitivity plane. According to the data of Weijs and Dantuma 

(1981)) and Weijs et at. (1987), maximal deviations can be expected to be 18  for the 

superficiall masseter and 23  for the posterior deep masseter. These deviations do 

nott affect the calculated position of the line of action in lateral projection, but the 

measuredd force magnitudes can be slightly underestimated (4% superficial 

masseter,, 5% posterior deep masseter). 

DataData recording  and analysis 

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

K-10;; bridge voltage, 5 V; maximal amplification, 5000x). After low-pass filtering 

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

DTR-2602;; resolution, 14 bit; bandwidth, 2.5 kHz). Digital data were processed on a 

microcomputerr (PC 486), equipped with Labview software (National Instruments). 

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

(twitch,, 150 Hz low-pass; tetanus, 100 Hz low-pass). The signals of 10 to 50 single 

twitchess and 5 to 15 tetanic responses were averaged. The number of averaged 

tetanicc responses was limited to a maximum of 15, so that the risk of fatigue would 

bee minimized. The EMG channels were also recorded on digital tape so that, after 

thee experiment, the EMG responses could be double-checked. 

Thee physiologic properties of a motor unit were characterized by: (1) the 

twitchh contraction time (TCT), which is proportional to the maximum speed of 

shortening,, and which was defined as the time between the initial rise of a force from 

thee baseline and twitch peak force; and (2) the tetanic peak force (TePF), which was 

definedd as the maximal force generated during the tetanic contraction. If the jaw is 

closed,, the sarcomeres of an active motor unit are not at their optimal length for 

forcee generation (Weijs and Van der Wielen-Drent, 1982). To bring the 
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Figur ee 1. 
Thee coordinate system for the expression of the position of the lines of action of 
motorr units in relation to the skull of the rabbit, a, frontal view; b, lateral view; c, in 
vivovivo application of the force transducer; An aluminum strip (As), screwed to the 
outerr surface of the detached zygomatic arch (Za), connects the force transducer 
(Ft)) with the masseter muscle (Ms) of the rabbit. 

fiberss to this length, during the TePF measurements, we stretched the muscle 

slightlyy by displacing the zygomatic arch until no further increase in force output 

occurredd (with a maximum of 3 mm). The TePFs should be regarded as maximal 

valuess and do not necessarily represent the situation during natural chewing. 

Thee position of the line of action of a motor unit was defined by its moment 

armm (the perpendicular distance between the line of action and the jaw joint) and its 

direction.. Hence, motor units with lines of action anterior to the jaw joint have 
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positivee moment arms, and motor units with lines of action posterior to the jaw joint 

havee negative moment arms. The lines of action and the physiologic properties of 78 

singlee motor units were determined. 

Results s 

PhysiologicPhysiologic  properties 

Twitchh contraction time (TCT) and the tetanic peak force (TePF) of motor units were 

usedd to characterize their contraction properties. The TCTs (Fig. 2a) ranged from 16 

too 42 ms. The distribution of the TePF (Fig. 2b) showed a large heterogeneity in 

forcee production of the motor units in the masseter. The TePFs ranged from 5 to 290 

mNN and were irregularly distributed over the force range. Highest counts were in the 

rangee of 5 to 50 mN. Forces smaller than 5 mN were also registered but are not 

shownn in the figures because their line of action could not be measured accurately. 
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Figur ee 2. 
(a)) The distribution of the TCTs of all motor units (bin width, 2 ms). 
(b)) The distribution of the TePF of all motor units (bin width, 25 mN). 
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Thee relationship between TCT and TePF is plotted in Fig. 3. The Spearman 

rankk correlation coefficient (used to avoid an assumption on the kind of distribution) 

betweenn both variables was -0.29 (significantly different from zero, p<0.01). On 

average,, relatively fast motor units produced larger tensions and showed more 

variabilityy in force output than relatively slow-contracting motor units. The fast motor 

unitss produced both small and large tensions, whereas the slow motor units mainly 

producedd small tensions. 
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Figur ee 3. 
Thee relationship between twitch contraction time (TCT) and maximal tetanic force 
(TePF)) of 78 motor units. Filled circles, motor units in the posterior deep masseter; 
openn circles, remaining motor units. A least square regression line was fitted 
throughh the data points. 
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MechanicalMechanical  properties 

Forr each sample point of the transducer's output, a line of action can be obtained 

fromm both the relatively long tetanic response and from the shorter twitch response. 

Itt appeared that directions and moment arms obtained from both tetanic and twitch 

dataa remained stable during the entire course of the force response. In Figs. 4a and 

4b,, the force directions and moment arms for tetanic and twitch responses are 

compared.. For this figure, we used only twitch and tetanic registrations obtained with 

identicall positions of the zygomatic arch (n=19). No systematic differences in 

calculatedd directions and moment arms between twitch and tetanus data were 

found.. The standard deviations of the residuals of the angles and moment arms 

were,, respectively,  3.3  and  1.5 mm. Because tetanic responses are usually 

larger,, we used them further to calculate the positions of the lines of action. 

Fig.. 5 shows the masseter muscle in lateral view with examples of lines of 
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anglee tetanus ) 

100 20 30 40 
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Figur ee 4. 
Comparisonn of angles (a) and moment arms (b) calculated from averaged twitch 
andd tetanic responses of 19 motor units. 

actionss from different motor units. Contours of the different muscle parts are 

superimposed.. The shaded area marks the muscle part which, according to the 

positionn of the lines of action, is the most likely one to contain the active motor unit. 

Thee figure shows, respectively, the anterior superficial masseter (Fig. 5a), the 

posteriorr superficial masseter (Fig. 5b), the anterior deep masseter and the middle 

masseterr (Fig. 5c), and the posterior deep masseter (Fig. 5d). For all motor units the 
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relationshipp between force direction and moment arm is plotted in Fig. 6. The angle-

armm relationship reflects roughly the subdivision of the masseter into different parts, 

ass shown in Fig. 5. Motor units in the posterior superficial masseter (Fig. 5b) have 

forward-tiltedd lines of action with a relatively horizontal orientation. These motor units 

havee positive moment arms, and all fall in the farthest left side of Fig. 6. Motor units 

inn the anterior superficial masseter (Fig. 5a) also have forward-tilted lines of action. 

Thesee motor units show the largest moment arms and correspond with the points in 

thee top part of Fig. 6. Motor units of the anterior deep masseter and middle masseter 

(Fig.. 5c) have lines of action which vary from forward-tilted to vertical and have 

positivee moment arms. These motor units correspond with the points in the center of 

Fig.. 6. Motor units of the posterior deep masseter (Fig. 5d) have small negative 

momentt arms and backward-tilted lines of action. The lines of action of these motor 

unitss run posterior from the jaw joint and correspond with points in the farthest right 

sidee of Fig. 6. 

a.. anterior superficial masseter b. posterior superficial masseter 

c.. anterior deep and middle masseter d. posterior deep masseter 

Figur ee 5. 
Laterall view of the masseter muscle with projected typical examples of lines of 
actionss from different motor units. The shaded area marks the muscle part which, 
accordingg to the position of the lines of action, is the most likely one to contain the 
activee motor unit. 
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CorrelationCorrelation  between  physiologic  properties  and motor  unit  position 

AA significant correlation (Spearman rank) was observed between the TCT and force 

directionn (r=-0.25, p<0.025), and moment arm (r=0.32, p<0.0025). Because force 

directionn (i.e., angle) and moment arm determine the position of the line of action, 

thee TCT was plotted against both parameters (Fig. 7a). On average, TCT decreased 

goingg from anterior to posterior. Relatively fast contractions were produced by motor 

unitss in the posterior deep masseter. 

Thee force output was also plotted against force direction and moment arm 

(Fig.. 7b). The force output was significantly correlated (Spearman rank) with the 

forcee direction (r=-0.21, p<0.05) and the moment arm (r=0.27, p<0.01). On average, 

thee force decreased going from anterior to posterior in the muscle and from 

superficiall to deep. The largest forces were produced by motor units in the anterior 

masseter.. Relatively small forces were produced by motor units in the posterior deep 

masseter.. In addition, motor units with lines of action anterior from the jaw joint 

showedd more variability in force production. 
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Figur ee 6. 
Thee relationship between force angle and moment arm. The horizontal bars relate 
thee data points to the subdivisions of the masseter. 
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forcee angle ) 
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Figur ee 7. 
Thee relationship between motor unit position (horizontal plane) and (a) twitch 
contractionn time (tct), (b) tetanic peak force (TePF), and (c) torque. The motor unit 
positionn is defined by both moment arm length and angle (horizontal plane). 
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Thee torque, which is defined as the product of the TePF and the moment arm, 

servess as an indicator for the mechanical efficiency of motor units. The relationship 

betweenn torque and position of the line of action is plotted in Fig. 7c. Basically, the 

relationshipp between torque and the line of action (Fig. 7c) reflects the relationship 

betweenn tension and line of action (Fig. 7b). The largest torques and forces were 

producedd by motor units in the anterior superficial masseter. Relatively small torques 

andd forces were produced by the motor units in the posterior deep masseter. 

Discussio n n 

Methods Methods 

Thee TePF produced by a motor unit depends strongly on the stimulation frequency. 

Thee relationship between stimulation frequency and force in the masseter of the 

rabbitt is described by a sigmoid curve (Kwa and Weijs, 1999). To obtain TePFs, we 

maintainedd the stimulation frequency at 60 to 80 Hz. At these frequencies, slow and 

fastt motor units in the rabbit masseter muscle generate maximum or near-maximum 

force.. However, prolonged stimulation at high frequencies can fatigue the motor 

units. . 

Despitee the selection criteria, it cannot be totally excluded that co-activation of 

aa second unit may have occurred (Kwa et ai, 1995a). The chance for co-activation 

iss relatively small due to the strict criteria for the selection of single units. However, 

co-activationn could lead to a reduction in the variability in motor unit force 

orientationss and to an overestimation in force magnitude. 

PhysiologicPhysiologic  properties 

Thee masseter muscle showed a large variability in TCTs. We observed TCTs in the 

rangee of 16 to 42 ms. The present findings agree with other data on the masseter 

musclee of the rabbit (Kwa et a/., 1995b), where a slightly different range (from 10 to 

322 ms) was found with a force transducer attached to the lower incisors. The 

distributionn of the TCTs was mainly the same as in the latter study. Although a force 

transducerr attached to the zygomatic arch is more directly connected to the active 
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motorr unit than a force transducer attached to the lower incisors, it does not affect 

thee time course of the registered force responses. 

Thee large variability in the force output (from 5 to 290 mN) is normal for rabbit 

masseterr muscle motor units (Kwa et ai, 1995a). TePFs showed a tendency toward 

bimodality.. Kwa et ai (1995b) reported a unimodal distribution for incisor-measured 

twitchh peak force. Deviations from a unimodal distribution may be due to the 

relativelyy small number of observations. Previous studies have demonstrated that, 

ass a general rule, motor units producing large tetanic tensions have fast twitches, 

whereass motor units producing small tetanic tensions have fast or slow tetanic 

tensionss (Wuerker et ai., 1965; Burke et ai, 1973). Our results show that this 

relationshipp is also present in the masseter muscle of the rabbit. 

MechanicalMechanical  properties 

Feww experimental data are available on the lines of action of single motor units. 

Thuss far, information has been based on morphologic data, such as the geometric 

distributionss of motor unit territories obtained with glycogen depletion experiments 

(Weijss et ai, 1993; Kwa et ai, 1995a). These experiments suggest that motor units 

inn complex muscles have different lines of action and may have different functions. 

Thee position of the lines of action of these units cannot be determined from their 

anatomicc position in the muscle, because it is not known how a contracting unit 

shiftss in position and how its force is transferred to the tendon system. As far as we 

aree aware, this study is the first in which motor unit force position and direction are 

measuredd directly. Our present results demonstrate that the lines of action of the 

motorr units in the masseter muscle show a large range of positions and directions. 

Remarkably,, the present results show that twitch and tetanus contractions 

producedd almost the same lines of action. Lines of action appeared to be stable 

nott only during almost the entire duration of the relatively short twitch 

contraction,, but also during almost the entire tetanic contraction. Therefore, it can be 

concludedd that neither the duration of the motor unit contraction nor its amplitude 

hass a significant effect on the position and direction of the line of action. No 

variationss in the line of action were observed with changes in the frequency of 

stimulation. . 

41 1 



ChapterChapter 3 

Motorr units in the superficial masseter attach anteriorly to the zygomatic arch, 

butt because of their relatively horizontal orientation, they probably have shorter 

momentt arms than anterior fibers in deeper parts of the muscle, which are more 

verticallyy oriented (compare Figs. 5a and 5c). The motor units with the smallest 

momentt arms belong to the deep masseter, with fibers close to the jaw joint (Fig. 

5d).. An estimate of the moment arms and force directions of muscle compartments 

off the rabbit masseter muscle, as determined by Weijs (Weijs and Dantuma, 1981; 

Weijss et a/., 1987), was within the range of moment arms and force directions of 

singlee motor units reported in the present study. However, the observed range of 

liness of actions is larger than can be predicted from morphologic data and suggests 

thatt motor units, even within a single muscle compartment, can generate different 

mechanicall effects. In any case, we have clearly shown that the variation in lines 

off action as exhibited by the motor units is at least as large as the variation in 

fiberr directions. This must be the result of the limited size of the motor unit territories. 

CorrelationCorrelation  between  physiologic  properties  and motor  unit  position 

Fromm Figs. 7a to 7c, it can be concluded that there is a relationship between the two 

physiologicc parameters (TePF and TCT) and the position of the line of action. On 

average,, motor units located in more posterior muscle parts showed smaller forces 

andd shorter TCTs than motor units in more anterior parts of the masseter. The TCTs 

agreedd with the histochemical profile of the masseter found by Bredman et al. 

(1990).. Using the ATPase method, they found a distinct histochemical gradation 

acrosss the muscle: Type I fibers (slow-twitch, oxidative) decreased, and type IIA 

(fast-twitch,, glycolytic) fibers increased in relative numbers, going from anterior to 

posterior.. Figs. 7a and 7b show that the posterior deep masseter (right-hand part of 

thee figure) contains many fast, small motor units. Nevertheless, the relationship 

betweenn TCT and TePF (Fig. 3) for the entire masseter appears to be negative. In 

otherr words, the slow units produce the smallest forces. It might therefore be argued 

thatt the posterior deep masseter units form a population distinct from the units of the 

restt of the masseter. Weijs (1996) demonstrated, by retrograde transport of the 

tracerr horseradish peroxidase (HRP), that motoneurons supplying the superficial 

andd posterior deep masseter occupy different parts of the trigeminal motor nucleus. 
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Thee present findings confirm the suggestion of Weijs and Dantuma (1981) 

thatt the superficial masseter's main activity is generating large closing moments and 

consequentlyy large vertical bite forces. In contrast, the posterior deep masseter is 

activee in lateral movements of the jaw. The relatively small forces and fast twitch-

contractionn velocities produced by the posterior deep masseter indicate that this 

musclee portion is used for fine adjustments. A comparable function for the posterior 

deepp masseter has also been described in the masseter of humans (Blanksma et 

ai,ai, 1992; Van Eijden et at., 1993) and of pigs (Herring and Winesky, 1986). 

Onn average, motor units with more horizontal orientated lines of action 

producedd relatively small torques because they are close to the jaw joint. Largest 

positivee torques were produced by motor units with force directions in the range 

betweenn 40 and . These force directions match the orientation of the different 

partss of the superficial masseter and of the so-called pars reflexa. If the force 

directionn becomes larger than , the torque changes from positive to negative. 

Thee force angles in this range match the orientation of the posterior deep masseter. 

Liness of action of motor units at zero crossing run through the jaw joint. On average, 

negativee torques were smaller than positive ones. Motor units with negative torques 

attachedd at a relatively small part of the zygomatic arch posterior to the jaw joint, 

whichh leaves no room for large moment arms. The small torques produced by the 

posteriorr deep masseter also support the idea that this muscle part is used for fine 

adjustments. . 
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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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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. 
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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. 

52 2 



EMGEMG power spectrum and motor unit characteristics 

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. . 

58 8 



EE MG power spectrum and motor unit characteristics 

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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MECHANICALL PROPERTIES 
OFF SINGLE MOTOR UNITS 

INN THE RABBIT MASSETER MUSCLE 
ASS A FUNCTION OF JAW POSITION 

Abstrac tt  - The masseter muscle is an architecturally complex muscle with motor 

unitss that occupy different spatial positions (Turkawski et a/., 1998). It can therefore 

bee expected that during jaw movements the motor units undergo different excursions 

andd consequently differ in their force output. Motor unit positions and contractile 

propertiess of 45 motor units in 14 rabbit masseter muscles were registered. Twitch 

responsess were measured at different jaw gapes ranging from occlusion ) to 

maximumm opening , in steps of . The twitches were elicited by stimulating 

motoneuronss extracellularly in the trigeminal motor nucleus. The units appeared to 

producee a large variety of force vectors. Contraction force and contraction velocity 

weree distributed heterogeneously across the muscle. On average motor units in the 

deepp parts of the masseter produced considerably less twitch force (average: 25-30 

mN)) than those in the superficial parts (average: 45-50 mN) and anteriorly located 

motorr units were slower than posteriorly located units. With an increase of jaw angle 

twitchess became slower, reflected by an increase (30%) of the twitch contraction 

time.. Most motor units had a parabolic-like jaw angle-force relationship. A large 

variationn in the shape of the curves was found. The average optimum jaw angle was 

reachedd at 12  jaw opening. In general, force output was relatively low (20-60% of 

maximumm force) at occlusion and relatively high (60-100% of maximum force) at 

maximall jaw opening. Anteriorly and posteriorly located motor units differed 

significantlyy in their angle-force curves. Anteriorly located motor units produced less 

relativee force at occlusion, showed a steeper increase of force with an increase of 

jaww angle, reached maximum force at larger jaw angles and produced larger forces 

att maximum jaw opening. The larger force changes in the more anterior units are 
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probablyy related to their longer distance from the axis of jaw rotation. It can be 

concludedd that due to the large variability of motor unit properties and angle-force 

curvess a fine gradation of both force magnitude and direction is possible within the 

masseterr and that the angle-force curve of the whole muscle or of whole muscle 

partss is broader than that of individual motor units. This broadening may be 

consideredd as a mechanism to sustain active muscle force throughout a large 

movementt range. 

Introductio n n 

Muscless can, in general, not be considered as architecturally and functionally 

homogeneouss structures. Intramuscular heterogeneity can exist with respect to a 

largee number of morphological and physiological characteristics. The masseter 

musclee is an example of such a muscle. The muscle has broad attachment areas 

andd intramuscular differences have been found in, for example, the lengths of the 

sarcomeres,, muscle fibers and tendon sheets, and in the spatial position and 

orientationn of muscle fibers (human: Van Eijden and Raadsheer, 1992; Van Eijden 

etet al., 1997; rabbit: Hertzberg et a/., 1980; Weijs and Van der Wielen-Drent, 1983; 

Weijss et a/., 1987; pig: Herring et al., 1979; rat: Nordstrom et al., 1974). One of the 

consequencess of this heterogeneity is that different muscle portions are capable of 

producingg different mechanical actions {Weijs et al., 1987; Van Eijden et al., 1988; 

Vann Eijden and Raadsheer, 1992). In addition, motor unit properties are distributed 

heterogeneouslyy across the muscle. Motor units located posteriorly in the muscle 

aree faster and produce less force than motor units located in more anterior muscle 

partss (rabbit: Turkawski et al., 1998). The myosin heavy chain composition of the 

musclee fibers and their physiological cross-sectional area are major determinants for 

thiss variability in contraction velocity and force production, respectively (Kwa et al., 

1995a,b). . 

Thiss paper will focus on the variability of masseter motor unit force at different 

jaww gapes. The active force that can be produced by a motor unit depends on the 

sarcomeree length of the muscle fibers, particularly on the degree of overlap between 

thee actin and myosin filaments. Maximum active force can be developed at optimum 
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sarcomeree length and force decreases with greater and shorter lengths (Gordon et 

al.,al., 1966). The actual length changes of the sarcomeres, and consequently the 

forcee output of a motor unit, will be dependent on its three-dimensional position in 

thee muscle-bone-joint system. During, for example, open/close rotations of the jaw, 

thee length changes of the sarcomeres will be proportional to their distance to the 

axiss of rotation. In an earlier study we have demonstrated that rabbit masseter motor 

unitss differ clearly in their positions and orientations (Turkawski et al., 1998). Hence, 

theirr length changes and their capabilities for force production during jaw 

movementss can be expected to depend in a complex way on their intramuscular 

position. . 

Variouss studies have shown a heterogeneous intramuscular distribution of 

sarcomeree length in the masseter in various mandibular positions (rat: Nordstrom et 

al.,al., 1974; rabbit: Weijs and Van der Wielen-Drent, 1983; miniature pig: Herring etal., 

1979).. The effect of this heterogeneity on the production of active force in various 

musclee portions has been estimated using computer models (human: Van Eijden 

andd Raadsheer, 1992; Koolstra and Van Eijden, 1997; rabbit: Weijs et al., 1987). 

Thesee studies indeed point to differences in active force production of various 

musclee parts. Thus far, however, experimental information on the effect of jaw 

positionn on the force producing capabilities of motor units in various muscle parts is 

nott available. The aim of the present study was to examine the changes in motor 

unitt force output, both with respect to force magnitude and direction, as a function of 

thee jaw open/close angle for motor units with different spatial positions and 

orientationss in the masseter muscle of the rabbit. 

Material ss  and method s 

Animals Animals 

Experimentss were carried out with 14 New Zealand White rabbits {Oryctolagus 

cuniculuscuniculus L.; weight: 2,000-2,300 g; age: 10-13 wks). The experiments were 

approvedd by the Animal Ethics Committee of the Medical School of the University of 

Amsterdam.. Pre-anaesthesia was effected with a mixture of Rompun and Ketamine 

appliedd intramuscularly and Atropine applied subcutaneously. A tracheal cannula 
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wass provided for artificial ventilation and further anaesthesia was effected through 

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

StimulationStimulation  of  motor  units 

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

madee in the dura mater to allow a microelectrode {Teflon-coated tungsten, diameter 

0.22 mm, impedance 1 MQ), mounted on a micromanipulator, to enter the brain using 

aa stereotaxic holder. The electrode was inserted into the brain 5 mm anterior of the 

corticall most posterior rim, 3 mm to the left of the cortical midline, and was lowered 

perpendicularr to the cortical surface till it reached the trigeminal motor nucleus, 16 

mmm from the cortical surface. 

Singlee motoneurons were stimulated extracellularly with square-wave 

constantt current stimuli of 10-30 pA (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. The criteria for selecting a single unit were based on force 

andd EMG response (see: Turkawski etal., 1998). 

RegistrationRegistration  of  motor  unit  force 

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. This transducer was 

capablee of measuring both the magnitude and the position of the line of action of 

forcess in a single plane. The transducer was mounted on a small micromanipulator 

forr manual displacement and tilted outward to an angle of about 15  relative to the 

mid-sagittall plane of the animal's head to keep the overall force vector of the muscle 

insidee the plane of the transducer. Design and technical specifications of the 

transducerr were described in detail by Turkawski etal. (1996, 1998). 

Thee three outputs of the transducer were processed with strain gauge 

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

passs filtering (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 

processedd on a microcomputer (PC 486), using Labview software (National 
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Instruments).. Force magnitude and the position of the line of action could be 

calculatedd from the three output voltages. The signals were additionally filtered with 

aa finite impulse response (FIR) digital filter (150 Hz low-pass). 

RegistrationRegistration  of  motor  unit  action  potential 

Thee masseter muscle was exposed to record electromyographic (EMG) activity of 

thee stimulated motor units. To prevent dehydration the muscle was covered with 

paraffinn oil. Twelve monopolar Teflon-coated copper wire electrodes (bared tip: 1.5 

mm,, diameter: 0.1 mm) were arranged in two regularly spaced rows parallel to the 

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

off the masseter and six electrodes were inserted 6-8 mm deep into the deeper layer 

off the muscle. The electrode positions were double-checked on lateral view röntgen 

graphss taken from the rabbit's head. A reference electrode was attached to the skin 

inn front of the masseter muscle. 

AdjustmentAdjustment  of  jaw angle 

AA custom made jaw opening device was used to vary the jaw angle in the sagittal 

planee (Fig. 1). The main components of the device were a rotating arm and a hinge 

withh which the arm could be rotated in steps of . The rotating arm was connected 

too the lower jaw by a metal clip attached to the lower incisors and by two metal pins 

anchoredd to two holes, drilled into the bone at each side of the lower jaw. The 

positionn of the hinge could be adjusted relative to the jaw with the help of a pointing 

device.. The center of rotation was set near the angular process of the mandible, 

approximatelyy 3 mm behind and 20 mm below the condyles. This position coincided 

withh the average location of the natural center of rotation for jaw open-close 

excursionss during mastication (Weijs ef a/., 1989). Both the opening device and the 

skulll of the rabbit were fixed to a rigid frame. Skull fixation was achieved by a head 

platee screwed onto the skull, a metal clip connected to the upper incisors, and 

bilaterall skull clamps located behind the ears. 
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Figur ee 1. 
Schematicc drawing of the jaw opening device. Top: inferior view, bottom: lateral 
view.. 1: pins anchored to the lateral side of the mandible, 2: rotating arm, 3: fixation 
clipp to incisors, 4: head plate, 5: toothed wheel, 6: adjustable spindle, 7: pointing 
devicee coinciding with the axis of open-close rotation. A number of features has not 
beenn drawn, for example, the connection between hinge and adjustable spindle. 

Measurements Measurements 

Twitchh force responses of 45 single motor units were registered at 8 different jaw 

angles.. Passive muscle forces were also registered, but are not further considered in 

thee present study. Registrations started with the jaw in occlusion ) and the jaw 

gapee was subsequently increased till 21  in steps of . In order to examine 

reproducibility,, a second series of recordings was carried out in the reversed order 

(21  -> . For averaging purposes, at each jaw angle a series of 10-50 twitches 

wass evoked. The stimulus pulse served as a trigger for the averaging procedure and 

wass also recorded on tape. 
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Figur ee 2. 
Schematicc diagram of the angle-force curve of a masseter motor unit. The following 
parameterss were determined from this curve: optimum jaw angle, optimum motor 
unitt force, motor unit force at occlusion (y-intercept), steepest slope of the 
ascendingg limb (al-slope), steepest slope of the descending limb (dl-slope). 

DataData analysis  and statistics 

Forr each jaw angle the 10-50 twitch force responses were averaged. The average 

twitchh response was characterized by the twitch contraction time and the twitch peak 

force.. The twitch contraction time was defined as the time between the initial rise of 

forcee from the baseline and the twitch peak force. The position of the line of action of 

aa motor unit was defined by its moment arm length, i.e., the perpendicular distance 

betweenn the line of action and the jaw joint, and by 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. 

Forr each motor unit, relationships were determined between jaw opening 

anglee on the one side and twitch peak force, twitch contraction time, and the angle 

andd arm of the motor unit action line on the other side. In order to obtain a curve of 
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thee relationship between jaw angle vs. force, polynomials were fitted through the 

twitchh peak force data points. For all cases the jaw angle-force relationship could be 

satisfactorilyy approximated by a polynomial of the fourth order. The relationships 

betweenn jaw angle on the one side and twitch contraction time, and the angle and 

momentt arm of the motor unit's action line were in most cases non-linear and could 

bee satisfactorily approximated by a polynomial of the second order. Various 

parameterss were calculated to characterize the jaw angle-force curve (Fig. 2): the 

steepestt slope of the ascending limb of the curve (al-slope), the steepest slope of 

thee descending limb of the curve (dl-slope), the intercept of the curve with the y-axis 

(/-intercept),, the value of the maximum force (optimum force) and the jaw angle at 

whichh this maximum force was produced (optimum jaw angle). Values for twitch 

contractionn time and for the angle and moment arm of the action line of the motor 

unitt were determined from the second order polynomials at the optimum jaw angle, 

determinedd from the angle-force curves. 

Thee various variables were analyzed for significance of correlation. Spearman 

rankk correlations were used to avoid assumptions about their distribution. To 

comparee motor unit properties in different muscle parts, each motor unit was 

assignedd to one of the following four muscle parts, i.e., anterior-superficial, posterior-

superficial,, anterior-deep and posterior-deep masseter (Turkawski et al., 1998); the 

EMGG electrode with the largest action potential amplitude served as a reference for 

thee position of the active motor unit. For each muscle part, mean values, standard 

deviationss and ranges of the various variables for the available motor units were 

determined.. In order to test the differences between the four muscle parts a one-way 

ANOVAA was applied. In addition, for each muscle part averaged curves were 

determinedd for the relationships between jaw angle and normalized peak force, jaw 

anglee and the angle of the motor unit's action line, jaw angle and the moment arm 

lengthh of the motor unit's action line, and jaw angle and twitch contraction time. 

70 0 



MechanicalMechanical properties of single motor units as a function of jaw position 

posterior-deep p 

22 100 
E E 
«« 7 5 

< j j 

oo 50 

oo 25 

0 0 _Z_ _ 

2 11 = 

anterior-deepp anterior-superficial posterior-superficial 

00 25 50 75 100 125 0 25 50 75 100 125 0 25 50 75 100125 0 25 50 75 100125 
timee (ms) time (ms) time (ms) time (ms) 

00 3 6 9 12151821 0 3 6 9 12151821 0 3 6 9 12151821 0 3 6 9 12151821 
jaww angle ) jaw angle ) jaw angle ) jaw angle ) 

50 0 

40 0 

3 0--

20' ' 

10 0 

50 0 

40 0 

30 0 

20 0 

10 0 

50 0 

40 0 

30 0 

20 0 

-o o 

S S 

50 0 

. 40 0 

30 0 

20 0 

10 0 
00 3 6 9 12151821 0 3 6 9 12151821 0 3 6 9 12151821 0 3 6 9 12151821 

jaww angle ) jaw angle ) jaw angle ) jaw angle ) 

21°° 0 

Figur ee 3. 
Motorr unit responses from 4 different positioned motor units. First row: twitch force responses at 
differentt jaw angles, second row: jaw angle vs. twitch peak force, third row: jaw angle vs. twitch 
contractionn time (tct), fourth row: position of motor unit action line at different jaw angles. Cross hairs: 
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Result s s 

MotorMotor  unit  force 

Exampless of twitch force responses with concomitant curves for jaw angle vs. twitch 

peakk force and jaw angle vs. twitch contraction time are shown in Fig. 3. The figure 

alsoo shows the action line position at different jaw angles. Most of the angle-force 

curvess showed a parabolic-like shape. In general, smallest twitch peak force was 

producedd at occlusion . When the jaw was opened, peak force increased till 

maximumm force was reached and then force decreased again. The average optimum 

jaww angle was at . Occasionally motor units did not reach an optimum jaw angle 

(noo descending limb), probably their optimum was beyond the range of jaw angles 

examined.. Twitch force responses became broader at increasing jaw angle which 

wass reflected by an increase of twitch contraction time. In general, motor units in the 

posterior-deepp part of the masseter had action lines with relatively small moment 

armss and they were tilted backward. Motor units in more anterior parts of the 

masseterr had action lines with larger moment arms and they were tilted more 

forward.. As can be seen in Fig. 3 the position of the action line of the motor units 

changedd with the jaw angle. Twitch peak forces and contraction times were highly 

reproducible,, as values obtained during the second experimental series (21  -» ) 

weree not significantly different from those registered during the first experimental 

seriess (data not shown). 

Tablee 1 shows rank correlation coefficients between the parameters obtained 

fromm the various curves. Note that the moment arm length of the motor units 

correlatedd significantly with all other parameters. This implies that antero-posterior 

differencess existed in motor unit properties across the muscle. These differences 

cann be summarized as follows. Compared to more posteriorly located motor units, 

anteriorlyy located motor units: (1) had angle-force relationships with a steeper 

ascendingg limb and a less steeper descending limb (positive correlation between 

momentt arm and al-slope and dl-slope), (2) produced smaller relative forces at 

occlusionn (negative correlation between moment arm and y-intercept), (3) produced 

largerr optimum forces (positive correlation between moment arm and optimum 

force),, (4) produced optimum force at slightly larger jaw opening angles (slightly 

positivee correlation between moment arm and optimum jaw angle), and (5) were 

slowerr (positive correlation between moment arm and twitch contraction time). Most 
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off the remaining significant correlations in Table 1 reflect these differences. For 

example,, a steeper ascending limb (al-slope) of the angle-force curve implies that 

thee curve intersects the y-axis at a lower point, resulting in a negative correlation 

betweenn al-slope and y-intercept. 

Forr each muscle part, mean and standard deviation values and ranges of the 

parameterss obtained from the various curves are given in Table 2; the results of the 

ANOVAA to test for differences between the four muscle parts are given in Table 3. 

Figuree 4 shows averaged normalized angle-force curves for motor units belonging to 

thee same muscle part and Fig. 5 shows the averaged curves for the relationships 

betweenn the jaw angle vs. the angle of the motor unit action line (Fig. 5a), the jaw 
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anglee vs. the moment arm length (Fig. 5b), and the jaw angle vs. the twitch 

contractionn time (Fig. 5c). Note the large variation of the various variables within 

eachh muscle part (Table 2). Most striking was the behavior of motor units in the 

posterior-deepp masseter compared to that in the other muscle parts (see significant 

differencess in Table 3). For example, motor units in the posterior-deep masseter 

reachedd their optimum force at a significantly smaller jaw angle , see Table 2) 

thann those in the anterior-superficial masseter ) and in the deep muscle parts 

thee magnitude of the average optimum motor unit force (25-30 mN) was 

approximatelyy half of that produced in the superficial muscle parts (45-50 mN). 

Similarr to the individual angle-force curves, the averaged curves showed a 

parabolic-likee shape (Fig. 4). The curve for the anterior-deep masseter was more 

irregularr in shape compared to the curves of the other muscle parts, which is 

probablyy due to the small number of registrations (n=3). The posterior-deep 

masseterr showed a symmetrical curve, with an optimum force angle at 10  and a 

relativelyy large force output at both occlusion and maximal jaw opening (50-60% of 

maximumm force). In contrast, the curves for the anterior-superficial, posterior-

superficial,, and anterior-deep masseter were not symmetrical, i.e., the descending 

limbb was less steep than the ascending limb (compare values of al-slope and dl-

slopee in Table 2). Therefore, in these muscle portions motor unit force produced at 

occlusionn was relatively small (20-40% of maximum force), whereas force at 

maximall jaw opening was relatively large (60-100%). 
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Forr each muscle part averaged curves for 
thee relationship of jaw angle vs. the angle of 
thee line of action (a), jaw angle vs. moment 
armm  length (b), and jaw angle vs. twitch 
contractionn time (c). 

Thee average jaw angle vs. action line angle curves and jaw angle vs. moment 

armm length curves (Fig. 5) show that in all muscle parts a jaw opening from 0  to 21

resultedd in a relatively small change of the position of the motor unit's action line. 

Thee action line angle of motor units in the superficial parts of the masseter 

decreasedd a few degrees, whereas in the posterior-deep masseter an increase of a 

feww degrees was observed (Fig. 5a). In all muscle parts the length of the moment 

armm of the motor units increased slightly during jaw opening (Fig. 5b) and, as 

expected,, smallest moment arms were found in the posterior-deep masseter. The 

aforementionedd broadening of the twitch responses of the motor units during jaw 

openingg was reflected by an increase of about 30% of the twitch contraction time 

(Fig.. 5c). 
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Discussio n n 

HeterogeneousHeterogeneous  distribution  of  motor  unit  properties  across  the muscle 

Inn this report we provide a systematic description of the effect of changing jaw angle 

onn the mechanical properties of single motor units in the rabbit masseter muscle. 

Forr the first time it was possible to measure the force vectors of single motor units at 

differentt jaw angles and to relate their contractile characteristics to their 

intramuscularr location. Thus far, studies concerning motor unit properties of the 

masticatoryy muscles have been restricted to one single jaw position or one muscle 

lengthh (rat masseter: Druzinsky, 1996; rabbit masseter: Weijs et al., 1993; Kwa et 

al.,al., 1995b; Turkawski et al., 1998; Turkawski and Van Eijden, 2000a) and 

informationn on the contractile properties at different muscle lengths was only 

availablee for whole muscles (rat: Nordstrom and Yemm, 1974; cat: MacKenna and 

Türker,, 1978; rabbit: Muhl et al., 1978; Muhl, 1982; Anapol et al., 1987; miniature 

pig:: Anapol and Herring, 1989). Similar to the present results, these latter studies 

indicatee that the optimum length of the masseter does not coincide with the muscle 

lengthh in occlusion (Nordstrom and Yemm, 1974; MacKenna and Türker, 1978; 

Anapoll and Herring, 1989). 

AA large variability of motor unit properties across the masseter was observed, 

bothh between and within the muscle parts (Table 2). This confirms the results of an 

earlierr study in which we measured motor unit properties at a muscle length that was 

aa slightly longer than that with the jaw in occlusion (Turkawski et al., 1998). The 

largee variety in the position of motor unit force vectors is in accordance with the 

smalll motor unit territories demonstrated by glycogen depletion studies (Weijs et al., 

1993;; Kwa et al., 1995a). This large diversity of force vectors gives the muscle the 

potentiall of producing different mechanical actions in case of selective activation of 

differentt muscle portions, as has been demonstrated in earlier analyses (rabbit: 

Weijss and Dantuma, 1981; human: Blanksma and Van Eijden, 1995). In addition, the 

presentt results showed that regional differences existed in contraction force and 

contractionn velocity. On average, motor units in the deep muscle parts produced 

considerablyy less force than those in the superficial muscle parts and anteriorly 

locatedd units were slower than posteriorly located units. As the maximum force of a 
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motorr unit is proportional to its physiological cross-sectional area, it can be 

concludedd that deeply located motor units have smaller cross-sectional areas than 

superficiallyy located ones. The heterogeneous distribution of motor unit contractile 

propertiess is in accordance with histochemical data on the distribution of various 

fiberr types across the muscle (Bredman et a/., 1990). The motor units in the rabbit 

masseterr can be classified as being fast and fatigue resistant (Kwa et ai, 1995b). 

Thee present results show that within this single group a large variability exists in 

forcee output and contraction velocity. 

Tablee 3. Results of the ANOVA to test for differences between the muscle parts 

part#11 post-sup ant-deep post-deep ant-deep post-deep post-deep 

partt #2 ant-sup ant-sup ant-sup post-sup post-sup ant-deep 

al-slope e 

dl-slope e 

y-intercept t 

optimumm angle 

optimumm force 

actionn line angle 

momentt arm length 

twitchh contraction time 

Significantt differences between the two tested muscle parts * p<0.05, ** p<0.01, *** p<0.001 

post-sup:: posterior-superficial masseter, ant-sup: anterior-superficial masseter, 

post-deep:: posterior-deep masseter, ant-deep: anterior-deep masseter 
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FactorsFactors  that  determine  the shape  of  the angle-force  curves 

MuscleMuscle architecture 

Thee angle-force curves of the motor units reflect the relationship between sarcomere 

lengthh and isometric force, i.e., maximum force is produced at optimum sarcomere 

lengthh and force decreases with a decrease or increase of length (Gordon et a/., 

1966).. The shape is further determined by variables as the initial length of the 

sarcomeress at occlusion, the length of the muscle fibers (proportional to the number 

off sarcomeres in series), the compliance of the series elastic elements, the 

angulationn of the muscle fibers relative to tendon sheets, and the location of the 

motorr units relative to the center of rotation. We found clear antero-posterior 

differencess in the shape of the angle-force curves. Compared to posteriorly located 

motorr units, anteriorly located motor units produced less normalized force {20-40% 

off optimum force) at occlusion, showed a steeper increase of force with an increase 

off jaw angle, reached maximal force at larger jaw angles and produced larger forces 

att maximum jaw opening. Obviously, these differences are partly the result of the 

architecturall complexity of the muscle. Because motor units had different 

intramuscularr positions, and consequently different moment arms relative to the 

centerr of jaw rotation, a non-uniform change in muscle fiber length during jaw 

openingg will occur, resulting in differential sarcomere length excursions and thus 

differentt shapes of angle-force curves. As anteriorly situated units are further away 

fromm the axis of open/close rotation than posteriorly situated units, their sarcomeres 

willl undergo greater length changes and, therefore, force changes in anteriorly 

locatedd motor units can be expected to be larger than in posteriorly located motor 

units.. Such antero-posterior differences in force output as a function of jaw gape has 

indeedd been predicted by a computer model of the rabbit masseter muscle (Weijs et 

a/.,, 1987). 

Comparedd to the angle-force curves predicted by this model, our results also 

showw some striking differences, notably a much steeper slope for the ascending limb 

andd a less steep slope for the descending limb of the angle-force curves, and larger 

optimumm jaw angles. As a consequence, the muscle parts in the model were capable 

off generating more force at occlusion and less force at the largest jaw openings. 

Onee of the factors that could account for the differences between our results and the 

modell predictions, is the location of the center of jaw rotation, which was 1.6 cm 
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beloww the condyles in the model instead of the 2.0 cm used in the present study. In 

thee present study this center was located near the angular process of the mandible, 

aa location that coincides with that found during natural mastication (Weijs et a/., 

1989).. Another factor that should be mentioned is the role of the series elasticity that 

wass not incorporated in the model of Weijs and coworkers. Furthermore, we used 

twitches,, whereas in the model tetani were simulated. The amount of series elasticity 

iss relatively low at small jaw angles and increases more or less exponentially during 

jaww opening (unpublished observations). This might result in larger twitch contraction 

velocitiess at smaller jaw angles than at larger jaw angles. Because of the force-

velocityy relationship this might lead to relatively smaller forces in the first part of the 

openingg range and consequently to a relatively steep ascending slope of the angle-

forcee relationship, as was found in the present study. The less steep descending 

limbb can possibly be the result of the large variation in optimum lengths of the motor 

units. . 

MotorMotor unit type and stimulation type 

Severall studies have found that optimum muscle length is correlated to motor unit 

type.. In general, the slower and weaker motor units reach optimum length at a larger 

musclee length than the faster and stronger units (cat flexor digitorum longus: Lewis 

etet al., 1972; Bagust et al., 1973; rat medial gastrocnemius: Grottel et al., 1990; cat 

peroneuss longus: Filippi and Troiani, 1994). However, opposite results have also 

beenn found (cat gastrocnemius: Stephens et al., 1975). These differences in 

optimumm length are probably due to an effect of the in series compliance of muscles 

andd tendons, which appears to be larger if small forces are applied thus yielding 

longerr optimum length values for the smaller motor units (Filippi and Troiani, 1994). 

Ourr results showed a significant positive correlation between the twitch contraction 

timee and the optimum jaw angle, indicating that slower motor units produced 

maximall force at larger jaw angles. This is in parallel with the aforementioned results 

fromm the literature. It should, however, be realized that this finding can also be an 

epiphenomenon,, as we also found that twitch contraction time varied with the 

intramuscularr location of the motor unit, which might result in different sarcomere 

excursionss and thus in optimum jaw angles. 

Thee angle-force curves of the present study were obtained by eliciting 

isometricc twitches. We did not use tetani, as we wanted to avoid fatigue effects. In a 
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largee number of studies differences between twitch and tetanic length-force curves 

havee been described. Usually, optimum length for twitches is greater than that for 

tetanii and with an increase of muscle length the ratio between twitch and tetanus 

forcee increases (cat flexor digitorum longus: Bagust et al., 1973; cat medial 

gastrocnemius:: Stephens et a/., 1975; cat peroneus longus: Filippi and Troiani, 

1994).. The origin of difference between twitch and tetanus length-force relationships 

iss not clear, but probably muscle and tendon compliance is one of the main factors 

thatt contributes to this difference (see for an extensive discussion: Filippi and 

Troiani,, 1994). 

Ourr results showed a slowing of the twitch response with an increase of the 

jaww angle. This broadening of the twitch continued beyond optimum jaw angle. 

Similarr results have been described for other species and muscles (e.g., Stephens 

etet al., 1975; Woittiez et a/., 1984; Grottel et al., 1990). The mechanism behind the 

increasee is not yet elucidated. Many factors related to intrinsic muscle fiber 

propertiess which are related to twitch time characteristics and might change with 

fiberr length have been suggested, including length dependent changes in the time 

coursee and size of the active state (Close, 1971). A functional consequence of the 

slowingg of the twitch force response is that at larger jaw angles a lower stimulation 

frequencyy is required to produce tetanic force. 

ImplicationsImplications  for  masseter  muscle  functioning 

Thee largest angle we examined ) was close to the maximum passive jaw 

openingg angle ) reported in the literature (Weijs et al., 1989). During natural 

mastication,, maximum gape amounts to 10-15  (Weijs and Dantuma, 1981). We 

foundd that the average optimum jaw angle for masseter motor unit force was about 

.. This would imply that during mastication the masseter of the rabbit will operate 

nearr optimum muscle length at maximum gape and on the ascending limb of the 

angle-forcee curve during the major part of the closing phase and the power stroke. 

Hence,, during the closing phase of mastication the maximum possible force output 

off the motor units will decrease. Note, however, that optimum jaw angle for twitches 

andd tetani might differ. 

Itt should be emphasized that the effect of changing jaw angle on the 

performancee of individual motor units is different from that of whole muscle parts or 
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fromm that of the whole masseter. The angle-force curves for the various muscle parts 

presentedd in Fig. 4 are broader than those of the individual motor units, due to the 

largee variation in shapes and in optimum angles found for the individual curves. This 

broadeningg may be considered as a mechanism to sustain active force throughout a 

largerr movement range, when the motor units in a muscle part are activated 

simultaneously.. In addition, in a number of experimental studies differences between 

wholee muscle optimum length and motor unit tetanic and twitch optimum length have 

beenn reported (Bagust era/., 1973; Lewis et a/., 1972; Stephens et a/., 1975; Filippi 

andd Troiani, 1994). 

Onn average, motor units in the deep masseter produced less force than in the 

superficiall masseter. Because of the orderly recruitment of motor units (Henneman 

etet ai, 1965) it can be expected that at low mastication force levels the deep units 

aree preferentially recruited, whereas at higher contraction strengths the superficial 

unitss come into action. Our findings confirm the suggestion of Weijs and Dantuma 

(1981)) that the main activity of the superficial masseter is generating large closing 

momentss and consequently large vertical bite forces. 

Thee posterior-deep masseter was capable of generating a substantial amount 

off force throughout the whole range of jaw angles examined. The functional 

consequencee is that this muscle part, as opposed to other muscle parts, should 

attainn relatively high active force levels over a wider range of jaw angles. The action 

liness of motor units in the posterior-deep masseter had a more horizontal orientation 

whichh makes the posterior-deep masseter suitable to produce lateral jaw excursions, 

whichh is in accordance with reported EMG results (Weijs and Dantuma, 1981). The 

relativelyy small forces and fast twitch-contraction velocities indicate that this muscle 

partt is used for fine adjustments. A comparable function for the posterior-deep 

masseterr has also been described in the masseter of pigs (Herring and Winesky, 

1986)) and humans (Blanksma et ai, 1992; Van Eijden et a/., 1993). 
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ACTIONN POTENTIALS OF 
RABBITT MASSETER MOTOR UNITS 

ATT DIFFERENT JAW GAPES 

Abstrac tt  - The morphology of a motor unit, e.g., the number of muscle fibers, their 

type,, their cross-sectional area and their length, can be expected to be related to its 

electricall and contractile properties, e.g., the amplitude and duration of the action 

potentiall and the magnitude and contraction time of twitch force. In this study we 

examinedd (1) whether a mutual correlation exists between electrical and contractile 

motorr unit properties, (2) whether the shape of the action potential changes with a 

changee of motor unit length, and (3) whether these shape changes depend on the 

intramuscularr location of the motor unit. Action potentials and twitch force responses 

off 42 masseter motor units were registered in 14 rabbits. Motor units were excited by 

stimulatingg motoneurons in the trigeminal motor nucleus. Action potentials and 

twitchess were measured at different jaw gapes between 0  and , in steps of . 

Thee results showed that motor units producing larger forces tended to have action 

potentialss with larger amplitudes; this correlation, however, was very weak. Faster 

motorr units had action potentials with shorter durations. When the jaw was opened 

too an angle of 21  the duration of the action potentials increased by about 10%. 

Motorr units located anteriorly in the masseter showed a larger increase in duration 

thann more posteriorly located motor units, which was probably due to a larger 

stretchingg of the anteriorly located motor units. It can be concluded that action 

potentialss can be used to obtain information about contractile properties of individual 

motorr units. However, the waveform of action potentials depends on motor unit 

lengthh and this may confound attempts to make interferences about these functional 

properties. . 
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Introductio n n 

AA motor unit consists of an a motoneuron and the set of muscle fibers innervated by 

thiss neuron. When the motoneuron is excited to discharge action potentials, the 

musclee fibers of the motor unit are activated. The motor unit's action potential is 

definedd as the sum of action potentials propagated by the muscle fibers that 

belongg to that motor unit (Stalberg et al., 1996). The action potentials of the single 

fiberss differ in amplitude and in frequency content and they are temporally 

andd spatially dispersed. For this reason, motor unit action potentials differ in shape 

andd show a large variability in their characteristics. Differences in amplitude are 

clearlyy associated with differences in motor unit size, i.e., differences in 

dimensionss of individual fibers as well as the number of active fibers (Burke and 

Tsairis,, 1973), differences in duration are associated with differences in 

fiberr diameter (Gath and Stalberg, 1975) and differences in fiber length (Dumitru et 

al.,al., 1999). Motor unit size is an important factor in determining the magnitude of 

motorr unit force, and motor unit action potential amplitude and motor unit force 

havee been reported to be mutually proportional (Goldberg and Derfler, 1977; 

Clarkk et al., 1978; Turkawski and Van Eijden, 2000a). In general, the size of 

individuall motor units cannot be measured directly in vivo and has therefore been 

estimatedd by the amplitude of the motor unit action potential (see for example: 

Goldbergg and Derfler, 1977; Desmedt and Godaux, 1979; Scutter and Türker, 1998; 

Conwitt et al., 1999; Sun et al., 1999). However, at force levels larger than 30% of 

maximumm force, it becomes increasingly difficult to distinguish single motor unit 

actionn potentials in the interference EMG. Alternatively, motor unit twitch force 

magnitude,, determined by the spike-triggered averaging method, has been used to 

estimatee the size of the motor units, but this technique is less accurate for this 

purposee (see Van Eijden and Turkawski, 2001). Recently, information about the 

relationshipp between the characteristics of the action potential of a motor unit and 

thee contractile properties of the same motor unit not hampered by these technical 

limitationss has become available through stimulation of single masticatory motor 

unitss (Turkawski and Van Eijden, 2000a). A small but significant correlation was 

foundd between the amplitude of the action potential and motor unit's peak force and 

fasterr contracting motor units produced action potentials with higher conduction 

velocities. . 
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Thuss far, no information is available on the relationship between action 

potentiall shape and contractile properties of masticatory motor units at different 

motorr unit lengths. In an earlier study we demonstrated that, due to the induced 

lengthh changes, the contractile properties of masseter motor units, such as twitch 

peakk force and twitch contraction time, vary as a function of the jaw open/close 

anglee (Turkawski and Van Eijden, 2000b). When the jaw angle is increased the 

fiberss of the masseter muscle are stretched, resulting in smaller fiber diameters. As 

fiberr diameter is positively correlated with the conduction velocity of the action 

potentialss (Hakansson, 1956), it can be expected that the duration of the action 

potentialss becomes longer with an increase of jaw angle. In addition, the masseter 

musclee has a complex heterogeneous architecture, with intramuscular differences in, 

forr example, muscle fiber length, motor unit fiber type composition, and motor unit 

sizee (see for review: Van Eijden and Turkawski, 2001). Regional differences in motor 

unitt contractile properties and electrical properties have been demonstrated at a 

fixedd length of the masseter muscle (Turkawski et at., 1998; Turkawski and Van 

Eijden,, 2000a). Moreover, a differential effect of jaw opening on the contractile 

propertiess of motor units in different muscle regions has been demonstrated 

(Turkawskii and Van Eijden, 2000b). Such a differential effect can also be expected 

too exist for the duration of the action potentials, as, for example, during jaw opening 

anteriorlyy in the muscle located motor units are more extensively stretched than 

moree posteriorly located motor units (Turkawski and Van Eijden, 2000b). 

Thee purpose of the present study was to examine (1) whether the shape of 

thee motor unit's action potential is correlated with its contractile properties, (2) 

whetherr this shape varies with length changes of the motor unit, and (3) whether this 

variationn depends on the location of the motor unit in the muscle. 

Material ss  and method s 

DataData acquisition 

Motorr unit action potentials and twitch forces were registered simultaneously in the 

leftt masseter muscle of 14 New Zealand White rabbits (Oryctolagus cuniculus /_.; 

weight:: 2,000-2,300 g; age: 10-13 wks), pre-anesthetized with a mixture of Rompun 
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andd Ketamine applied intramuscularly and Atropine applied subcutaneously. Further 

anaesthesiaa was effected through the administration of halothane in a 1:3 oxygen-

nitrouss oxide mixture, provided through a tracheal cannula. The experiments had 

beenn approved by the Animal Ethics Committee of the Medical School of the 

Universityy of Amsterdam. 

Too register motor unit action potentials, the masseter muscle was exposed 

andd twelve monopolar teflon-coated copper wire electrodes (bared tip: 1.5 mm, 

diameter:: 0.1 mm) were arranged in two regularly spaced rows parallel to the 

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

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

thee muscle. A reference electrode was attached to the skin in front of the masseter 

muscle;; the muscle was covered with paraffin oil to prevent dehydration. 

Motorr unit twitch force was measured using a two-component force 

transducerr attached to the zygomatic arch (see for an extensive description of the 

forcee registration method: Turkawski et a/., 1996, 1998). The zygomatic arch was 

detachedd from the skull at both ends. The transducer had three output voltages from 

whichh the magnitude and position of the motor unit force could be determined. 

Motorr unit action potentials and twitches were elicited by stimulating single 

motoneuronss extracellularly with square-wave constant current stimuli of 10-30 uA 

(pulsee width: 100 us), delivered to the left trigeminal motor nucleus (see Turkawski 

etet a/., 1998). To evoke twitch contractions single pulse stimuli were delivered at a 

ratee of 1/s. The criteria for selecting a single unit were based on force and action 

potentiall response (Turkawski era/., 1998). 

Actionn potentials and twitch force responses of 42 single motor units were 

registered,, each at 8 different jaw angles. Changes in jaw angle could be effected by 

aa custom made jaw opening device (Turkawski and Van Eijden, 2000b). With this 

devicee both the jaw opening angle and the center of rotation could be adjusted. The 

centerr of rotation coincided with the average location of the natural center of rotation 

forr jaw open-close excursions during mastication, viz. near the angular process of 

thee mandible, approximately 3 mm behind and 20 mm below the condyles (Weijs et 

a/.,, 1989). Registrations started with the jaw in occlusion ) and the jaw angle was 

subsequentlyy increased till , in steps of . In order to examine reproducibility, 

particularlyy to asses whether fatigue had an effect on the measurements, a second 

seriess of registrations was carried out in the reversed order (21  —> . For 
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averagingg purposes, at each jaw angle a series of 10-50 twitches was evoked. The 

stimuluss pulse served as a trigger for the averaging procedure. 

DataData analysis 

Thee 12 action potential signals were amplified (20,000x), band-pass filtered 

(40-40000 Hz) and stored on digital tape (Bio-Logic DTR-2602, resolution: 14 bit, 

bandwidth:: 2.5 kHz). The three output voltages of the force transducer were 

simultaneouslyy recorded (see for an extensive description of the analysis of force 

data:: Turkawski et al., 1998; Turkawski and Van Eijden, 2000b). The electrode with 

thee largest action potential amplitude (peak to peak) was selected on an 

oscilloscope.. This action potential signal was, together with the force signals, 

transferredd to a microcomputer (PC 486) at a sample frequency of 3 kHz 

(frequenciess above 1500 Hz do not occur, see Turkawski and Van Eijden, 2000a) for 

furtherr data processing with Labview software (National Instruments). For each jaw 

anglee the 10-50 action potentials and twitch force responses were averaged. A 

standardd fast Fourier algorithm was used to convert the action potential signal (with 

aa total length of 50 ms) from the time to frequency domain. The frequency spectrum 

hadd a resolution of approximately 20 Hz. Labview software was also used to 

calculatee the magnitude and position of the line of action of the motor unit twitch 

forcee from the three output voltages of the transducer. 

Thee average motor unit action potential was characterized by four variables: 

(1)) the integrated rectified action potential (INT), which was defined as the area 

underr the rectified action potential, (2) the median frequency (Med-Freq) of the 

powerr density function (Turkawski and Van Eijden, 2000a), (3) the duration of the 

actionn potential, which was defined by the time between the stimulus and the last 

peakk of the action potential, and (4) the amplitude of the action potential, which was 

definedd by the peak to peak voltage, i.e., the distance between the largest positive 

andd largest negative peak of the action potential. 

Thee action potential parameters were correlated with a number of force 

parameters,, determined from the average twitch response. For an extensive 

descriptionn of these force parameters is referred to Turkawski and Van Eijden 

(2000b).. Briefly, the twitch peak force was defined as the maximal value of the twitch 

response,, the twitch contraction time as the time between the initial rise of force 
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fromm the baseline and the twitch peak force. The position of the line of action of a 

motorr unit force vector was defined by its moment arm length, i.e., the perpendicular 

distancee between the line of action and the jaw joint, and by the angle relative to the 

antero-posteriorr x-axis. For each motor unit, a relationship was determined between 

jaww angle and normalized twitch peak force value (optimum twitch force 

magni tudes,, see below); a fourth order polynomial was fitted through the twitch 

peakk force data points. Various parameters were calculated from this jaw angle-

forcee curve (see Fig. 2, chapter 5): the steepest slope of the ascending limb of the 

curvee (al-slope), the steepest slope of the descending limb of the curve (dl-slope), 

thee intercept of the curve with the y-axis (y-intercept), the jaw angle at which the 

largestt twitch peak force was produced (optimum jaw angle), and the force at 

optimumm angle (optimum force). Values for the aforementioned four action potential 

parameterss and for twitch contraction time and the angle and moment arm length of 

thee action line were also determined at optimum jaw angle; for this purpose linear or 

quadraticc functions (best fit) were fitted through the data points of the relationships 

betweenn jaw angle and these variables. 

Means,, standard deviations and ranges at optimum jaw angle were calculated 

forr the various variables. They were exploratively analyzed for significance of 

correlationn (p<0.05). Rank Spearman correlations were used to avoid assumptions 

aboutt their distribution. In addition, change of action potential parameters was 

plottedd against jaw angle. 
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Figur ee 1. 
Plotss of a number of significant correlations between various action potential parameters and force 
parameterss of rabbit masseter motor units (n=42). Note, for example, the relatively weak correlation 
betweenn optimum twitch force and the integrated EMG value (top right panel) and the relatively strong 
correlationn between the moment arm length of the motor unit and the duration of the action potential 
(bottomm left panel); see Table 2 for coefficients of correlation. AP: action potential. 
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Result s s 

CorrelationCorrelation  between  action  potential  parameters  and force  parameters 

Tablee 1 gives means, standard deviations and ranges for the action potential and 

forcee parameters at optimum jaw angle. Examples of significant correlations 

betweenn a number of parameters at optimum jaw angle are plotted in Fig. 1. Table 2 

showss rank correlation coefficients between the parameters. 

Tablee 1. Mean, standard deviation (SD) and ranges (min, max) of motor unit action potential 
parameterss and force parameters determined at optimum jaw angle (n=42) 

meann SD min max 

integratedd EMG (uV) 

peakk to peak amplitude (uV) 

mediann frequency (Hz) 

durationn (ms) 

al-slopee ) 

dl-slopee ) 

y-intercept t 

optimumm angle ) 

optimumm force (mN) 

actionn line angle ) 

momentt arm length (mm) 

twitchh contraction time (ms) 

1233 3 

293 3 

425 5 

3.76 6 

0.12 2 

-0.06 6 

0.29 9 

12.15 5 

38.59 9 

78.05 5 

19.45 5 

28.48 8 

1095 5 

326 6 

119 9 

0.96 6 

0.06 6 

0.04 4 

0.27 7 

4.18 8 

44.22 2 

40.89 9 

18.34 4 

4.98 8 

265 5 

14 4 

201 1 

2.62 2 

0.02 2 

-0.21 1 

0.00 0 

5.40 0 

5.97 7 

14.71 1 

-11.62 2 

18.63 3 

5151 1 

1224 4 

775 5 

6.32 2 

0.27 7 

0.00 0 

0.91 1 

21.00 0 

246.67 7 

146.79 9 

53.69 9 

39.74 4 

Optimumm twitch force was on average produced at a jaw opening angle of 

.. Note, the large range of values of the various variables {Table 1). Obviously, the 

mutuall correlations between the two amplitude parameters (integrated EMG and 
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peakk to peak amplitude) and the time domain parameters (median frequency 

andd duration) of the action potential were relatively high (Table 2). A 

weakk correlation was found between the amplitude parameters of the 

actionn potential and the magnitude of optimum force, indicating that motor 

unitss producing larger forces tended to have action potentials with larger 

amplitudess (Fig. 1, Table 2). The correlations between on the one side the twitch 

contractionn time and on the other side the median frequency and duration of the 

actionn potential suggests that slower contracting motor units had action potentials 

withh longer durations. As these slower motor units are known to be preferentially 

locatedd in the anterior regions of the masseter (Turkawski and Van Eijden, 2000b), 

theree were also correlations between the moment arm of the motor unit force vector 

andd both the median frequency and duration of the action potential. Compared to 

moree posterior motor units, these anterior motor units had also different shapes of 

theirr angle-force relationships, i.e., they had steeper ascending limbs (Turkawski 

andd Van Eijden, 2000b). This explains why the duration of the action potential was 

correlatedd with the ascending limb (al-slope) and y-intercept of the angle-force 

curve. . 

TheThe effect  of  jaw opening  on the shape  of  the action  potentials 

Exampless of action potentials of three motor units at different jaw gapes are shown 

inn Fig. 2. With an increase of jaw angle the shape of the action potential changed 

gradually,, particularly its duration increased. Shape changes were reversible, as was 

shownn after a subsequent decrease of the jaw angle from the open position to 

occlusion,, indicating that the observed changes were not due to fatigue. The 

amplitudee of the action potential (integrated EMG and peak to peak amplitude) did 

nott change consistently during jaw opening. In contrast, the duration and median 

frequencyy changed significantly (Fig. 3). During jaw opening from 0 to 21  the 

durationn of the action potential increased on average by about 0.4 ms (11%) while 

thee median frequency decreased on average by 50 Hz (12%). The amount of 

increasee of the action potential duration depended on the antero-posterior location 

off the motor unit. It was larger anteriorly than posteriorly, as a significant correlation 

(r=0.48;; p<0.05) was found between the moment arm of the motor unit vector and 

thee increase in duration (Fig. 4). 
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Tablee 2. Rank correlation coefficients between action potential parameters and force parameters at 
optimumm jaw angle 

integratedd EMG peak to peak median duration 

amplitudee frequency 

integratedd EMG 

mediann frequency 

peakk to peak amplitude 

duration n 

al-slope e 

dl-slope e 

y-intercept t 

optimumm angle 

optimumm force 

actionn line angle 

momentt arm length 

twitchh contraction time 

1.00 0 

-0.12 2 

0.944 * 

-0.12 2 

0.25 5 

0.05 5 

-0.07 7 

-0.13 3 

0.366 * 

-0.266 * 

0.07 7 

-0.09 9 

0.944 * 

-0.02 2 

1.00 0 

-0.277 * 

0.14 4 

-0.06 6 

-0.06 6 

-0.07 7 

0.299 * 

-0.21 1 

-0.03 3 

-0.15 5 

-0.12 2 

1.00 0 

-0.02 2 

-0.566 * 

-0.18 8 

0.03 3 

0.18 8 

-0.23 3 

0.02 2 

0.19 9 

-0.455 * 

-0.466 * 

-0.12 2 

-0.566 * 

-0.277 * 

1.00 0 

0.355 * 

0.22 2 

-0.366 * 

0.25 5 

0.21 1 

-0.511 * 

0.766 * 

0.599 * 

** significant correlation (p<0.05) 

Discussio n n 

RelationshipRelationship  between  action  potential  and force  characteristics 

Thee present results showed a large variation of force and action potential 

parameterss of motor units in the rabbit masseter (Table 1). This variation confirms 

reportedd variation in motor unit morphology, e.g., the number of muscle fibers, their 

diameterr and their length {for review: Van Eijden and Turkawski, 2001). The number 

off muscle fibers can be considered as a major contributor to the magnitude of motor 

unitt force and to the amplitude of the action potential. Kwa et at. (1995a) found in 
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theirr sample of 32 motor units in the rabbit masseter a twentyfold range between the 

smallestt (40 fibers) and the largest (720 fibers) motor unit. This is consistent with the 

findingss of the present study, i.e., that twitch force magnitude and action potential 

amplitudee parameters showed a large range of values, and that motor units 

producingg larger forces tended to have action potentials with larger amplitudes. The 

relativelyy weak correlation between force magnitude and action potential amplitude 

couldd possibly be explained by the properties of the EMG electrode, including its 

limitedd pick-up area (see for an extensive discussion: Turkawski and Van Eijden, 

2000a). . 

Musclee fiber diameter is correlated to fiber type (Kwa et a/., 1995a; Korfage 

andd Van Eijden, 1999, 2000) and to the duration of the action potential (Hakansson, 

11 ms 

Figur ee 2. 
Shapee changes of the action potentials of three different motor units during jaw 
openingg in steps of . Note that with an increase of jaw angle the duration of the 
actionn potential increased progressively. 
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1956).. In the rabbit masseter faster motor units, which have shorter twitch 

contractionn times, have muscle fibers with larger diameters than slower motor units 

(Kwaa et a/., 1995a). As a consequence, it can be expected that faster motor units 

havee action potentials with shorter durations and this was confirmed by the results of 

thee present study. Another factor that might contribute to differences in action 

potentiall duration might be the initial length of the muscle fibers. Action potential 

durationn has been reported to increase with the length of the muscle fibers (Dumitru 

era/.,, 1999; Dumitru and King, 1999). 

Inn an earlier study (Turkawski and Van Eijden, 2000a) we also compared 

electricall and contractile properties of masseter motor units. However, in contrast to 

thee present study, comparisons were not made at the same optimum motor unit 

lengthh and tetanic peak force was used instead of twitch peak force. Nevertheless, 

inn the aforementioned study we also found positive correlations between the 

amplitudee of the action potential and the magnitude of the motor unit force, and 

betweenn the duration of the action potential and the twitch contraction time. Similar 
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Figur ee 3. 
Jaww angle vs. the increase of the duration and vs. the decrease of the median 
frequencyy of the motor unit action potential (means and standard deviations). 
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too the present results, no correlations were found between the amplitude of the 

actionn potential and twitch contraction time and a weak negative correlation was 

foundd between an amplitude and frequency parameter of the action potential. 

Thee masseter muscle can be considered as a heterogeneous muscle. For 

example,, antero-posterior differences do exist with respect to fiber type composition 

(Bredmann ef a/., 1990), motor unit force and twitch contraction time (Turkawski et a/., 

1998),, and the angle-force curves of the motor units (Turkawski and Van Eijden, 

2000b).. The present results showed that regional differences do also exist with 

respectt to the shape of the action potentials. Action potentials of motor units in the 

anteriorr masseter were slower than those in the posterior masseter, and this 

confirmss the results of Turkawski and Van Eijden (2000a). The antero-posterior 

differencee is primarily due to differences in fiber type composition, as the anterior 

musclee regions contain more slower units, with smaller fiber diameters, than the 

posteriorr regions. 
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Figur ee 4. 
Plott of motor unit moment arm lengths (determined at a gape of ) vs. the 
amountt of increase of the action potential duration per degree of jaw opening. The 
increasee was larger for anteriorly located motor units. 
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TheThe effect  of  motor  unit  length  on the shape  of  the action  potentials 

Thee present study demonstrated that the waveform of the action potential changed 

withh muscle length. The duration of the action potential increased by about 10% 

whenn the jaw was opened to an angle of 21  and the motor units were stretched. 

Thesee changes were not due to fatigue, as the initial shapes of the action potentials 

weree reproduced when the experiment was repeated in the reversed order (from 21

too . Fatigue effects were prevented by using twitches instead of tetani; 

furthermore,, the majority of rabbit masseter motor units can be considered as being 

fatiguee resistant (Kwa and Van Eijden, 2000). 

Actionn potential duration was relatively short (approximately 5 ms) in 

comparisonn with reports from the literature (approximately 10-20 ms; Kaiser and 

Petersen,, 1965; Falck et al., 1995; Dumttru and King, 1999). As the duration of the 

actionn potential is related to the length of the muscle fibers (see above), a possible 

explanationn for this short duration could be the relatively short muscle fibers of the 

rabbitt masseter (<6-8 mm; Langenbach and Weijs, 1990). A number of studies have 

shownn that stretching of muscle fibers results in a decrease of the conduction 

velocityy of the action potentials (Hakansson, 1956; Morimoto, 1986). This decrease 

iss generally attributed to the decrease in fiber diameter that results from stretching. 

Wee found that during jaw opening anteriorly located units showed a larger increase 

inn the duration of the action potential than more posteriorly located motor units. This 

differencee can probably be ascribed to a larger stretching of the anteriorly located 

units,, which were further away from the axis of open/close rotation. 

AA change of action potential shape has been reported earlier for motor units 

inn the human masseter during jaw opening (Miles et al., 1986). In contrast to the 

presentt results, however, these changes revealed no consistent pattern. Stephens 

etet al. (1975) reported a progressive decrease of peak to peak amplitude with an 

increasee of muscle length of cat medial gastrocnemius motor units. Such a decrease 

wass not found in the present study. 

Itt can be concluded that the waveform of the action potential of masseter 

motorr units is correlated to the magnitude and contraction time of motor unit twitch 

force.. Hence, motor unit action potentials can be used to obtain information about 

individuall motor unit functional properties. However, the waveform of the action 

potentiall changed with muscle length and this may confound attempts to make 

interferencess about these functional properties. 
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MORPHOLOGYY AND PHYSIOLOGY 
OFF MASTICATORY MUSCLE 

MOTORR UNITS 

Abstrac tt  - Motor unit territories in masticatory muscles appear to be smaller than 

territoriess in limb muscles and this would suggest a more localized organization of 

motorr control in masticatory muscles. Motor unit cross-sectional areas show a wide 

rangee of values, which explains the large variability of motor unit force output. The 

proportionn of motor unit muscle fibers containing more than one myosin heavy chain 

(MHC)) isoform is considerably larger in masticatory muscles than in limb and trunk 

muscles.. This explains the continuous range of contraction speeds found in 

masticatoryy muscle motor units. Hence, in masticatory muscles a finer gradation of 

forcee and contraction speeds is possible than in limb and in trunk muscles. The 

proportionn of slow type motor units is relatively large in deep and anterior 

masticatoryy muscle regions, whereas more fast type units are more common in the 

superficiall and posterior muscle regions. Muscle portions with a high proportion of 

sloww type motor units are better equipped for a finer control of muscle force and a 

largerr resistance to fatigue during chewing and biting than muscle portions with a 

highh proportion of fast units. For the force modulation, masticatory muscles rely 

mostlyy on recruitment gradation at low force levels and on rate gradation at high 

forcee levels. Henneman's principle of an orderly recruitment of motor units has also 

beenn reported for various masticatory muscles. The presence of localized motor unit 

territoriess and task specific motor unit activity permits differential control of separate 

musclee portions. This gives the masticatory muscles the capacity of producing a 

largee diversity of mechanical actions. In this review the properties of masticatory 

musclee motor units are discussed. 
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Introductio n n 

Duringg mastication and biting, the masticatory muscles generate forces that are 

responsiblee for the movements and deformations of the jaw and for the production of 

forcess at the teeth and temporomandibular joints. For an extensive review of various 

aspectss of the functional anatomy of the masticatory muscles and their control the 

readerr is referred to a number of recent publications (Lund, 1991; Miller, 1991; Mao 

etal.,etal., 1992; Hannam and McMillan, 1994). The motor unit can be considered as the 

basicc unit of motor activity, since it is the smallest unit that can be recruited and 

controlledd by the central nervous system. It consists of an a motoneuron and the set 

off muscle fibers innervated by this neuron. Each muscle fiber is innervated by only 

onee motoneuron and each motoneuron may innervate tens to thousands of muscle 

fibers.. Most muscles possess several hundred motor units. When a motoneuron is 

excitedd to discharge action potentials, the muscle fibers of the motor unit are 

activated.. As a result, these fibers start contracting and produce a force. Motor units 

showw a large variability in morphological and physiological characteristics which 

resultt in a wide range of properties with respect to, for example, force output, 

contractionn speed, and fatigability. 

Theree is a large body of knowledge on the properties of motor units in limb 

andd trunk muscles (see for recent reviews: Miles, 1994; Enoka, 1995; Sargeant and 

Jones,, 1995; McComas, 1998). However, such knowledge regarding masticatory 

musclee motor units is relatively sparse and it is not unreasonable to expect that they 

havee different properties compared to trunk and limb muscle motor units. The 

masticatoryy muscles are innervated by cranial nerves, whereas the limb and trunk 

muscless are innervated by spinal nerves. The cell bodies of the motoneurons of the 

masticatoryy muscles are located in the brain stem. A peculiar feature is that afferent 

feedbackk from muscle spindles in the jaw opening muscles is scarce or lacking (Van 

Willigenn et al., 1993). Masticatory muscle fibers have a number of characteristics 

thatt differ from limb and trunk muscles. They have considerably smaller cross-

sectionall areas than limb muscle fibers. Also, the type II fibers have smaller cross-

sectionall areas than type I fibers (Eriksson and Thornell, 1983; Korfage and Van 

Eijden,, 1999, 2000), whereas the reverse is true in limb and trunk muscles (Polgar et 

al.,al., 1973). In masticatory muscles, grouping of muscle fibers of the same type can 

bee found (human: Eriksson and Thornell, 1983; rabbit: Bredman et al., 1990), in 
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contrastt to the mosaic pattern in limb and trunk muscles, where fiber-type grouping 

iss considered as a pathological sign of denervation and re-innervation. With respect 

too the phenotype of their contractile proteins, masticatory muscle fibers express 

myosinn isoforms that are normally not expressed in adult trunk and limb muscles 

(Butler-Brownee et al., 1988; Bredman et a/., 1991a; d'Albis et a/., 1991; Stal et al., 

1994).. In addition, in masticatory muscles, a relatively large number of fibers 

expresss more than one myosin isoform (Stal er al., 1994; Korfage and Van Eijden, 

1999,, 2000), while recent results indicate that in trunk and limb muscles this 

phenomenonn is primarily observed in elderly subjects (Andersen era/., 1999). 

Onee of the main reasons for the relative scarcity of information on masticatory 

motorr units is that, in experimental animals, the motor roots of masticatory muscles 

aree less accessible for fiber splitting and subsequent electrical stimulation than those 

off limb and trunk muscles. The only report on a method of fiber stimulation was by 

Druzinskyy (1996) who stimulated single motor units in the rat masseter by impaling 

axonss in the mandibular nerve. Just recently, extracellular stimulation of 

motoneuronss in the rabbit trigeminal motor nucleus enabled the documentation of a 

largee number of masticatory motor unit properties (Weijs et at., 1993; Kwa et a/., 

1995a,b;; Kwa and Weijs, 1999; Kwa and Van Eijden, 2000; Turkawski et al., 1996, 

1998;; Turkawski and Van Eijden, 2000a,b,c). In the human external stimulation of 

masticatoryy motor units through the skin, like, for example, stimulation of the median 

nervee to stimulate motor units of the thenar muscles (Chan et ai, 1998), is not 

possible.. Alternatively, masticatory motor unit twitches have been recorded in bite 

forcee registrations by using the so-called spike-triggered averaging technique (for 

example,, see Nordstrom et ai, 1989; McMillan et ai, 1990). However, its 

applicabilityy to obtain motor unit properties is very limited. 

Thee present review examines current knowledge of morphological and 

physiologicall properties of masticatory motor units. Special emphasis will be given to 

thee variability of masticatory motor unit properties, the determinants of this variability 

andd their implications for masticatory muscle functioning. The review is divided into 

threee parts. In part 1, motor unit morphology, including the size and shape of motor 

unitt territories and the number of muscle fibers per motor unit, is evaluated. In part 

2,, motor unit contractile properties, such as motor unit force, speed of contraction, 

andd fatigability are reviewed. Also, the relationship between biochemical properties 

off muscle fibers and the motor unit's contractile properties will be summarized. 
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Finally,, in part 3, the mechanisms recruitment and rate gradation which are applied 

byy the central nervous system to modulate muscle force are discussed. 

Moto rr  uni t morpholog y 

SizeSize and shape  of  motor  unit  territory 

Inn animal muscles, motor unit territories can be mapped with the glycogen depletion 

methodd that was originally described by Edstrom and Kugelberg (1968). In this 

method,, a neuron is stimulated until the muscle fibers it innervates are depleted of 

glycogen.. These depleted fibers can then be visualized in a muscle histological 

sectionn where they are the only ones that are not stained by the periodic acid Schiff 

(PAS)) method (Fig. 1). With three-dimensional reconstructions from subsequent 

musclee sections, the number and spatial distribution of the motor unit fibers and the 

three-dimensionall size, position, and orientation of the motor unit territory and its 

relationshipp to tendon plates within the muscle can be ascertained. 

Glycogenn depletion studies have shown that the muscle fibers of motor units 

aree intermingled with each other and are restricted to a particular region of the 

muscle,, i.e., the motor unit territory. Within the territory of a motor unit, fibers of 15-

300 other motor units can be found (Buchthal and Schmalbruch, 1980). The distance 

betweenn fibers of a particular motor unit varies from zero (fibers in contact) to 

hundredss of micrometers. The fibers of a motor unit are primarily arranged in parallel 

andd not in series. Motor unit territories are often elliptically shaped and the relative 

territoryy occupied by a motor unit varies. In cat hindlimb muscles (Bodine-Fowler et 

a/.,, 1990), for example, the cross-sectional area of the motor unit territories ranges 

betweenn 8-76% of the whole muscle cross-sectional area. 

Ass most fibers of a motor unit are surrounded by fibers of other motor units, 

tensionn produced by an active motor unit is probably not only directly transmitted to 

tendonss and aponeuroses, but also indirectly through these surrounding passive or 

activee fibers (Trotter, 1993; Huijing et al., 1998). Hence, it is likely that muscle fibers 

mightt possess shear properties that permit them to transmit tension to neighboring 

musclee fibers. 
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Whilee in human muscles, motor unit territories cannot be assessed by the 

glycogenn depletion technique, Stélberg and Antoni (1980) developed the technique 

off electrophysiological cross-sectional scanning of motor units (scanning EMG) in 

humann muscles. In this technique, an electrode is moved through the territory of an 

activee motor unit. The length of the path over which motor unit activity is registered is 

usedd as an estimation of motor unit width. Using scanning EMG, Stalberg and 

Erikssonn (1987) and McMillan and Hannam (1991) estimated motor unit territory 

widthh in the human masseter muscle. In these studies, motor units were recruited at 

loww to moderate clench forces and therefore most recordings were likely to originate 

fromm low threshold slow type motor units. Since these units are preferentially located 

inn the deep part of the masseter muscle (see below), the motor unit sample was 

probablyy from the deep masseter. Stalberg and Eriksson (1987) found a medio-

laterall motor unit diameter of 3.7  0.6 mm (mean  SD; range: 0.6-12.5 mm; n=32) 

andd McMillan and Hannam (1991) found a mean medio-lateral and antero-posterior 

diameterr of 3.2  2.3 mm (range: 0.1-10.0 mm; n=32) and 6.1  4.0 mm (range: 0.3-

ytt i i 

Figur ee 1. 
Photomicrographh of a cryosection of rabbit masseter muscle showing a territory of 
aa motor unit. Motor unit fibers are not stained by the PAS method, because they are 
glycogenn depleted after exhaustive stimulation of the motoneuron. At the top and 
bottom,, horizontally oriented tendon sheets can be seen. 
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199 mm), respectively. Tonndorf and Hannam (1994) reported comparable sizes 

(n=162)) for the human masseter. Since the masseter muscle depth and width is 

aboutt 10-15 mm and 40 mm, respectively, these data indicate that the territories 

occupyy a limited portion (on average less than about 5%) of the muscle's cross-

sectionall area. Because of their larger antero-posterior diameter, the territories can 

bee considered to have medio-laterally flattened, elliptical cross sections. They are 

consideredd to be arranged in layers throughout the muscle (McMillan and Hannam, 

1991).. The three-dimensional territories are at least, approximately, three times 

longerr than wide, as the masseter muscle fiber length is on average 21.3  2.9 mm 

(Vann Eijden etai, 1997). By combining scanning EMG and high resolution magnetic 

resonancee imaging (MRI), Tonndorf and Hannam (1994) were able to determine 

motorr unit location relative to intramuscular tendon sheets. They found that most 

territoriess were located within discrete tendon-bounded compartments, while only 

10%% extended across tendons. The latter motor units were relatively large and did 

nott appear specific to any muscle region. The reported human masseter motor unit 

territoriess were small compared to those in human arm and leg muscles (Stalberg et 

a/.,, 1986). 

Usingg the glycogen depletion method, Herring and co-workers mapped 

masseterr muscle motor unit territories in infant and adult miniature pigs (Herring et 

a/.,, 1989, 1991), In both piglets and older animals, the territories were generally 

smalll and restricted, taking up no more than approximately 5-10% of the total 

musclee volume. These authors stimulated nerve filaments containing 1 to 5 axons. 

Tablee 1. Morphological characteristics of rabbit masseter motor units3 

meann SD min max 

cross-sectionall territory area (mm ) 

lengthh (mm) 

innervationn ratio 

%% motor unit fibers within area 

physiologicall cross-sectional area (mm2 

7.99 3.4 

9.99 4.1 

2411 158 

100 5 

0.99 0.7 

1.11 19.6 

55 23 

400 720 

11 20 

0.11 3.0 

Dataa from Kwa et a/. (1995a) 
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Therefore,, their experiments primarily involved multiple motor units. Weijs and 

coworkerss (Weijs et at., 1993; Kwa et al., 1995a) were able to induce glycogen 

depletionn in single motor units (n=32) of the rabbit masseter muscle by extracellular 

stimulationn of motoneurons in the trigeminal motor nucleus. Because the 

extracellularr stimulation technique preferentially stimulates large motoneurons, slow 

typee motor units with small motoneurons can not easily be recruited. Therefore, fast 

typee motor units were preferentially excited. Slow type fibers, however, are present 

inn only small amounts (<2%) in rabbit masseter muscle (Bredman et al., 1992; 

Sciotee and Kentish, 1996). Territory cross-sectional areas in the rabbit masseter 

weree relatively small (Table 1). The mean cross-sectional area was 7.9 mm2 in a 

totall mid-belly muscle cross-section of about 200 mm2. Hence, although in the rabbit 

masseter,, motor unit territories are smaller than in the human masseter, they 

occupy,, on average, about a similar percentage (4%) of the muscle's mid-belly 

cross-sectionall area. Territory areas in the rabbit masseter appeared to vary 

considerablyy in size (Table 1) and had a large diversity in shapes, both regular and 

irregular,, with the regular cross sections varying from ellipsoid to round. Three-

dimensionall reconstructions revealed that the shape of the territories was elongated 

alongg the mean direction of the muscle fibers. The length of the motor units (mean 

length:: 9.9 mm) exceeded the length of the muscle fibers (6-8 mm, Langenbach and 

Weijs,, 1990), which indicates the tendency for motor unit fibers to extend their area 

off attachment to an aponeurosis in the direction of the long axis of the muscle, 

ratherr than sideways (Weijs et al., 1993). Rabbit masseter motor unit territories were 

usuallyy restricted to single anatomical compartments, i.e., the motor unit fibers run 

fromm one side of the aponeurosis of origin to the facing side of the parallel insertion 

aponeurosis.. Restriction of these motor unit territories to small muscle sub-volumes 

wass mechanically confirmed by Turkawski et al. (1998). They attached a two-

componentt force transducer to the zygomatic arch of the rabbit and registered both 

magnitude,, position and direction of masseter motor unit force after extracellular 

motoneuronn stimulation. Their results showed that the lines of action of motor units 

withinn the masseter muscle have indeed a large variety of positions and directions 

andd that the variation of action lines was almost as large as the range of fiber 

directionss inside the muscle. 

Thee results described above indicate that in the human and animal masseter, 

thee motor unit territories are small and restricted to specific areas. Such an 
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organizationn permits differential control of separate muscle portions. It permits the 

productionn of internal force vectors with different directions and magnitudes in 

muscless with broad attachment areas and heterogeneous skeletal lever arms 

resultingg in differential mechanical actions (Van Eijden et a/., 1988; Van der Helm 

andd Veenbaas, 1991; Van Eijden and Koolstra, 1998). Such a differential control has 

indeedd been established for a number of masticatory muscles in the human (Belser 

andd Hannam, 1986; Tonndorf et a/., 1989; Blanksma and Van Eijden, 1990; 

Blanksmaa et a/., 1992; Van Eijden et a/., 1993; Murray et at., 1999), rabbit (Weijs 

andd Dantuma, 1981) and pig (Herring et a/., 1979). It should be noted that the 

resultss of Langenbach et al. (1992) in the rabbit, and of Herring and Wineski (1986) 

inn the pig indicate that contraction patterns become more heterogeneous with age. 

Thiss might imply that infant muscles are less capable of differential contraction, 

whichh might be due to larger and overlapping motor units in younger muscles, which 

inn turn might be the result of polyneural innervation. However, glycogen depletion 

experimentss in pig masseter demonstrated that motor unit territories were already 

veryy restricted in younger animals (Herring et al., 1991). 

Interestingly,, motor unit territorial areas in the masseter muscle occupied only 

aboutt 5% of the total muscle cross-sectional area and this is less than the motor unit 

territoriess reported in various limb muscles where motor unit territories occupy 10-

50%% of the muscle's cross section (Edstróm and Kugelberg, 1968; Burke and 

Tsairis,, 1973; Burke et al., 1974; English and Weeks, 1984; Bodine et al., 1987). 

Thiss suggests a more localized organization of motor control in masticatory muscles. 

NumberNumber  of  muscle  fibers  per  motor  unit 

Thee number of muscle fibers innervated by one motoneuron, i.e., the innervation 

ratio,, is an important factor in determining the motor unit force. The maximum force 

aa motor unit can produce is proportional to its physiological cross-sectional area. 

Thiss is the sum of transverse cross-sectional areas of all its muscle fibers. The larger 

thee innervation ratio, the larger the motor unit force. The innervation ratio differs 

acrosss muscles. Small muscles, for example, eye muscles, intrinsic hand muscles, 

havee lower innervation ratios (dozens) than large muscles (thousands), for example, 

quadricepss and gastrocnemius muscles, and this enables smaller muscles to exert 

musclee force more finely than larger muscles. The innervation ratio also varies within 
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aa particular muscle and varies, among other considerations, with muscle fiber 

characteristics.. For example, in the tibialis anterior of the cat (Bodine et al., 1987) 

andd medial gastrocnemius muscle of the rat (Kanda and Hashizume, 1992) the 

innervationn ratio of motor units consisting of slow type fibers is lower than that of 

motorr units consisting of fast type fibers. Hence, slow type motor units produce less 

forcee than fast type units. 

Inn human muscles, the innervation ratio can be estimated from autopsy 

material.. The number of motor units in a particular muscle can be assessed by 

estimatingg the number of axons of a motoneurons in a section of the nerve 

innervatingg the muscle. The mean innervation ratio is calculated by dividing the total 

numberr of muscle fibers by the total number of a motoneurons. It should, however, 

bee noted that there are some uncertainties with respect to the estimation of the 

numberr of a motoneurons (Enoka, 1995), such as the errors associated with 

distinguishingg between small- and large-diameter myelinated axons and between 

afferentt and efferent axons. Carlsöö (1958) estimated 1,452 and 1,331 motor units 

inn the human masseter and temporalis muscle, respectively, of one male cadaver. 

Thee estimated number of muscle fibers in these muscles was 929,000 and 

1,247,000,, respectively. Therefore, the calculated innervation ratios were 640 for the 

masseterr and 936 for the temporalis. The estimated average motor unit 

physiologicall cross-sectional area was 0.22 mm2 for the masseter and 0.29 mm2 for 

thee temporalis. Assuming an intrinsic tension of 30 N/cm2 for human masticatory 

muscless (Weijs and Hillen, 1985), the corresponding motor unit force would be 66 

mNN for the masseter muscle and 81 mN for the temporalis, which is within the range 

off tetanic motor unit forces reported by Turkawski et al. (1998) for the rabbit 

masseterr muscle. 

Usingg the glycogen depletion method, innervation ratios in the pig masseter 

(Herringg et al., 1989) were found to vary between 5 and 400, and in the rabbit 

masseterr (Kwa et al., 1995a) between 40 and 720 (Table 1). In the rabbit masseter, 

thee number of motor unit fibers expressed as a percentage of the total number of 

fiberss present within a motor unit area, i.e., the relative density, was on average 

10%.. This density showed a large variability. Using single fiber EMG and macro 

EMG,, Stalberg et al. (1986) examined the size and fiber distribution of motor units in 

humann masseter and temporalis muscles. Their results indicate that the fiber density 

inn the motor units of the temporalis was larger than in the masseter muscle. For the 
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rabbitt masseter, Kwa et a/. (1995a) found no correlation between innervation ratio 

andd the size of the territory but a high positive correlation between innervation ratio 

andd relative density. Hence, in the rabbit masseter an increase in fiber number is not 

associatedd with an increase of territorial area, but with a larger concentration of 

motorr unit fibers per mm2. Limb muscles of an animal of comparable size (cat) have 

smallerr relative densities (Burke and Tsairis, 1973, Burke et a/., 1974: 1-5%; 

Armstrongg ef a/., 1988: 5-9%), because motor unit territories of the rabbit masseter 

aree smaller and have the same range of innervation ratios. The physiological cross-

sectionall area of the rabbit masseter motor units was reported to vary between 0.1 

andd 3.0 mm2, pointing to a large variability of possible motor unit forces (Kwa ef a/., 

1995a).. Indeed, such a large variability has been demonstrated experimentally 

(Turkawskii et al., 1998; Turkawski and Van Eijden, 2000b). It can be concluded that 

inn rabbit masseter muscle, an increase in motor unit force may not affect the 

capabilityy of differential control of separate muscle portions, because a larger 

numberr of muscle fibers per motor unit is accompanied by an increase of fiber 

densityy and not by an increase of territorial area. 

Moto rr  uni t contractil e propertie s 

CharacterizationCharacterization  of  contractile  properties 

Ass indicated above, motor units can be stimulated electrically by using stimulating 

electrodes.. The resulting contraction of the unit is generally measured under 

isometricc conditions using a force transducer. After a single activation pulse, a twitch 

contractionn in all the fibers of the unit is generated. The twitch of a motor unit is a 

combinationn of all single fiber twitches (Fig. 2). The contractile speed of the unit is 

generallyy defined by the so-called twitch contraction time, which is the time to peak 

force.. The contractile twitch force of the unit is defined by the amplitude of the twitch. 

Twitchh force magnitude depends on the innervation ratio, the cross-sectional area of 

thee muscle fibers, and the specific tension of the muscle fibers, i.e., force per unit of 

cross-sectionall area. When a motoneuron is activated by a train of pulses, a series 

off similar twitches will be produced. At a sufficiently high stimulus rate, the 

successivee twitches will summate and fuse, resulting in a larger force than that of the 
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individuall twitches. The stimulus frequency at which complete fusion occurs is called 

thee fusion frequency. A further increase in the stimulus rate above the fusion 

frequencyy causes a further increase of force until maximum tetanic force is reached. 

Fatiguee can be defined as a decline in force during stimulation. A motor unit is 

fatiguee resistant if its force shows a relatively small or no decline, whereas a 

fatigablee unit shows a relatively large decline. The onset of fatigue is found to be 

associatedd with, for example, fiber type, stimulation history, and stimulation intensity 

(Burke,, 1967). 

Fastt unit 

CD D 
O O 

TCT T 

100 0 

90 0 
Sloww unit 

CD D 
O O 

Figur ee 2. 
TwitchTwitch registration of a relatively slow and fast motor unit of the rabbit masseter 
muscle.. TCT: twitch contraction time, TF: twitch force. For the slow unit TCT=34 
mss and TF=25 mN, for the fast unit TCT=16 ms and TF=93 mN. 
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Basedd on their contraction velocity and fatigability, motor units have been 

classifiedd (Burke, 1967; Burke et a/., 1973, 1974) into different types (Table 2): S 

(slow,, fatigue-resistant), FR (fast, fatigue-resistant), Fint (fast, intermediate 

fatigable),, and FF (fast, fatigable). This classification is primarily based on cat 

hindlimbb motor units. Fast units have twitch contraction times of less than 40 ms 

(Fig.. 2), whereas slow units have longer twitch contraction times. Unfused tetani are 

producedd if a motor unit is stimulated at intervals slightly longer than 1.25x its twitch 

contractionn time. After a while the force may decrease. This phenomenon, called the 

sagg property, is considered a reliable way to distinguish between fast and slow motor 

unitss (Burke, 1967; Burke et a/., 1973). Fast units show sag, whereas slow units do 

not.. The magnitude of the maximum tetanic force output is correlated to the motor 

unitt type: it decreases in the order of FF-Fint-FR-S. The fatigability of motor units is 

definedd by the so-called fatigue index (Burke et al., 1973, 1974). It is the ratio of 

tetanicc force produced after a stimulus regimen of 2 minutes (120 stimulus trains, 1 

stimuluss train/s, 13 pulses/train at 40 Hz) to the tetanic force produced at the first 

stimuluss train. Fatigable (F) units have fatigue indices of less than 0.25, intermediate 

fatigablee (int) units have fatigue indices between 0.25 and 0.75, and fatigue resistant 

(R)) units have fatigue indices larger than 0.75. 

TwitchTwitch  and tetanus  force 

Informationn on twitches of motor units in human and monkey masticatory muscles 

hass been obtained from the spike-triggered averaging technique (Goldberg and 

Tablee 2. Physiological classification of motor units3 

motorr unit type twitch contraction time (ms) sag fatigue index 

sloww (S) 

fastt fatigue resistant (FR) 

fastt intermediate fatigable (Fint) 

fastt fatigable (FF) 

aa based on cat hindlimb muscles (see Burke, 1967; Burke era/., 1973, 1974) 

>40 0 

<40 0 

<40 0 

<40 0 

no o 

yes s 

yes s 

yes s 

>0.75 5 

>0.75 5 

0.25-0.75 5 

<0.25 5 
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Tabl ee 3. Twitch contraction time (TCT) and twitch force of masticatory muscle motor units determined 
withh spike-triggered averaging 

numberr of TCT (ms) twitch force (mN) 

motorr units min max mean SD min max mean SD 

Goldbergg and Derfler (1977)^ 29 38 69 49 7.5 110 2050 

Yemm(1977) bb 149 24 91 56 0.98 296.94 

Nordstromm and Miles (1990)a 37 20 72 34.7 10.4 20 780 

McMillann era/. (1990)a 32 25 67 4.9 130.3 38.2 28.4 

Clarkk etal. (1978)c 24 17 31 126 1580 

33 Human masseter, b human masseter and temporal is, ' monkey temporalis 

Derfler,, 1977; Yemm, 1977; Clark etal., 1978; Nordstrom and Miles, 1990; McMillan 

etet ai, 1990). With this technique, a subject is instructed to produce a bite force. 

Simultaneously,, the activity of a single motor unit is recorded from an electrode 

insertedd into the muscle. Using feedback, the subject is capable of maintaining a low 

dischargee rate of the unit and its twitch force can be extracted from the total bite 

forcee signal. The firing rate is usually between 7 and 10 Hz, which implies that the 

twitchess are in fact partially fused (Nordstrom et ai, 1989). The twitch profiles 

measuredd with this method are biased by a number of factors, including firing rate, 

coactivationn of muscles and muscle structure (see for an overview: McMillan et ai, 

1990),, Furthermore, bite forces located at the teeth were measured. Because the 

mandiblee acts as a lever, twitch forces are considerably {up to 50%) smaller than 

thosee produced in the muscle under consideration and variation of twitch force is 

partlyy due to variation in motor unit position with respect to tooth location. In addition, 

bitee force transducers capable of registering force in only one direction have been 

usedd which may also contribute to the underestimation of forces (Van Eijden et ai, 

1990). . 

Twitchh contraction time and twitch force amplitude for human and monkey 

masticatoryy motor units (Table 3) have been reported to vary considerably (Goldberg 

andd Derfler, 1977; Yemm, 1977; Clark etal., 1978; McMillan etal., 1990; Nordstrom 

andd Miles, 1990). These studies point to a continuous distribution of twitch 
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contractionn times, without separate groups of slow and fast motor units. In contrast 

too the results from animal studies, a poor or no correlation between twitch amplitude 

andd twitch contraction time has been reported (Yemm, 1977; Goldberg and Derfler, 

1977;; Nordstrom and Miles, 1990). 

Informationn on the contractile properties of motor units of masticatory muscles 

inn animals is scarce. As described above, characteristics of rabbit masseter motor 

unitss have been examined by extracellular stimulation of motoneurons in the 

brainstemm (Weijs et a/., 1993; Kwa et a/., 1995a,b; Kwa and Weijs, 1999; Kwa and 

Vann Eijden, 2000; Turkawski et a/., 1996, 1998; Turkawski and Van Eijden, 

2000a,b,c).. In these studies, motor unit forces were registered indirectly, via a one-

componentt transducer attached to the teeth (Weijs et al., 1993; Kwa et al., 1995a,b; 

Kwaa and Weijs, 1999; Kwa and Van Eijden, 2000), or directly, via a two-component 

forcee transducer attached to the zygomatic arch (Turkawski et al., 1996, 1998; 

Turkawskii and Van Eijden 2000a,b,c). A major advantage of the latter method is that 

thee position and direction of motor unit force in the masseter muscle could be 

registeredd and that no transformation was needed from the force registered at the 

teeth. . 

Twitchh contraction time and twitch peak force for 249 masseter motor units in 

411 rabbits was registered by Kwa et al. (1995b) and for 78 motor units in 8 rabbits by 

Tablee 4. Contraction characteristics of rabbit masseter motor units 

Kwaa ef a/.a b Turkawski et al.c 

meann SD min max mean SD min max 

twitchh peak force (mN) 36.8 49.2 7.2 248.8 21.9 26.2 2 100 

twitchh contraction time (ms) 21.0 4.9 13 32 25.3 5.5 16 42 

tetanuss force (mN) 87.5 66.8 5 290 

twitch-tetanuss ratio 0.38 0.15 0.19 0.84 0.30 0.16 0.10 0.57 

sagg ratio 0.77 0.13 0.49 0.94 

fatiguee index 1.04 0.25 0.25 1.30 

fusionn frequency (Hz) 48 8 34 64 

Dataa from: 3 Kwa et al. (1995b)'1 Kwa and Weijs (1999)'Turkawski et al. (1998) 
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Turkawskii et al. (1998). In the latter study, tetanus force was also registered. These 

studiess indicate that rabbit masseter motor units are very fast (Table 4). Twitch 

contractionn time showed a continuous range between 13 and 32 ms (Kwa et al., 

1995b)) and between 16 and 42 ms (Turkawski et al., 1998). This range is relatively 

smalll and indicates that the masseter muscle of the rabbit contains only fast motor 

units.. In the similarly sized cat, twitch contraction time in limb muscles has been 

reportedd to range between 15-20 ms for the fastest units and between 40-110 ms for 

thee slowest units (Burke et al., 1973, 1974; Bodine ef al., 1987; Lev-Tov ef al., 

1988).. Twitch contraction time (mean range: 27-31 ms) determined after nerve 

stimulationn for several jaw closing and opening muscles in the cat also suggests that 

thee masticatory muscles are relatively fast (Mackenna and Türker, 1978). A 

comparablee result was found by Taylor et al. (1973), who directly stimulated small 

stripss of masseter (13.1  2.3 ms, n=18) and temporalis muscle (11.4  2.1 ms, 

n=21)) of the cat. It should be noted that twitch contraction time increases with motor 

unitt length. Turkawski and Van Eijden (2000b) demonstrated for rabbit masseter 

motorr units that during a jaw opening from 0  to 21  twitch contraction time 

increasedd by about 30%. 

Twitchh force in the rabbit masseter also showed a large variability and ranged 

betweenn 5 and 250 mN (Kwa et al., 1995b) and between 2 and 100 mN (Turkawski 

etet al., 1998). The majority of motor units (>80%), however, generated forces smaller 

thann 35 mN. There was a small but significant negative correlation between twitch 

forcee and twitch contraction time. Hence, the units that produced larger forces were 

fasterr and, therefore, it seems safe to assume that the physiological cross-section of 

fasterr motor units is larger than that of slower units, due to a larger innervation ratio 

and/orr larger fiber diameters. Interestingly, different motor unit types were found to 

bee distributed heterogeneously throughout the masseter (Turkawski et al., 1998, 

2000b).. The slowest contractions were produced by motor units in the anterior 

masseterr and the fastest contractions by units in the posterior deep masseter. In 

addition,, motor units in the anterior masseter showed more variability in force output 

comparedd to the posterior masseter and motor units in the deep masseter produced 

considerablyy less force (average: 25-50 mN) than motor units in the superficial 

masseterr (average: 45-50mN). Antero-posterior differences in contraction times are 

supportedd by histochemical studies (Bredman et al., 1990) which reveal that slower 
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musclee fibers predominate in deep and anterior regions, whereas faster fibers 

predominatee in more superficial and posterior regions (see below). 

Thee force produced by masticatory motor units also depends on their length. 

Duringg jaw movements they will undergo length changes and, because of the length-

forcee relationship of the sarcomeres, their force output will vary. The average jaw 

anglee at which masseter motor units produce maximum force is 12  and force output 

iss relatively low (20-60% of maximum force) at occlusion and relatively high (60-

100%% of maximum force) at a jaw gape of 21  (Turkawski and Van Eijden, 2000b). 

Tetanuss force is considerably larger than twitch force. Turkawski et al. (1998) 

foundd a mean twitch force of 21.9 mN and a mean tetanus force of 87.5 mN, and a 

meann twitch-tetanus ratio of 0.30. Kwa and Weijs (1999) found a mean twitch-

tetanuss ratio of 0.38. From the results of Taylor et al. (1973) twitch-tetanus ratios 

cann be calculated to be 0.13 for the cat masseter and 0.11 for the cat temporalis. 

Whenn compared to these ratios and that of the cat hindlimb muscles (range: 0.04 -

0.17),, the twitch-tetanus ratio for rabbit masseter motor units is relatively high 

(Fleshmann et al., 1981; Kernell et al., 1983a; Bodine et al., 1987; Robinson et al., 

1991).. This finding has been explained by the larger capacity for serial elasticity in 

hindlimbb muscles (Kwa and Weijs, 1999). 

Fromm the results described above it can be concluded that data on twitches of 

humann masticatory motor units should be interpreted with care, because the spike-

triggeredd averaging technique has a number of limitations, The large variability of 

motorr unit twitch and tetanic force seems, primarily, to be due to the variability of 

motorr unit cross-sectional area, as has been demonstrated for the rabbit masseter 

muscle. . 
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SpeedSpeed  of  contraction  and myosin  type 

Thee speed of contraction of motor units is largely dependent on the heavy chain of 

thee myosin proteins (myosin heavy chain, MHC). Immunohistochemical techniques 

havee revealed that in adult mammalian limb muscles at least four different isoforms 

off MHC are expressed: MHC-I, MHC-IIA, MHC-MD (or MHC-IIX) and MHC-IIB 

(Schiaffinoo and Reggiani, 1994). In the aforementioned order, these four isoforms 

demonstratee an increasing rate of ATP consumption and speed of contraction. 

Fiberss containing more than one type of MHC (for example l/l I A, or IIA/IID, or IID/IIB) 

havee intermediate contraction speeds (Larsson and Moss, 1993). The fiber specific 

tensionn does not seem to depend on MHC isoform type (Schiaffino and Reggiani, 

1996).. In adult masticatory muscles, two other MHC isoforms have been found: 

MHC-fetall (d'Albis et al., 1991) and MHC-cardiac a, which is identical to the cardiac 

specificc MHC found in adult myocardium (Bredman et al., 1991a). It is not known 

whyy the masticatory muscles have so many fibers expressing MHC-fetal or MHC-

cardiacc a. It is possible that the expression of these MHCs is determined by the 

connectivee tissue derived from neural crest cells (Bredman et al., 1991a). The MHC 

compositionn of muscle fibers can be mapped immunohistochemically with 

monoclonall antibodies against different MHC-isoforms (Fig. 3). Correlations between 

contractilee properties of motor units and MHC content of motor unit fibers can be 

establishedd by first classifying a motor unit physiologically and then classifying 

glycogenn depleted fibers on the basis of their immunoreactivity for MHC isoforms. 

Differencess in contraction velocity of muscle fibers can also be assessed 

usingg the traditional ATPase staining method. ATPase classified fiber types I, HA 

andd MB are, in general, found to correlate well with the immunohistochemically 

classifiedd MHC-I, MHC-IIA and MHC-IIB fiber types (Staron and Pette, 1986). 

However,, the ATPase technique cannot discriminate between MHC-IID and MHC-IIB 

(Schiaffinoo et al., 1989). Therefore, in a number of studies, masticatory muscle 

fiberss have erroneously been classified as being type I IB instead of type I ID 

(Erikssonn and Thornell, 1983; Bredman et al., 1990). Furthermore, type IM and IIC 

fibers,, showing intermediate ATPase reactions have been described (Brooke and 

Kaiser,, 1970; Ringqvist, 1974; Eriksson and Thornell, 1983). These intermediate 

fiberr types appear to contain two types of MHC (Thornell et al., 1984; Bredman et 

al.,al., 1992). Thus, the ATPase method has it limits because it is unable to discriminate 
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betweenn all MHC isoforms, including MHC-fetal and MHC-cardiac a, and it cannot 

distinguishh the MHC isoforms that can appear in any given fiber. 

Inn the last decade, the MHC content of motor unit fibers has been correlated 

withh their physiological properties. S units were associated with MHC-I, FR units with 

MHC-IIA,, and FF units with MHC-IIB (Larsson and Moss, 1993). Motor units are not 

necessarilyy homogeneous with respect to the MHC content of their muscle fibers. A 

motorr unit may consist of fibers with different types of MHC (rat lumbrical: Gates et 

a/.,, 1991; rat tibialis anterior: Larsson et a/., 1991). As stated previously, in one fiber 

moree than one MHC type {e.g., I/IIA or IIA/IID) may be found (Aigner et al., 1993; 

Staronn and Pette, 1993). These so-called hybrid fibers show intermediate 

contractionn speeds. It has been suggested that these hybrid fibers indicate fiber type 

transformation,, as a result of, for example, an increase or decrease of activity (for 

review,, see Pette and Vrbova, 1985). The following transition pathway of MHC 

isoformss has been suggested: I <H> l/IIA <-> MA <-> IIA/IID <-» IID/IIB <-> MB (Gorza, 

1990;; DeNardi et al., 1993). The proportion of hybrid fibers is considerably larger in 

masticatoryy muscles than in limb and trunk muscles (Butler-Browne et al., 1988; Stal 

etet al., 1994; Korfage and Van Eijden, 1999, 2000). This parallels the finding that 

masticatoryy muscles contain a relatively large number of ATPase intermediate (IM) 

fiberss (Ringqvist, 1974; Eriksson and Thornell, 1983; Rowlerson et al., 1983). The 

relativelyy large number of hybrid fibers confirms the continuous range of contraction 

speedss found in masticatory muscle motor units and facilitates a fine gradation of 

musclee contraction speeds. 

AA strong correlation between MHC isoform content and twitch contraction 

timee has been demonstrated for motor units in the masseter muscle of the rabbit 

(Kwaa et al., 1995b). In this latter investigation one motor unit was physiologically 

classifiedd as FF unit and the remaining units as FR. No MHC-IIB was found. The 

fiberss of the FF unit contained MHC-IID. Of the FR units, five were found to have a 

singlee MHC (3 MHC-IIA and 2 MHC-a). Eighteen motor units were found to be 

heterogeneous:: in three motor units all fibers contained one combination of two 

typess of MHC (1 MHC-IIA/IID, 1 MHC-HA/a, 1 MHC-a/l), and in fifteen motor units, 

twoo types of MHC were spread unevenly over the constituting fibers. No motor units 

weree found with fibers containing pure MHC-I, which is in agreement with Bredman 

etet al. (1992) and Sciote and Kentish (1996) who found that MHC-I fibers are 

relativelyy rare in the adult rabbit masseter muscle. MHC composition of the motor 
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unitss was plotted against twitch contraction time (Kwa et a/., 1995b). It appeared that 

thee continuous range of contraction speeds of the motor units matched the 

continuouss spectrum of MHC mixtures and that the contraction speed of fibers 

increasedd in the order of l-a-IIA-IID. The position of MHC-cardiac a in this range, 

betweenn MHC-I and MHC-II types, was also found by Sciote and Kentish (1996) 

usingg the slack-test method on skinned rabbit masseter muscle fibers. Because of 

thesee mixtures of MHC isoforms, classification of motor unit types can be expected 

too be less distinct in masticatory muscles than in limb and trunk muscles. This may 

implyy that in masticatory muscles, a finer gradation of force and movement is 

possiblee than in trunk and limb muscles. As Kwa et al. (1995b) did not have 

antibodiess against MHC-fetal at their disposal, the position of this MHC in the 

contractionn speed sequence is not known. 

Fiberr type composition of a particular masticatory muscle may vary 

considerablyy among individuals. These differences might be related to differences 

in,, for example, biopsy location, age, or gender (English et al., 1998; Tuxen et al., 

1999).. In addition, the biochemical properties of muscle fibers differ among species. 

Forr example, in large animals, similar muscles contain more slow type MHCs than in 

smalll animals. In rat (Kirkeby, 1996), cat (Taylor et al., 1973; Kirkeby, 1996) and 

rabbitt (Bredman et al., 1992), masticatory muscles are predominantly composed of 

typee II fibers, whereas human jaw muscles (Eriksson and Thornell, 1983; Sciote et 

al.,al., 1994; Korfage and Van Eijden, 1999, 2000) contain a relatively larger proportion 

off type I fibers. As is the case in the rabbit masseter, MHC-IIB is not found in human 

masticatoryy muscles. The absence of MHC-IIB indicates that human masticatory 

muscless are not very fast. In contrast, a superfast MHC-IIM has been demonstrated 

inn masticatory muscles of non-human primates and carnivores (Rowlerson et al., 

1983;; Hoh and Hughes, 1991). Because of these differences between human and 

animall masticatory muscles, care should be taken to extrapolate data on animal 

contractilee properties to human masticatory muscles. 

Fatigability Fatigability 

Forr a motor unit, the ability to maintain force during long term contractions is usually 

expressedd by the fatigue index. This index is defined as the ratio between the motor 

unitt force after and before several minutes of exhaustive stimulation. The only data 
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onn fatigability of motor units in human masticatory muscles was reported by 

Nordstromm and Miles (1990) on the masseter muscle. Using the spike-triggered 

averagingg technique, only two of their thirty seven units were classified as slow and 

thee remaining units as fast. The units showed a wide range of fatigability, and no 

significantt correlation was found between fatigability and twitch amplitude or 

contractilee speed. 

Byy exposing rabbit masseter motor units (n=41, fast type) to a standard 

stimulationn regimen to evoke fatigue, Kwa et al. (1995b) found that, except for one 

motorr unit, all motor units in the rabbit masseter had fatigue indices larger than 0.75 

andd could thus be classified as fast, fatigue resistant (FR). The mean fatigue index 

wass 1.04 (Table 4) and a relatively large number of motor units had indices greater 

thann 1. Hence, repetitive stimulation does not always lead to a decrease in force. 

Thuss far, the underlying mechanism of this phenomenon, called potentiation, has 

nott been elucidated. Potentiation is highly dependent on the nature of activation 

(Kernelll et al., 1983b). Fast units show greater potentiation than slow units (Parry 

andd DiCori, 1990; Kwa et al., 1995b). Taylor et al. (1973) reported post tetanic 

potentiationn to be present in cat masseter and temporalis muscle strips; after a 10 s 

periodd of tetani (1 train/s, train duration 0.5 s, frequency 100 Hz), twitch force 

increasedd to 130% of its pre-tetanic value. The same authors tested fatigability by 

thee application of slightly different stimulus trains (1 train/s, train duration 330 ms, 

frequencyy 55-90 Hz) and reported a force magnitude decrease after one minute of 

aboutt 25% of the initial value. These results indicate that the masseter and 

temporaliss muscle in the cat are relatively fast and fatigable. 

Thee ability of motor units to resist fatigue is correlated with the metabolic 

propertiess of the constituent muscle fibers. Muscle fibers of fatigue resistant motor 

unitss (S and FR) contain a substantial amount of aerobic end-oxidation enzymes. 

Musclee fibers of fatigable motor units (FF) are rich in glycolytic enzymes and low in 

enzymess of aerobic oxidative metabolism (for review: see Pette and Vrbova, 1985). 

Differentiationn between various types of fibers can be accomplished by 

histochemicall techniques like detection of succinate dehydrogenase (SDH) activity 

whichh is relatively high in S and FR fibers and low in FF fibers. The content of the 

aforementionedd enzymes in masticatory motor unit muscle fibers shows a 

continuouss spectrum. The discrimination between fatigable and fatigue-resistant 

motorr units, therefore, is arbitrary. 
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DistributionDistribution  of  fiber  and motor  unit  types 

Immuno-- and enzyme-histochemical studies in both animal and human masticatory 

muscless point to a heterogeneous distribution of fiber types across the muscles. 

Generally,, the more deep and anterior muscle regions contain relatively large 

numberss of slow fiber types, whereas the more superficial and posterior regions 

containn relatively large numbers of fast fiber types (pig: Herring et al., 1979; rat: 

Rokxx et al., 1984; monkey: Clark and Luschei, 1981; rabbit: Bredman et al., 1990; 

man:: Eriksson and Thomell, 1983; Korfage and Van Eijden, 1999, 2000). This 

heterogeneityy was physiologically confirmed in the rabbit masseter by Turkawski ef 

al.al. (1998), who found that the slowest contracting motor units were located in the 

anteriorr portion. 

Thee heterogeneous distribution of motor unit types correlates with the 

heterogeneouss activation patterns of the masticatory muscles during chewing or 

bitingg (pig: Herring et al., 1979; rabbit: Weijs and Dantuma, 1981; man: Blanksma 

andd Van Eijden, 1990, 1995; Blanksma et al., 1992, 1997). For example, in general, 

thee anterior regions of the temporalis muscle are more intensively used than its 

posteriorr regions and the deep regions of the masseter are more intensively used 

thann its superficial regions. In general, more slow type fibers are found in muscle 

areass that are more intensively used, indicating an adaptation to functional needs. It 

shouldd be noted that MHC content of motor units can be altered by exercise (Roy et 

al.,al., 1991; Adams et al., 1993), chronic electrical stimulation (Pette and Vrbova, 

1992),, and changes in thyroid and androgen hormone levels (Lyons et al., 1986; 

Hughess et al., 1993). Hence, transition of a faster fiber type to a slower fiber type, or 

vicevice versa, may occur. During such a transition, fibers may contain more than one 

typee of MHC and are referred to as hybrid. Chronic low-frequency stimulation has 

beenn demonstrated to induce a fast-to-slow transition (Pette and Vrbova, 1985; 

Pette,, 1990; Rafuse ef al., 1997). Thus, fast type fibers can transform into slow type 

fiberss if they are chronically stimulated and this could explain why there are more 

sloww type fibers in areas that are more intensely activated (Hensbergen and Kernell, 

1997).. Compared to fast type motor units, slow type motor units produce less force 

andd are recruited predominantly in the initial phase of force development. It can 

thereforee be expected that muscle portions with a high proportion of slow type motor 

unitss are better equipped to regulate the magnitude of the force produced during 

chewingg or biting than muscle portions with a low proportion of slow units. 
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Moto rr  uni t activatio n 

Thee magnitude of force produced by a muscle can be modulated by the central 

nervouss system by two mechanisms: (1) varying the number of motor units that are 

recruitedd (recruitment gradation) and (2) varying the discharge rate of action 

potentialss of each motor unit (rate gradation). Although both mechanisms occur 

simultaneously,, their relative contributions differ. In general, recruitment gradation is 

moree applicable at low force levels and rate gradation at high force levels (Hennig 

andd Lorno, 1987; Fournier and Sieck, 1988). However, the relative contribution of 

bothh mechanisms to the force output at a particular force level is muscle specific 

(Mori,, 1973; Monster and Chan, 1977). The general principle may also be applicable 

forr the human masticatory muscles. At relatively low bite force levels (0-20% of the 

maximum),, between 50% (Goldberg and Derfer, 1977; Hannam and McMillan; 1994) 

andd 87% (Scutterand Turker,1998) of the masseter motor units are recruited. 

RecruitmentRecruitment  gradation 

Thee excitability of a motoneuron is inversely related to the size of its 

perikaryon.. This size varies among motoneurons in a motor pool. Small 

motoneuronss reach their activation threshold and start firing earlier than 

largee motoneurons. Therefore, as the excitatory input to a motor pool increases, the 

motoneuronss of this pool are recruited in an orderly sequence, i.e., in order of 

motoneuronn size (Henneman et al., 1965). With a decrease in excitatory input, the 

motoneuronss are de-recruited in the reverse sequence. As the size of the 

motoneuronss is closely related to the size of the motor units, i.e., small motor 

unitss are innervated by small motoneurons and large motor units by large 

motoneurons,, the recruitment of motor units is also assumed to occur in the 

samee orderly sequence. At low muscle force, the smaller type S motor units are 

recruitedd first and with an increase of force the larger type F motor units are 

added.. As the type S motor units are slower and produce less force and are 

lesss susceptible to fatigue than type F motor units, this progressive recruitment 

allowss for a fine control of muscle force and a large resistance to fatigue at low 

contractionn levels. 
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AA parameter which is commonly used to characterize motor unit recruitment 

ass a function of motor unit size is the recruitment threshold (also force or activation 

threshold),, i.e., the muscle force at which the unit is first activated. Generally 

speaking,, because the force produced by the individual masticatory muscles cannot 

bee measured directly, the recruitment threshold is routinely defined by the bite force 

levell at which the unit is activated. The size of the motor units has been estimated 

byy the amplitude of the motor unit action potential (see for example: Yemm, 1977; 

Goldbergg and Derfler, 1977; Desmedt and Godaux, 1979; Scutter and Türker, 1998). 

Alsoo twitch force, determined by spike-triggered averaging, has been used to 

estimatee the size of the motor units, but this technique is less accurate for this 

purposee (see above). 

Motorr unit action potential can be defined as the sum of the action potentials 

propagatedd by the muscle fibers that belong to that motor unit (Stalberg et a/., 1996). 

Thee action potentials of the single fibers differ in amplitude and in frequency content 

andd they are temporally and spatially dispersed. For this reason, motor unit action 

potentialss differ in shape. Differences in amplitude are clearly associated with 

differencess in motor unit size, i.e., differences in dimensions of individual fibers as 

welll as the number of active fibers (Burke and Tsairis, 1973). The size and shape of 

motorr unit action potential also changes with muscle length (human: Miles et at., 

1986;; rabbit: Turkawski and Van Eijden, 2000c). Also, the distance between active 

fiberss and electrodes plays an important role (Fuglevand et al., 1992). It should be 

notedd that at force levels larger than 30% of maximum force, it becomes increasingly 

difficultt to distinguish single motor unit action potentials in the interference EMG. 

Recently,, information about the relationship between motor unit action potential 

parameterss and motor unit size and contractile properties not hampered by such 

interferencee EMG has become available through stimulation of rabbit masseter 

motorr units (Turkawski and Van Eijden, 2000a,c). Motor units producing larger 

forcess tended to have action potentials with larger amplitudes and faster motor units 

hadd action potentials with shorter durations. 

Inn the majority of the above-mentioned studies on motor unit recruitment of 

masticatoryy muscles, motor unit size and motor unit threshold are related to bite 

forcee magnitude, assuming that the contribution of the relevant muscle to the 

productionn of total bite force is linear with the bite force. The masticatory system, 

however,, is mechanically redundant, implying that more than one muscle contributes 
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too the production of a particular bite force. Therefore, this contribution is not 

unambiguouss and varies with, for example, the direction of bite force (Van Eijden et 

al.,al., 1990), tooth location (Van Eijden etal., 1993), jaw opening angle (Koolstra era/., 

1988),, and muscle and sarcomere length (Koolstra and Van Eijden, 1997). Also, the 

motorr unit's recruitment threshold is not fixed but depends on a number of 

parameters,, including contraction velocity (Büdingen and Freund, 1976) and muscle 

lengthh (Miles et al., 1986). Therefore, one should be careful in using the bite force 

recruitmentt threshold as the only criterion for characterizing motor units. These 

factorss can be excluded if muscle force can be estimated more directly, and 

thereforee the surface EMG recruitment threshold determined from the activity of the 

musclee under consideration has been advocated as an alternative (Scutter and 

Tilrker,, 1998). 

Henneman'ss principle of an orderly recruitment of single motor units 

(Hennemann et al., 1965) has been reported for various jaw closing muscles, with the 

smallestt units being recruited first and the larger units being progressively recruited 

ass force increases (human masseter and temporalis: Yemm, 1977; monkey 

temporalis:: Clark ef al., 1978; monkey masseter, temporalis and medial pterygoid: 

Lundd et al., 1979; human masseter: Goldberg and Derfler, 1977; Desmedt and 

Godaux,, 1979; Scutter and Türker, 1998). The results of these studies show that 

motorr units with high recruitment thresholds tend to produce larger twitch forces than 

unitss with lower thresholds. Motor unit action potential amplitude, twitch tension and 

recruitmentt threshold have been reported to be mutually proportional (Goldberg and 

Derfler,, 1977; Clark ef al., 1978; Scutter and Türker, 1998). In accordance with 

thesee observations are the results of Turkawski and Van Eijden (2000a,c), that 

revealedd a correlation between motor unit force and action potential amplitude upon 

singlee motor unit stimulation of rabbit masseter motor units. 

Thee recruitment threshold of motor units appears not to be fixed but depends 

onn the motor task. For example, the threshold has been reported to vary with bite 

forcee direction (Hattori et al., 1991) and the duration of muscle contraction 

(Nordstromm and Miles, 1991). Furthermore, an increase in threshold has been 

associatedd with an increase in jaw gape and muscle length (Miles ef al., 1986) and 

withh a decrease in muscle contraction velocity (Desmedt, 1983). Many mechanisms 

responsiblee for this modulation of recruitment threshold have been proposed, 

includingg changes in excitability of the motoneuron pool, inhibition mediated by Golgi 
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tendonn organs, presynaptic inhibition, and Renshaw inhibition (for an overview: see 

Hannamm and McMillan, 1994; Scutter and Türker, 1998). In addition, the recruitment 

orderr also appears not to be fixed. For example, in case of excitation input to the 

motoneuronn pool, motor units are more or less simultaneously recruited (Desmedt, 

1983).. A reverse recruitment order has also been reported during slow ramp 

contractionss (Hannam and McMillan, 1994). 

RateRate gradation 

Whenn a motoneuron is activated by a series of pulses with a sufficiently high 

frequency,, the successive twitches will summate and fuse, resulting in a larger force 

thann that of the individual twitches. The relationship between stimulation frequency 

andd motor unit force is described by a force-frequency curve (Fig. 4) which has a 

sigmoidd shape (Kernell et a/., 1983b; Botterman ef a/., 1988; Bakels, 1993). In the 

firstt low plateau of the curve, stimulation rate is low and no fusion of twitch forces 
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Figur ee 4. 
Force-frequencyy curve of a slow (left curve) and fast (right curve) motor unit of cat 
peroneuss longus muscle. The steep part of the curve is the optimal part for force 
modulationn by rate gradation. Slow units seem to be more sensitive to rate 
gradationn than fast units. Adapted from Bakels (1993). 
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occurs.. In the beginning of the steep part of the curve, gradual summation of 

twitchess starts. In the human masseter, summation of twitches is believed to start at 

7-100 Hz (Nordstrom and Miles, 1989). At the so-called fusion frequency, complete 

fusionn occurs. A further increase of the discharge rate goes along with a further 

increasee in the force until maximum tetanic force is reached at the second plateau. 

Thus,, the force output of a single motor unit can be modulated by the discharge 

frequencyy of its motoneuron. The steep part of the curve is the most optimal and 

mostt sensitive part for force modulation by rate gradation, as in this portion of the 

curvee a small change in discharge rate results in a considerable change of force. 

Thee rate modulation sensitivity is determined by the steepness of the curve. 

Thee force-frequency curves of slow and fast motor units are different. First, in 

sloww units, the frequency at which fusion starts and the fusion frequency are lower 

thann in fast units. In other words, at a particular stimulation frequency, slower motor 

unitss display more fusion than that found in faster motor units. In rabbit masseter 

motorr units (n=20), Kwa and Weijs (1999) found a fusion frequency of 37 Hz for the 

slowestt (twitch contraction time: 30 ms) and a fusion frequency of 55 Hz for the 

fastestt motor units (twitch contraction time: 17 ms) examined. These fusion 

frequenciess are lower than those reported for hindlimb muscles, where values of up 

too 100 Hz have been reported for the fastest units (Celichowski and Grottel, 1995). 

Second,, the inclination of the curve's steep portion is larger in slow than in fast units 

(Kernelll et al., 1983b; Kwa and Weijs, 1999). Hence, slower units seem to be more 

sensitivee to rate gradation than fast units and need a smaller change in stimulation 

frequencyy to achieve the same relative force change. Finally, the difference between 

twitchh force (first plateau of the curve) and maximum tetanic force (second plateau 

off the curve) is smaller for slow than for fast units. The relative difference can be 

expressedd by the twitch-tetanus ratio. Kwa and Weijs (1999) found twitch-tetanus 

ratioss in rabbit masseter motor units to range between 0.19 and 0.84 and indeed 

foundd that slower units had larger ratios than faster units. 

Thee range of individual motor unit discharge frequencies during natural 

functioningg is relatively small and the reported frequencies are relatively low 

comparedd to those studied in experiments in which force-frequency relationships 

havee been determined (Miles, 1994). Kwa and Weijs (1999) observed spontaneous 

firingg rates in the rabbit masseter between 15 and 33 Hz, which is comparable to the 

ratess reported for motor units in the temporalis muscle of the rhesus monkey (Clark 
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etet ai, 1978). This would imply that, normally, fusion of twitches does not occur in 

rabbitt masseter motor units and that rate gradation is effective predominantly in 

slowerr units. Eriksson et al. (1984) reported firing rates for human and temporalis 

motorr units during voluntary isometric contractions when force increases from slight 

too moderate. The lowest rate of firing was between 5 and 8 Hz, and the highest rate, 

betweenn 20 and 25 Hz. Beyond this force, other units often disturbed the recordings 

andd therefore higher force levels could not be investigated. 

HeterogeneousHeterogeneous  activation 

Itt has been known for quite sometime, especially in anatomically complex muscles 

withh large attachment areas, that different muscle regions can be activated more or 

lesss independently from each other, depending on the task. In some muscles, the 

independentt activation of discrete muscle regions has been associated with different 

innervationn patterns. This feature has been termed compartmentalization (English 

andd Letbetter, 1981). For various aspects of the functioning of complex muscles and 

off compartmentalization, the reader is referred to the literature (English and Weeks, 

1984;; English and Weeks, 1987; Stuart et al., 1988; Windhorst et al., 1989; 

Chanaudd and Macpherson, 1991; Chanaud et al., 1991a,b; Pratt and Loeb, 1991; 

Prattt et al., 1991; Sokoloff et al., 1998). In addition, it has been shown that motor 

unitss within a given muscle region show task-dependent behavior (Desmedt and 

Godaux,, 1981; Ter Haar Romeny et al., 1984; Hoffer et al., 1987). Hence, the 

motoneuronss in a motoneuron pool of a particular muscle are not likely to be 

subjectedd to the same excitatory inputs. Such a heterogeneous activation of the 

populationn of motor units in a muscle is not restricted to structurally complex 

muscless (Milner-Brown et al., 1973; Van Zuylen era/., 1988; Hoffer et al., 1987). 

AA large number of studies have shown regional differences in muscle 

activationn in both human and animal masticatory muscles and indicate that the 

activityy of various muscle regions is task specific (Weijs and Dantuma, 1981; Herring 

etet al., 1979; Belser and Hannam, 1986; Blanksma and Van Eijden, 1990, 1995; 

Blanksmaa et a/., 1992, 1997; Van Eijden et al., 1990, 1993; Murray et al., 1999; 

Weijss et al., 1999). For example, the relative contribution of various muscle regions 

too the production of bite force changes with the magnitude and direction of the 

exertedd bite force (Van Eijden et al., 1990; Blanksma and Van Eijden, 1990; 
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Blanksmaa et al., 1992). In agreement with these observations, masticatory muscle 

motorr units have also demonstrated task-related behavior. Separate groups of motor 

unitss are recruited as the task changes (temporalis: Eriksson et al., 1984; McMillan, 

1993;; masseter: Eriksson ef a/., 1984; McMillan and Hannam, 1992; lateral 

pterygoid:: McMillan and Hannam, 1989). For instance, most motor units in the 

posteriorr superficial part of the masseter muscle, but not in the anterior, inferior, or 

superficiall regions, contribute to tasks involving tooth contact (McMillan and 

Hannam,, 1992). This task specific behavior points to task-related changes in neural 

drivee to motor units and reflects central and peripheral differential influences on a 

muscle'ss motoneuron pool. For example, the number of muscle spindles is relatively 

largee in muscle regions containing relatively large numbers of slow type fibers 

(Rowlersonn et a/., 1988; Bredman et a/., 1991b; Sciote and Rowlerson, 1998) and 

thiss might facilitate differential control of different muscle regions. In addition, the 

differentiall regional muscle activation is in accordance with the reported somatotopic 

distributionn of motoneurons in the nucleus of the trigeminal nerve. For example, 

withinn the masseter motoneuron pool, the motoneurons for the superficial and deep 

masseterr occupy different regions and motoneurons for the anterior and posterior 

deepp masseter could also be distinguished (rabbit: Matsuda et al., 1978; Weijs, 

1996;; guinea pig: Uemura-Sumi et al., 1982; rat: Rockx et al., 1985). The amount of 

overlapp between the regions reported in the various studies varied from none 

(Matsudaa et al., 1978; Uomura-Sumi et al., 1982) to about 50% (Weijs, 1996). This 

organizationn permits a differentiation of descending or afferent input to separate 

regionss in the motoneuron pool. It also enables differential activation between the 

variouss muscle portions during the execution of various motor tasks. Within the 

populationn of motor units belonging to a muscle region, the recruitment order might 

bee fixed in agreement with the size principle (Riek and Bawa, 1992). 

MechanicalMechanical  heterogeneity 

Thee possible selective activation of muscle regions gives a muscle the potential to 

havee numerous lines of action that differ in orientation and position, especially in 

casee of architecturally complex muscles with broad attachment areas, like the 

masseter,, temporalis and pterygoids. Muscles with large attachment areas are 

mechanicallyy interesting because they have the capability to affect various and 
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variablee degrees of freedom, during selective activation of different muscle parts 

(Vann der Helm and Veenbaas, 1991). Because the masticatory muscles have a 

complexx architectural design with broad attachment areas and with fibers usually not 

runningg parallel to each other, they can be approximated by a large number of three-

dimensionall force vectors, having no common origin or insertion. Therefore, these 

muscless are able to apply forces to the lower jaw with respect to the upper jaw with 

sixx degrees of freedom. Such a mechanical diversity has been shown not only for 

relativelyy large muscle portions (Van Eijden et a/., 1995, 1996, 1997), but also for 

singlee motor units (Turkawski et a/., 1998; 2000b). Representing such a complex 

musclee by a single force vector would be appropriate in the case of homogeneous 

activation.. However, it underestimates its potential mechanical effect in case of 

selectivee activation of specific muscle regions and motor units. 

Ass motor units in architecturally complex muscles have different intramuscular 

positions,, their length changes and their capability for force production will differ. 

During,, for example, jaw open-close movements motor units situated anteriorly in 

thee masseter are further away from the axis of rotation than posteriorly situated units 

and,, therefore, their sarcomeres will undergo greater excursions. Consequently, 

changess of motor unit force as a function of jaw angle can be expected to be larger 

inn anteriorly located motor units. Indeed, clear antero-posterior differences in the 

shapee of angle-force curves of masseter motor units have been demonstrated 

(Turkawskii and Van Eijden, 2000b). Compared to posteriorly located motor units, 

anteriorlyy located units produced less relative force at occlusion, showed a steeper 

increasee of force with jaw angle and produced larger force at maximum ) jaw 

opening.. One of the implications of this heterogeneity is that motor units and muscle 

portionss differ in their capability to participate in particular motor tasks. 

Concludin gg remark s 

Morphologicall and physiological properties of masticatory muscle motor units have 

beenn studied in various animals and in human. It must be emphasized that most 

128 8 



MorphologyMorphology and physiology of masticatory muscle motor units 

studiess have been confined to the masseter muscle, a jaw-closing muscle. Hence, 

caree should be taken to extrapolate findings since the architectural and physiological 

propertiess of the jaw-closing muscles may differ from those of, for example, the jaw-

openingg muscles. Some of the methods employed have a number of limitations. For 

example,, the spike-triggered averaging technique has been used to study human 

motorr unit twitch forces. The twitch profiles obtained with this technique may be 

biasedd by a number of factors, including co-activation of muscles. The method of 

extracellularr stimulation, applied in the rabbit masseter, may be biased due to a 

preferencee for fast motor unit excitation. Furthermore, care should be taken to 

extrapolatee data on contractile properties of animal masticatory muscles to human 

masticatoryy muscles, because of differences in biochemical composition of muscle 

fibers. . 

Masticatoryy muscle motor units differ considerably from limb and trunk muscle 

motorr units. Thus far, it is not known why the masticatory muscles have so many 

differentt properties and the mechanisms that are responsible for these differences 

havee still not been elucidated. In masticatory muscles, the organization of motor 

controll is more localized and the classification of motor unit types is less distinct. 

Thesee features imply that, in masticatory muscles, a finer gradation of force and 

movementt is possible than in limb and trunk muscles. Differences among motor 

unitss with respect to contraction force and contraction speed seem to be primarily 

relatedd to the variation of physiological cross-sectional area and to the variation of 

MHCC isoform content, respectively. An intriguing feature is that the biochemical 

propertiess of muscle fibers, including the MHC isoform content vary with, for 

example,, age, gender, activation intensity and hormone level, as has been 

demonstratedd for limb muscles. Thus far, however, there is a lack of information 

whetherr such variation is applicable to masticatory muscle motor units and to what 

extent.. Such information is important for two reasons. First, it can shed light on the 

mechanismss that determine the physiological properties of masticatory motor units 

andd on the factors that are responsible for the heterogeneous distribution of motor 

unitt types across muscles. Second, it is not unrealistic to expect that adaptational 

changess of, for example, MHC content could occur in clinical situations, such as 

bruxism,, aberrant dental occlusion, orthodontic and gnathosurgical interventions, 

abnormall craniofacial morphology, and age-related or edentulous masticatory 

musclee and jaw bone atrophy. Such changes could change motor unit physiological 
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properties,, affecting the loading of the jaws, teeth and temporomandibular joints. 

Thee capacity for adaptational changes may differ across motor units, muscles and 

animals. . 
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SUMMARYY AND CONCLUSIONS 

Inn the studies described in this thesis the mechanical and electrical properties of 

motorr units in the masticatory muscles, particularly in the masseter muscle of the 

rabbit,, were examined. 

Background Background 

Thee morphology of a motor unit, e.g., the number of muscle fibers, their myosin 

heavyy chain composition, their cross-sectional area and their length, can be 

expectedd to be related to its contractile and electrical properties, such as the 

magnitudee and duration of the twitch force and the amplitude and duration of the 

actionn potential. Glycogen depletion studies have indicated that the morphology of 

motorr units in the rabbit masseter shows a large variation. One of the purposes of 

thee present study was to examine whether this variation in morphology is also 

reflectedd by a variation in the forces and action potentials produced by the motor 

unitss of the masseter muscle. 

Immuno-- and histochemical studies have reported a heterogeneous 

distributionn of fiber types across the masseter muscle, e.g., the proportion of slow 

typee fibers is relatively large in the deep and anterior muscle regions, whereas the 

proportionn of more fast type fibers is relatively large in the superficial and posterior 

musclee regions. Hence, it can be expected that different motor unit types are 

distributedd accordingly. In the present study we were able to examine the 

relationshipp between motor unit type and motor unit position by determining 

simultaneouslyy motor unit properties and motor unit intramuscular position. 

Becausee the muscle fibers in the masseter have different intramuscular 

positionss and orientations, non-uniform fiber excursions across the muscle will occur 

duringg jaw movements. As the force a muscle fiber is capable of producing depends 
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onn the length of its sarcomeres and the duration of its action potential depends on 

thee fiber diameter, it can be expected that motor unit force and motor unit action 

potentiall will change with the position of the jaw and that the amount of change will 

dependd on the intramuscular position of the motor unit. In the present study these 

changess were examined by recording motor unit properties at different jaw gape 

angles. . 

RegistrationRegistration  of  masseter  motor  unit  properties 

Motorr unit properties of more than 120 rabbit masseter motor units were determined. 

Motorr unit twitches or tetani were elicited by stimulating motoneurons extracellularly 

inn the trigeminal motor nucleus. The forces produced by single motor units in the 

masseterr are very small. Therefore, a new transducer was developed capable of 

measuringg both the magnitude and the line of action of these small forces. The 

transducerr allowed for the accurate registration of motor unit forces as small 

ass 5 mN. Action potentials of motor units were registered by monopolar 

electrodess inserted into various antero-posterior and superficial-deep regions of the 

muscle. . 

Inn order to examine the effect of jaw position on motor unit properties, a jaw 

openingg device was developed. An important feature of this device is that the center 

off jaw open-close rotation can be adjusted to a position coinciding with that during 

naturall mastication. 

VariationVariation  of  motor  unit  properties 

Itt appeared that the forces produced by the motor units in the masseter differed 

considerablyy in position, orientation, amplitude, and contraction duration. The 

positionall variation was almost as large as the range of fiber positions and directions 

foundd inside the muscle. Twitch contraction time of the motor units ranged from 16 

too 42 ms, indicating that the motor units of the rabbit masseter are relatively fast; 

tetanicc peak force ranged from 5 to 290 mN. Faster motor units had action potentials 

withh shorter durations and motor units producing larger forces tended to have action 

potentialss with larger amplitudes. Faster motor units had no significant larger 

amplitudee of their action potential. 
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HeterogeneityHeterogeneity  of  motor  unit  properties  across  the masseter 

Motorr units with different contraction forces and contraction velocities were 

distributedd heterogeneously across the muscle. On average motor units in the deep 

partss of the masseter produced considerably less twitch force (average: 25-30 mN) 

thann those in the superficial parts (average: 45-50 mN). Largest forces, with 

relativelyy low contraction velocities, were produced by motor units in the anterior 

masseter.. Smaller forces and faster twitch contractions were produced by motor 

unitss in the posterior deep masseter. Motor units in the anterior masseter showed 

moree variability in force production than those in the posterior masseter. In addition, 

antero-posteriorr differences in the magnitude of the action potentials were found, 

i.e.,i.e., posteriorly located motor units had smaller action potentials. 

MotorMotor  unit  properties  and jaw position 

Withh an increase of the jaw gape angle, motor unit twitches became slower. Most 

motorr units had a parabolic-like jaw angle-active force relationship. A large variation 

inn the shape of the curves was found. The average optimum jaw angle was reached 

att 12  jaw opening. In general, motor unit force output was relatively low (20-60% of 

maximumm force) at occlusion ) and relatively high (60-100% of maximum force) at 

maximall jaw opening . Anteriorly and posteriorly located motor units differed 

significantlyy in their angle-force curves, which could partly be explained by 

differencess in their distance from the axis of jaw rotation. 

Whenn the jaw was opened to an angle of 21  the duration of the action 

potentialss increased on average by about 10%. Motor units located anteriorly in the 

masseterr showed a larger increase in duration with jaw opening than more 

posteriorlyy located motor units, which was probably due to a larger stretching of the 

anteriorlyy located motor units. 
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Conclusions Conclusions 

•• The large variation in the morphology of masseter motor units is reflected by 

concomitantt variations in their mechanical and electrical properties. 

•• Because of the large variation in motor unit forces and contraction velocities, a 

finee gradation of force magnitude and contraction speed is possible within the 

masseter. . 

•• The presence of motor units that differ in position and orientation gives the 

masseterr muscle the capacity of producing a large diversity of mechanical 

actions. . 

•• The intramuscular heterogeneity of motor unit properties supports the idea that 

thee masseter muscle is divided into functionally different parts. 

•• Due to the large variability of motor unit angle-force curves, the angle-force curve 

off the whole muscle or of whole muscle parts is broader than that of individual 

motorr units. This broadening may be considered as a mechanism to sustain 

activee muscle force throughout a large movement range. 

•• Motor unit action potentials can be used to obtain information about contractile 

propertiess of individual motor units. However, the wave form of action potentials 

dependss on motor unit length and this may confound attempts to relate them to 

functionall properties. 
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Ditt proefschrift beschrijft een onderzoek naar de mechanische en elektrische 

eigenschappenn van de motor units van een van de kauwspieren, de musculus 

masseter.. Omdat deze eigenschappen bij de mens niet rechtstreeks aan de spier 

gemetenn kunnen worden, is het konijn als proefdiermodel gebruikt. 

Achtergrond Achtergrond 

Eenn motor unit (motoire eenheid) bestaat uit een motorische zenuwcel en de groep 

spiervezelss die door deze zenuwcel wordt geïnnerveerd. De motor unit is de kleinste 

spiereenheidd die door het centrale zenuwstelsel afzonderlijk kan worden 

aangestuurd.. Er bestaan grote verschillen tussen motor units, bijvoorbeeld wat 

betreftt hun morfologie en de biochemische eigenschapen van hun vezels. Door 

dezee verschillen kunnen de contractiele en elektrische eigenschappen van motor 

unitss sterk variëren, zoals bijvoorbeeld de grootte en duur van hun kracht en de 

groottee en duur van hun actiepotentiaal. Er zijn voor de motor units van de 

masseterspierr weinig gegevens voorhanden over deze variatie in eigenschappen, 

mett name omdat het niet mogelijk bleek om de krachtjes die door de motor units 

geproduceerdd worden rechtstreeks aan de spier te meten. 

Uitt immuno- en histochemisch onderzoek is bekend dat er een heterogene 

verdelingg van spiervezeltypen is binnen de masseter. Het aantal langzame 

spiervezelss is bijvoorbeeld relatief groot in de voorste en diepe spierdelen, terwijl het 

aantall snellere vezels juist groot is in de achterste en oppervlakkige spierdelen. Op 

grondd hiervan zijn dus ook regionale verschillen in motor unit eigenschappen te 

verwachten.. Om dit aan te kunnen tonen, moeten de posities van de motor units 

binnenn de spier gemeten worden, tezamen met hun contractiele eigenschappen. 

Tijdenss bewegingen van de kaak zal de lengte van de spiervezels van de 

masseterr veranderen. De masseter heeft een complexe anatomische bouw en bezit 

spiervezelss die onderling sterk in positie en trekrichting verschillen. Het is daarom 

aannemelijkk dat de motor units van de masseter tijdens bewegingen van de kaak 

135 5 



ChapterChapter 8 

aann ongelijke lengteveranderingen onderhevig zijn. Hierdoor ontstaan er regionale 

verschillenn in vezellengtes en vezeldiameters. Hierdoor kunnen sommige 

eigenschappenn van de motor units, zoals de maximale kracht, ook veranderen. Hoe 

sterkk deze veranderingen zijn, zal onder meer afhangen van de positie van de motor 

unitt binnen de spier. Om het effect van de kaakpositie te onderzoeken, zullen de 

eigenschappenn van de motor units bij verschillende kaakposities gemeten en 

vergelekenn moeten worden. 

RegistratieRegistratie  van motor  unit  eigenschappen 

Dee eigenschappen van meer dan 120 masseter motor units werden bepaald. Motor 

unitt twitches (enkelvoudige contracties) en tetani werden opgewekt door stimulatie 

vann afzonderlijke zenuwcellen in de motorische kern van de nervus trigeminus. Om 

dee grootte en werklijn van de uiterst kleine motor unit krachtjes te kunnen meten, 

werdd een nieuwe krachttransducer ontwikkeld. De kleinst meetbare kracht bedroeg 

ongeveerr 5 mN. Gelijktijdig met de krachtjes werden ook de actiepotentialen van de 

motorr units geregistreerd. Hiervoor werden monopolaire elektroden gebruikt, die op 

verschillendee plaatsen in de spier werden ingebracht. Om het effect van de 

kaakpositiee op de motor unit eigenschappen te onderzoeken, werd een beksper 

ontwikkeld.. Hiermee kon de onderkaak bij verschillende kaakopeningen worden 

vastgezet.. Een belangrijke kenmerk van dit apparaat was dat de positie van het 

rotatiecentrumm van de kaak in overeenstemming kon worden gebracht met die 

tijdenss natuurlijke kauwbewegingen. 

VariatieVariatie  in  motor  unit  eigenschappen 

Uitt de metingen bleek dat de krachten van de motor units in de masseter onderling 

sterkk verschillen. Zo varieerde de maximale tetanische kracht tussen 5 en 290 mN 

enn de zogenaamde twitch contractietijd tussen 16 en 42 ms. Dit laatste betekent dat 

dee motor units van de masseter van het konijn relatief snel zijn. Ook de positie en 

trekrichtingg van de motor unit krachten bleek sterk te variëren. Deze variatie was 

bijnaa net zo groot als die van de spiervezels in de gehele spier. Verder werd er ook 

eenn groot verschil gevonden in de grootte en duur van de actiepotentialen. Het bleek 

bovendienn dat de snellere motor units kortere actiepotentialen hadden dan de 
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langzameree units. De snellere units bleken echter geen grotere actiepotentialen te 

hebbenn dan de langzamere units. 

HeterogeneHeterogene  verdeling  van motor  units 

Motorr units in de diepe delen van de masseter produceerden aanzienlijk minder 

krachtt (gemiddelde twitchkracht: 25-30 mN) dan motor units in de oppervlakkige 

delenn (40-50 mN). Daarnaast waren er ook verschillen in voor-achterwaartse 

richting.richting. Units die voor in de spier lagen, produceerden de grootste krachten en 

warenn ook relatief langzaam. In de achterste delen van de spier lagen de units die 

dee kleinste krachten produceerden en deze units waren ook sneller. In de voorste 

spierdelenn bleek een grotere variatie aan krachten mogelijk dan in de andere 

spierdelen.. Er werden ook regionale verschillen in de grootte van de actiepotentialen 

gevonden,, waarbij de motor units die achter in de spier lagen de kleinste 

actiepotentialenn hadden. 

MotorMotor  unit  eigenschappen  en kaakpositie 

Bijj verschillende kaakposities tussen 0  (occlusie) en 21  werden motor unit 

twitchkrachtenn en actiepotentialen gemeten. Met een toename van de kaakhoek 

namm de duur van de twitches steeds verder toe. Verder bleek de motor unit kracht 

sterkk afhankelijk te zijn van de kaakhoek. De kleinste krachten (20-60% van de 

maximalee kracht) werden gemeten tijdens occlusie. Met het openen van de kaak 

vanuitt occlusie nam de kracht eerst toe, totdat de maximale kracht (gemiddeld bij 

eenn kaakhoek van ) werd bereikt; vervolgens nam de kracht weer af (60-100% 

vann de maximale kracht bij . Er waren grote verschillen in de hoek-kracht relaties 

vann de motor units. Deze verschillen hingen onder meer samen met de afstand van 

dee motor units ten opzichte van het rotatiecentrum van de kaak. Een toename van 

dee kaakhoek ging ook gepaard met een toename van de duur van de 

actiepotentialenn en deze toename bieek ook afhankelijk te zijn van de positie van de 

motorr unit. 
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Conclusies Conclusies 

•• De uit de literatuur bekende grote variatie in morfologie van de motor units van de 

masseterr wordt weerspiegeld in een variatie van hun mechanische en elektrische 

eigenschappen. . 

•• Door de variatie in mechanische eigenschappen is een fijne nuancering van 

krachtenn en contractiesnelheden mogelijk. 

•• Doordat de motor units in de masseter verschillende posities innemen en 

verschillendee trekrichtingen hebben, kan de spier een grote verscheidenheid aan 

krachtrichtingenn genereren. 

•• De heterogene verdeling van motor units in de spier ondersteunt de hypothese 

datt de masseter onderverdeeld kan worden in verschillende functionele delen. 

•• Doordat de hoek-kracht relaties van de motor units sterk verschillen, zal de hoek-

krachtt relatie van de hele spier of van grotere spierdelen breder zijn dan die van 

dee individuele motor units. Hierdoor zal de spier een grote kracht kunnen blijven 

leverenn bij verschillende kaakposities. 

•• De vorm van de motor unit actiepotentiaal bevat informatie over zijn contractiele 

eigenschappen.. Er moet echter wel rekening mee worden gehouden dat 

lengteveranderingenn van de motor unit van invloed zijn op deze vorm. 
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NANA WOORD 

Graagg wil ik iedereen bedanken die heeft bijgedragen aan dit proefschrift. Een aantal 

mensenn wil ik met name noemen. Theo van Eijde n en Wim Weijs , jullie 

begeleidendee rol was essentieel. Wim, jij stond aan de wieg van dit onderzoek. Ook 

naa je vertrek bleven jouw creatieve ideeën een bron van inspiratie. Theo, je grote 

inzett en uithoudingsvermogen waren onmisbaar. Jij hield er de vaart in en je bleef 

altijdd optimistisch, ook als ik het eens niet zag zitten {"...wat er ook gebeurt, 

promoverenn doe je..."). Peter Brugman , jij bent het sociale gezicht van de afdeling, 

maarr bovenal heb je me erg veel werk uit handen genomen, nauwgezet en zonder 

fouten,, niet alleen bij het verwerken van data maar ook bij het bewerken en 

vormgevenn van dit proefschrift. Maarte n Beek , Eri c Giesen , Schofastic a Kwa , 

medepromovendi,, jullie humor en relativeringsvermogen had ik niet willen missen. 

Dee chaos op de AlO-kamer zal ik ooit nog eens opruimen (alleen weet ik nog niet 

wanneer).. Hans Korfage , Jan Harm Koolstra , Geerlin g Langenbach , Leo van 

Ruijven ,, aan jullie had ik een stel goede maten op de afdeling. Er is maar weinig dat 

julliee gecombineerde kennis niet omvat, van mechanica tot grammatica, voor elk 

probleemm een veelvoud aan oplossingen. Medewerker s van Anatomi e en 

Embryologie ,, helaas kan ik niet iedereen persoonlijk bedanken, maar gezellig was 

het.. Medewerker s van de mechanisch e werkplaat s AMC, wat nergens te krijgen 

was,, werd door jullie gemaakt. Zonder de door jullie ontworpen en gebouwde 

apparatenn was dit onderzoek niet mogelijk geweest. Alex . Turkawski , bedankt voor 

hett fraaie ontwerp van de omslag van dit proefschrift. Creativiteit heeft geen 

computerr nodig. Alber t Gerrit s en Magosj a Turkawski , jullie professionele advies 

heeftt de vormgeving van dit proefschrift veel goed gedaan. Vrienden , 

dorpsgenoten ,, hoewel jullie niet direct betrokken waren, hebben jullie indirect toch 

eenn grote bijdrage geleverd aan de totstandkoming van dit proefschrift. Meer dan 

eenss moesten sommigen van jullie bijspringen wanneer mijn OIO-salaris niet 

toereikendd was om de rekening in de kroeg te betalen. 

Tenslottee wil ik nog mijn ouder s bedanken voor alle steun en vertrouwen. 
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