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CHAPTERCHAPTER 3 

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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ChapterChapter 3 

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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ForceForce vectors of single motor units in a multipennate muscle 

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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x-axiss (+) 

B B 

y-axiss (+) 

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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tetanicc peak force (mN) 

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 

180 0 

^80 0 

anglee tetanus ) 

100 20 30 40 

armm tetanus (mm) 

50 0 

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 ) 

180 0 

180 0 

forcee angle ) 

momentt arm (mm 255 0 

180 0 
135 5 

90 0 

forcee angle ) 

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. . 
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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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