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CHAPTER 6 HUMAN JAW MUSCLE STRENGTH AND SIZE IN RELATION TO 
LIMB MUSCLE STRENGTH AND SIZE 

This chapter is submitted for publication (Raadsheer MC, Van Eijden TMGJ, Van Ginkel FC, 
Prahl-Andersen B). 

Abstract - Variation in maximal voluntary bite force is multifactorially dictated. It depends, for 

instance, on craniofacial morphology and jaw muscle size and architecture. The size and 

composition of the jaw muscles are, in turn, influenced by general factors that influence all 

skeletal muscles, such as genotype and hormones. However, functional tasks of the orofacial 

complex differ from those of the skeletal system. Aim of the present study was to investigate to 

what extent general factors and factors on the craniofacial level contribute to the size and 

strength of the jaw muscles. A strong relation of jaw muscle size and strength with that of other 

muscles would argue for general influences, whereas a weak relation would argue for 

craniofacial influences. Therefore, in 121 adult individuals, moments of maximal bite force, arm 

flexion force and leg extension force were measured and related to one another. In addition, 

thicknesses of jaw muscles (masseter, temporal, digastric), arm flexor muscles (biceps brachii 

and brachialis) and leg extensor muscles (quadriceps femoris) were measured with 

ultrasonography and related. Relations were assessed with a principal component analysis. In 

females, one component was found in which all force moments were represented. Bite force 

moment, however, loaded very low. In males, two components were found. One component 

loaded for arm flexion and leg extension moments, the other one loaded for bite force moments. 

In both females and males, only one component was found for the muscle thicknesses, in which 

all muscle groups loaded similarly. It was concluded that the size of the jaw muscles was 

significantly related to the size of the limb muscles, indicating that they were both subject to the 

same general metabolic and hormonal influences. Maximal voluntary bite force moments were 

not significantly related to the moments of the arm flexion and leg extension forces, suggesting 

that besides the general influence on the muscle size, variation in bite force moment was also 

influenced by local variables, such as craniofacial morphology. 

6.1 INTRODUCTION 

The magnitude of maximal voluntary bite force is dependent on many variables. First, bite force 

magnitude is related to the size of the muscles of mastication. The cross-sectional area is an 

indication of the maximal force a muscle is capable of producing (Morris, 1948; Schantz et al., 

1983). Van Spronsen et al. (1989) showed that maximal bite force correlated significantly with 

the cross-sectional area of several jaw muscles, either measured with computed tomography 

(CT) or magnetic resonance imaging (1VIRI)- Bakke et al. (1992) and Raadsheer et al. (1999) 
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found a significant correlation between bite force magnitude and the ultrasound thickness of the 

masseter muscle. Second, bite force magnitude is related to craniofacial morphology (e.g., 

Ingervall and Helkimo, 1978; Proffit et al., 1983; Van Spronsen et al, 1991; Raadsheer et al., 

1999). Proctor and DeVincenco (1970) and Throckmorton et al. (1980) showed that variation in 

craniofacial morphology influences jaw muscle orientation and bite force moment arms. Third, 

bite force is related to occlusal stability. Bakke (1993) and Ingervall and Minder (1997) reported 

a positive relation between the amount of occlusal contacts and bite force magnitude. The extent 

of occlusal contacts affects the EMG activity, bite force magnitude, masticatory efficiency and 

the performance of jaw movements. The lack of occlusal stability might result in an insufficient 

development of masticatory muscle strength (Van Spronsen et al., 1996). 

The size and strength of skeletal muscles are influenced by a complex (training-induced) 

metabolic and hormonal interaction (Florini, 1987; Häkkinen, 1989; Deschenes et ai, 1991). 

Because the muscles of mastication show the same age-, sex-, and activity-related variations of 

muscular strength as other skeletal muscles (Bakke, 1993), a significant relation between the size 

and strength of the masticatory muscles and the limb muscles could be expected, if the afore

mentioned metabolic and hormonal influences are the main contributors to jaw muscle size and 

strength. However, if variables on the craniofacial level, such as craniofacial morphology and 

occlusal stability, are mainly related to jaw muscle size or bite force magnitude, only a weak 

relation with the size or shape of the limb muscles would be expected. 

Dette et al. (1971) and Linke et al. (1971) related bite force magnitude with hand grip 

force in children. They found no significant relation. Linderholm and Wennström (1970) and 

Linderholm et al. (1971) studied the relation between bite force magnitude and forces produced 

by several skeletal muscle groups in adults and in children. No relation was found between bite 

forces and other forces in adults, but in children, maximal bite force correlated with elbow 

flexion force and hand grip force. 

Aim of the present study was to investigate whether the size and force magnitude of the 

masticatory muscles mainly depend on general influences of muscle metabolism or on local 

influences, such as craniofacial morphology. Therefore, both size and strength of the jaw 

muscles were measured and compared to those of limb muscles, by using a principal component 

analysis. A significant relation of the size or strength of the jaw muscles with those of the limb 

muscles (i.e., jaw muscle size or strength would load for the same component as limb muscle 

size or strength) would support the hypothesis that general influences are the main contributor to 

the size or strength of the masticatory muscles, whereas no significant relation (i.e., jaw muscle 

size or strength would not load for the same component as limb muscle size or strength) would 

support the hypothesis that local craniofacial influences are the main contributors. 
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Fig. 1. Diagrammatic illustration of the bite force measurements, the bite force moment arm, 

and position of the bite force transducer. R', resultant bite force component in the midsagittal 

plane; X, antero-posterior bite force component parallel to the occlusal plane, Z, bite force 

component perpendicular to the occlusal plane; a, bite force direction in the mid-sagittal plane 

(angle between R' and Z); A, bite force moment arm, relative to the temporomandibular joint. 

6.2 MATERIALS AND METHODS 

6.2.1 Participants 

Measurements were taken from 121 individuals, age 18-36 years (mean age 23). Fifty-seven 

were males and 64 were females. All participants were healthy and showed no musculoskeletal 

restrictions or diseases. They had a complete or almost complete dentition without extreme 

malocclusion, facial malformations or functional disorders. Informed consent was obtained from 

all participants, using a written form approved by the Medical Ethical Committee of the 

Academic Medical Center of the University of Amsterdam. 

The examination comprised 1) determination of the moments of maximal voluntary static 

bite force, arm flexion force and leg extension force, and 2) ultrasound measurements of jaw 

muscle thicknesses and thicknesses of arm flexor and leg extensor muscles. Also, stature and 

weight were recorded and used as covariates in the statistical analyses. 
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6.2.2 Force measurements 

Bite forces were measured with a bite force transducer (Kistler, Type 9251A, 10 x 24 x 24.2 

mm), capable of registering bite forces in all three dimensions. For an extensive description of 

the transducer and the force registration method we refer to Van Eijden et al. (1988), Van 

Eijden (1990), and Raadsheer et al. (1999). The transducer was placed between two acrylic 

plates, creating two planes, parallel to the maxillary occlusal plane, i.e., the plane through the 

mesio-buccal cusps of the first molars and the incisai ridges of the central incisors (Fig. 1). The 

plates were made on dental casts, mounted in a Dentatus articulator. The transducer's midpoint 

coincided with the crossing point of the midsagittal plane and a line through the cusps of the 

mandibular canines. With the transducer in place, the interincisal distance ranged from 19 to 25 

mm, reflecting an opening angle of 10° to 15°. During the experiments, the participants were 

seated upright. The bite plates were fitted and the participants were allowed to accustom for two 

minutes. 

Maximal static arm flexion force was measured with a strain gauge transducer that was 

calibrated daily from 0 to 450 N with known weights. For an extensive description of the force 

registration method we refer to Kroon and Naeije (1988). In short, subjects were seated upright 

with the upper arm horizontally rested on a frame and the supinated lower arm upwardly bent in 

a right angle. A force transducer was connected to the wrist by a non-extensible strap. 

Maximal static leg extension force measurements were performed while the participants 

were seated in an adjustable measuring chair with two strain gauge force transducers (one for 

each leg). They were positioned with the backrest upright, and a hip angle and knee flexion 

angle of 90°. They were stabilized by using a waist strap. The padded semilunar transducers 

were adjusted in height and placed against the anterior side of the shank with the transducer as 

close as possible to the ankle joint. The transducers were calibrated daily from 0 to 1500 N with 

known weights. 

All transducer outputs (one signal for each bite force component, one signal for the arm 

measurements, one signal for each leg) were amplified and fed to a PC (Hewlett Packard Vectra 

486/33N). The analogue signals were converted to digital signals (National Instruments PC-

LMP-16 Interface Board) and analyzed with the Labview software (National Instruments), 

allowing for registration of the peak values in whole Newtons. For the bite force measurements, 

the X-, Y-, and Z-components, and the resultant peak (R) were recorded. The angle (a) between 

the vertical component (Z) and the bite force in the mid-sagittal plane (R') was calculated (Fig. 

1). 

Maximal voluntary bite forces, arm forces and leg forces were measured in one session 

on the same day. The measurement sequence (bite, arm, leg) and side to start with (right-left) 

were randomly selected for each individual. All measurements for a particular force were done 

five times, with intervals of at least one minute. The first two measurements were try-outs. From 

the last three measurements the two closest ones were selected and averaged. For each 



Fig, 2. Diagrammatic representation of the ultrasound scan planes for the masseter, temporal and 

digastric muscles. 

registration, subjects were asked to steadily build up the maximal force they could achieve. 

During the experiments, the participants were neither vocally nor visually encouraged, nor did 

they get information about the results. 

From all force measurements the force moments were calculated by multiplication of the 

peak force (R\ Fig. 1) with the estimated moment arm. The moment arms of the bite forces 

were determined by reconstructing the bite point and force vector into the lateral head plates. 

The bite force moment arm was defined as the perpendicular distance between the force vector 

and the temporomandibular joint (Fig. 1). The moment arm of the arm flexion force was defined 

as the distance between the wrist strap (i.e., the transducer's midpoint) and the upper arm 

support. The moment arm of the leg extension force was defined as the distance between the 

semilunar leg transducer's midpoint and the patellar apex. 

6.2.3 Muscle thicknesses 
Thicknesses of the jaw muscles (masseter, temporal and anterior belly of the digastric), and the 

arm flexor (biceps plus brachialis) and leg extensor (quadriceps) muscles were measured 

bilaterally by ultrasonography. Ultrasound images were obtained by means of a real-time 

scanner (Pie Medical Scanner 450, 7.5 MHz linear array transducer). All registrations were 

repeated once and the final thickness was obtained from the mean of both measurements. 

Thicknesses were measured to the nearest mm. 
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Jaw muscle thicknesses were measured while the participants were seated upright, with 

their heads in a natural position (see also Raadsheer et al, 1994, 1999 for an extensive 

description of the method). Briefly, the muscles were relaxed, i.e., the participants were asked to 

relax, but to keep slight interocclusal contacts. The masseter muscles were scanned on a level 

halfway between the zygomatic arch and gonion. The scan plane was perpendicular to the 

anterior border of the muscle and perpendicular to the surface of the underlying ramus. The 

temporal muscle was scanned at the deepest part of the temporal fossa, directly behind the 

zygomatic ridge of the frontal bone, on a level of the eyebrow tail, parallel to the Frankfort 

horizontal plane and perpendicular to the underlying bone. The anterior belly of the digastric 

muscle was measured halfway between gnathion and gonion, perpendicular to the belly's long 

axis. The thickness, perpendicular to the skin surface was registered. All three scanning levels 

are shown diagrammatically in Fig. 2. 

The total arm flexor muscle thickness (biceps plus brachialis) was measured while the 

individuals were seated upright, with the arms hanging relaxed beside the trunk. The scanning 

level was above the elbow fold, at 2/3 distance from the lateral border of the acromion; this was 

approximately the level of the largest arm circumference. The transducer was held against the 

arm with light pressure and was orientated perpendicularly to the humerus, i.e., the humerus 

was depicted as a sharp white structure. The thickness was defined as the largest distance 

between humerus and the external border of the muscle contour, perpendicular to the skin 

surface. 

The leg extensor muscle thickness (quadriceps) was measured while the individuals were 

seated upright in a dental chair, supporting the legs completely at a knee flexion angle of 70°. 

The scanning level was halfway between the anterior superior iliac spine and the patella. The 

transducer was orientated until the femur was depicted as a sharp white structure. The thickness 

was defined as the largest distance between femur and external muscle contour, perpendicular to 

the skin surface. 

6.2.4 Statistics 

Firstly, an analysis of variance was performed with left and right side arm flexion and leg 

extension moments as dependent variables. "Location" (arm, leg) and "side" (left, right) were 

within subject factors, "gender" (male, female) was a between subject factor. "Stature" and 

"weight" were covariates. Secondly, an analysis of variance was performed with moments of 

bite force, arm flexion force (average of left and right hand side) and leg extension force 

(average of left and right hand side) as dependent variables. "Location" (jaw, arm, leg) was a 

within subject factor, "gender" (male, female) was a between subject factor, and "stature" and 

"weight" were covariates. 

For the ultrasound measurements, also an analysis of variance was performed with the 

averages of left and right jaw muscle thicknesses (sum of the masseter and temporal muscles), 
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Table 1. Errors of measurement for the force measurements and ultrasound measurements, 
assessed on repeated measurements of 10 randomly selected individuals. The error was also 
expressed as a percentage of the mean 

Force measurements (Newton) 

Se % 

bite force 21.8 4.7 

right hand side left hand side 

Se % Se % 
arm flexion 18.9 6.5 16.8 6.1 
leg extension 27.8 5.4 23.5 5.0 

Ultrasound thicknesses (mm) 

right hand side left hand side 

Se % Se % 
masseter muscles 0.5 4.0 0.5 3.7 
temporal muscles 0.5 3.7 0.5 3.7 
digastric muscles 0.5 7.2 0.4 6.6 
arm flexor muscles 0.7 2.6 0.8 2.7 
leg extensor muscles 0.7 1.8 0.7 1.8 

Se=V(S(m1-m2)
2/2n) 

%=(Se/mean)xl00% 

arm flexor muscle thicknesses and leg extensor muscle thicknesses as dependent variables. 

Within subject factor was "location" (jaw, arm, leg), between subject factor was "gender" (male, 

female), covariates were "stature" and "weight". 

Principal component analyses on the variables "bite force moment", "arm flexion force 

moment" and "leg extension force moment", and on the variables "jaw muscle thickness", "arm 

flexor muscle thickness" and "leg extensor muscle thickness" were performed in order to 

establish the smallest possible sets of mutually uncorrelated new variables jointly accounting for 

the greatest proportion possible of the total variance of the force moments or muscle thicknesses. 

For all statistical analyses the SPSS for Windows 95 (Version 7.5) statistical package was 

used. 

6.2.5 Measurement error 

The errors of measurement (Se) for the force measurements and ultrasound measurements were 

assessed on repeated measurements (m,, im) of ten randomly selected participants (n), using the 

formula: 
Se=V(S(mrm2)2/2n) 
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Table 2. Descriptive statistics for the bite, arm flexion and leg extension force measurements 
and the associated moments 

Females , n=64 Males, n=57 

Forces (in Newton) 

Mean SD Min Max Mean SD Min Max 
Bite force 383.3 86.3 186 576 547.2 115.6 276 888 
Right arm flexion 213.0 42.8 149 353 383.8 61.7 250 532 
Left arm flexion 201.0 34.9 138 308 365.3 58.2 280 517 
Right leg extension 389.3 87.8 229 629 645.7 143.7 306 1092 
Left leg extension 357.7 79.9 195 553 605.7 139.3 305 1052 

Moments (in Newtonmeter) 
Mean SD Min Max Mean SD Min Max 

Bite moment 28.5 7.0 12.5 46.1 43.9 8.7 19.5 69.3 
Right arm flexion 52.2 10.8 34.8 88.3 95.7 15.8 62.5 133.0 
Left arm flexion 49.2 9.1 34.0 77.0 91.0 14.8 70.0 129.3 
Right leg extension 121.5 27.4 71.5 196.2 201.5 44.8 95.5 340.7 
Left leg extension 111.6 24.9 60.8 172.5 189.0 43.5 95.2 328.2 

A period of two months elapsed between the repeated measurements. The errors are shown in 

Table 1. The force measurement errors ranged from 16.8 N (left arm) to 27.8 N (right leg). The 

ultrasound errors ranged from 0.4 mm (left digastric) to 0.8 mm (left arm). 

6.3 RESULTS 

The means and SD of the forces and moments are given in Table 2, those for the ultrasound 

measurements in Table 3. The individuals were divided by gender. All mean force magnitudes, 

moments, and ultrasound thicknesses were larger in males than in females. An analysis of 

variance with "gender" (females, males) as a between subject factor, "side" (right, left) and 

"location" (arm, leg) as within subject factors and "weight" and "stature" as covariates showed 

no significant differences between the left and right hand arm flexion and leg extension forces, 

moments or muscle thicknesses (results not presented). Therefore, it was decided to average the 

right and left hand side values in ftirther analyses. Thus, for the force measurements, the force 

moments and the muscle thicknesses, an analysis of variance was performed with "gender" 

(female, male) as a between subject factor, "location" (bite, arm, leg) as a within subject factor, 

and "weight" and "stature" as covariates. The results are shown in Table 4. Both forces, 

moments, and thicknesses showed a significant relation with the covariate "weight". They were 

found to be larger in heavier than in lighter individuals. Force moments also showed a 
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Table 3. Descriptive statistics for the ultrasound thicknesses (mm) of the masticatory muscles 
and limb muscles 

Females, n=63 Males, n =56 

Masticatory muscles 

Mean SD Min Max Mean SD Min Max 
Right masseter 12.0 1.9 8.0 18.0 13.4 1.8 9.0 19.0 
Left masseter 12.2 1.9 8.0 19.0 14.0 1.7 11.0 19.0 
Right temporal 13.5 1.8 10.0 19.0 15.0 2.1 11.0 21.0 
Left temporal 13.3 2.0 8.0 17.0 15.7 2.3 11.0 22.0 
Right digastric 5.9 0.9 4.0 8.0 6.7 1.0 5.0 9.0 
Left digastric 5.8 0.9 4.0 8.0 6.7 1.0 5.0 9.0 

Limb muscles 
Mean SD Min Max Mean SD Min Max 

Right arm flexors 24.9 2.9 17.0 33.0 33.7 3.9 25.0 42.0 
Left arm flexors 24.6 3.2 17.0 35.0 33.2 4.1 25.0 42.0 
Right leg extensors 35.8 6.2 24.0 53.0 43.5 6.3 28.0 56.0 
Left leg extensors 35.2 5.4 23.0 46.0 43.1 6.4 28.0 56.0 

significant relation with the covariate "stature". They were larger in tall individuals. For both 

forces, moments and thicknesses, the "gender" main effect was significant. This means that the 

differences between females and males for the forces and moments (Table 2) and the muscle 

thicknesses (Table 3) were significant. The "location" main effect was significant for both forces 

and moments, i.e., bite forces, arm flexion forces and leg extension forces, and their moments 

differed significantly within the individuals. However, for the forces, a significant "location" by 

"stature" interaction effect (p=0.001) was found, i.e., differences in bite force, arm flexion 

force and leg extension force were not the same for tall individuals as for small individuals. 

Force moments showed significant "location" by "weight" (p=0.018), "location" by "stature" 

(p=0.002) and "location" by "gender" (p<0.001) effects. This means that the difference 

between the bite force moment, the arm flexion force moment and the leg extension force 

moment was not the same in heavy and light individuals, in small and tall individuals, or in 

females and males. For the muscle thicknesses, the "location" main effect was not significant, 

i.e., thicknesses of the jaw muscles, the arm flexor muscles and the leg extensor muscles were 

not significantly different within the individuals. However, significant "location" by "weight" 

and "location" by "gender" effects were found, i.e., differences in thickness between the jaw 

muscles, arm flexor muscles and leg extensor muscles were not the same in heavy and light 

subjects and in females and males. 

The relation between the moments of bite force, arm flexion force and leg extension 
force is given in Table 5. Individuals were divided by gender. For females, the principal 
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Table 4. Univariate analysis of variance 

Dependent variable 

Forces Moments Thicknesses 

Covariates P P P 
Weight <0.001 <0.001 <0.001 
Stature n.s. 0.006 n.s. 
Between individual effect 
Gender (female, male) <0.001 <0.001 <0.001 

Within individual effects 
Location (bite, arm, leg) 0.001 0.007 n.s. 
Location by weight n.s. 0.018 0.023 
Location by stature 0.002 0.002 n.s. 
Location by gender n.s. <0.001 <0.001 

n.s., not significant. 

component analysis extracted one component with an Eigen value greater than 1, explaining 

59.6% of the original variation in force moments. The arm flexion and leg extension force 

moments, and the covariates "stature" and "weight" loaded high, but the bite force moment 

loaded very low. For males, two components were found, totally explaining 69.3% of the 

variation. The first component loaded for the arm flexion and leg extension force moments and 

the covariates "stature" and "weight", the second one for the bite force moment. 

The relation between the thicknesses of the masticatory muscles, the arm flexor muscles 

and the leg extensor muscles, and the covariates "stature" and "weight" is given in Table 6. The 

contribution of the digastric muscle was only low and was therefore excluded from the analysis. 

Both for females and males, one component with an Eigen value greater than 1 was found, 

explaining 54.7% (females) and 49.5% (males) of the original variation in muscle thickness. All 

muscle groups loaded similarly. 

6.4 DISCUSSION 

Muscles of mastication are comparable to other skeletal muscles (Bakke, 1993). For instance, 

both skeletal {e.g., Thompson, 1994) and masticatory muscles (Newton et al., 1987, 1993) show 

an age-related reduction in muscle mass and, like for skeletal muscles, jaw muscle performance 

can be influenced by training (Ingervall and Bitsanis, 1987; Kiliaridis et al, 1995). Dette et al. 

(1971) and Linke et al. (1971) compared bite force magnitude and hand grip force in children. 

They found no relation. However, bite force magnitude might have been reduced by 
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Table 5. Relation between the moments of bite force, arm flexion and leg extension force, and 
the covariates "weight" and "stature". Principal component analysis. Subjects were divided by 
gender 
A. Females. One component with an Eigen value > 1 was extracted, explaining 59.6% of the 
original variation in force moments  
Correlation matrix 

Weight Stature Mbite Marm Mleg 
Weight 1.000 0.565 0.404 0.689 0.585 
Stature 0.565 1.000 0.123 0.629 0.540 
Mbite 0.404 0.123 1.000 0.185 0.222 
Marm 0.689 0.629 0.185 1.000 0.726 
Mleg 0.585 0.540 0.222 0.726 1.000 
Structure matrix 

Component 1 
% of variance 59.6% 
Marm 0.887 
Weight 0.857 
Mleg 0.834 
Stature 0.778 
Mbite <0.4 

B. Males. Two components with an Eigen value > 1 were extracted, totally explaining 69.3% 
of the original variation in force moments 
Correlation matrix 

Weight Stature Mbite Marm Mleg 
Weight 1.000 0.649 0.132 0.568 0.297 
Stature 0.649 1.000 0.011 0.366 0.401 
Mbite 0.132 0.011 1.000 0.301 0.041 
Marm 0.568 0.366 0.301 1.000 0.391 
Mleg 0.297 0.401 0.041 0.391 1.000 
Structure matrix 

Component 1 Component 2 
% of variance 47.9 21.4 

Weight 0.838 
Marm 0.834 
Stature 0.704 
Mleg 0.666 
Mbite 0.943 
Abbreviations: 
Mbite, bite force moment; Marm, average moment of right and left arm flexion; Mleg, 
average moment of right and left leg extension. 

discomfort of the transition of teeth. Linderholm et al. (1971) found a slight but significant 

relation between bite force and arm flexion force in children, whereas Linderholm and 
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Wennström (1970) found no relation in adults, using the same technique. The significant relation 

found in children may be caused by a general age effect. 

For both skeletal muscles (Morris, 1948; Schantz et al, 1983) and masticatory muscles 

(Van Spronsen et al, 1989) the maximum muscle force is related to the cross-sectional area of 

the muscles. Ikay and Fukunaga (1968) used ultrasonography to image the muscle cross-section; 

they found a significant correlation between the maximal arm flexion force and the ultrasound 

cross-sectional area of the arm flexor muscles. Because it has no radiation risks, compared to 

CT, and the exposure times are relatively short, compared to MRI, ultrasonography was chosen 

in the present study to depict the jaw muscles. However, the cross-sectional areas cannot always 

be covered by the ultrasound transducer (Raadsheer et al, 1994). Therefore, the muscle 

thicknesses were measured. Bakke et al. (1992) and Raadsheer et al. (1999) found a significant 

correlation between the bite force magnitude and the ultrasound thickness of the masseter 

muscle. Close et al. (1995) showed a correlation of R=0.93 between the square of the masseter 

thickness and the cross-sectional area, both measured by ultrasound. Thus, the ultrasound 

thickness seems to be an appropriate variable to quantify the jaw muscle size as an indication for 

the maximal possible muscle force. 

For the muscle thicknesses, in both females and males, the principal component analysis 

found only one component with an Eigen value greater than 1, in which all three muscle groups 

loaded comparably. This supports the hypothesis that the size of the jaw muscles is influenced by 

the same metabolic and hormonal interactions as those reported for other skeletal muscles 

(Florini, 1987; Häkkinen, 1989; Deschenes et al, 1991). It also supports the findings that age-, 

sex- and activity-related variation in jaw muscle size is the same as for other skeletal muscles 

(Bakke, 1993). However, the tasks of the orofacial system and limb locomotion system are 

different. For instance, the intensity by which the jaw muscles are used compared to the arm 

flexor and leg extensor muscles, might differ within individuals, weakening the relationship 

between their sizes or maximum force levels. Also, between individual differences in sport 

performance were expected in our sample, which might have caused between individual and 

within individual differences in maximal force level and/or muscle size of the arm flexor and leg 

extensor muscles, whereas no training based differences in bite force level or jaw muscle size 

(Ingervall and Bitsanis, 1987; Kiliaridis et al, 1995) were expected in our sample. The afore

mentioned difference in training effect of jaw muscles compared to limb muscles will be partly 

eliminated while the training of a single muscle (group) will result in central training-induced 

adaptations as well (Hardman et al, 1987). 

For the force moments, the principal component analysis found two components with an 

Eigen value greater than 1 in males. One component loaded for both the arm flexion and leg 

extension force moments and the other component loaded for the bite force moments. In 

females, one component was found, yet, this component loaded low for the bite force moments. 

This indicated that the maximal voluntary bite force moment is not only determined by the same 
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Table 6. Relation between the ultrasound thicknesses of the jaw closing muscles' \ the arm 
flexor muscles1 and leg extensor muscles1, principal component analysis. Subjects were 
divided by gender. 

A. Females. One component with an ] Eigen value > 1 was extracted, explaining 54.7% of the 
original variation. 

Correlation matrix 

Jaw Arm Leg Weight Stature 
Jaw 1.000 0.313 0.268 0.483 0.292 
Arm 0,313 1.000 0.452 0.580 0.271 
Leg 0.268 0.452 1.000 0.626 0.385 
Weight 0.483 0.580 0.626 1.000 0.564 
Stature 0.292 0.271 0.385 0.564 1.000 
Structure matrix 

Component I 
Jaw 0.612 
Arm 0.716 
Leg 0.757 
Weight 0.903 
Stature 0.677 

B. Males. One component with an Ei gen value > 1 was extracted, explaining 49.5% of the 
original variation. 
Correlation matrix 

Jaw Arm Leg Weight Stature 
Jaw 1.000 0.353 0.180 0.431 0.196 
Arm 0.353 1.000 0.227 0.550 0.156 
Leg 0.180 0.227 1.000 0.458 0.347 
Weight 0.431 0.550 0.458 1.000 0.648 
Stature 0.196 0.156 0.347 0.648 1.000 
Structure matrix 

Component 1 
Jaw 0.591 
Arm 0.651 
Leg 0.620 
Weight 0.913 
Stature 0.695 

The averages of left- and right-hand side muscles were taken 
1 The sum of the masseter and temporal muscle was used 

Abbreviations; 
Jaw, jaw closing muscles (masseter and temporal muscles); Arm, biceps brachii and brachialis 
muscles; Leg, quadriceps femoris muscle. 
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factors influencing the arm flexion and leg extension force moments. Apart from the size of the 

masticatory muscles, which was found in the present study to be related to the size of other 

skeletal muscles, Bakke (1993) and Ingervall and Minder (1997) found that bite force magnitude 

was positively related with the amount of occlusal contacts, occlusal stability allowing for more 

efficient biting due to a better neuro-muscular feedback from periodontal pressure receptors. 

Hannam and Wood (1989) and Raadsheer et al. (1999) found that besides the size of the jaw 

muscles, bite force magnitude is related to the craniofacial morphology. Both occlusal contacts 

and craniofacial morphology can be considered as factors that influence the magnitude of the 

force moments at the craniofacial level only. Proctor and DeVincenzo (1970) and Throckmorton 

et al. (1980) hypothesized that variation in craniofacial morphology would lead to a different 

spatial orientation of the muscles of mastication relative to the occlusal plane and the 

temporomandibular joint, resulting in different mechanical advantages. Although Van Spronsen 

et al. (1996) found no significant differences in spatial orientation of the jaw muscles between 

normal and long face individuals, Van Spronsen et al. (1997) found a significant correlation 

between the spatial orientation of the jaw closing muscles and variation of mandibular 

morphology. In the present study, the amount of occlusal contacts was not assessed. However, 

all participants had a normal orofacial morphology without functional disturbances, so that the 

variation in the amount of occlusal contacts is expected to be low. Hence, variation in 

craniofacial morphology is probably the main determinant explaining why bite force moments 

were not significantly related to the limb force moments. Interindividual variation in the moment 

arms of the different muscles has not been considered, because the muscle origin and insertions 

could not be assessed. By using "stature" as a covariate, variation in limb muscle lever arms was 

diminished, because these lever arms are closely related to body size (Schantz et al., 1983). 

Summarizing, the findings of this study showed that the size of the muscles of 

mastication was significantly related to the size of the limb muscles, suggesting that they are both 

subject to the same metabolic and hormonal influences. Meanwhile, the maximal voluntary bite 

force moments were not significantly related to the maximal voluntary arm flexion and leg 

extension moments, suggesting that besides the generally influenced muscle size, factors on the 

craniofacial level contributed to the magnitude of the bite force moments. One of these factors 

seemed to be the variation in craniofacial morphology, resulting in variation in spatial orientation 

of the jaw muscles and, in turn, variation in biomechanical output. 
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