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CHAPTER 1 GENERAL INTRODUCTION 

1.1 CRANIOFACIAL GROWTH REGULATION 

Postnatal growth of the human craniofacial skeleton is characterized by a complicated interaction 

of bone apposition and bone resorption, leading to continuous changes in shape, size and relative 

position of the bony components, that together make up the face and skull (e.g., Enlow, 1975). 

Several theories about growth regulation of the craniofacial complex have been postulated, the 

contribution of growth regulating factors varying from mainly genetic to mainly environmental. 

Sicher (1952) assumed that craniofacial growth was principally regulated by intrinsic genetic 

factors, i.e., genetic influences originating from the craniofacial bone cells. Some modeling and 

remodeling would additionally be influenced by local environmental factors. One of the local 

environmental factors is the stress on the craniofacial skeleton from the muscles of mastication. 

In contrast, Van der Klaauw (1946, 1948, 1951, 1952) and Moss (1962) postulated that 

craniofacial growth would be totally secondary, i.e., due to epigenetic or environmental 

influences. Epigenetic influences are genetic influences originating from adjacent other tissues or 

organs. According to Scott (1962) and Van Limborgh (1971), both genetic and environmental 

factors are involved in growth regulation. In their theories, different craniofacial components 

were considered as being influenced in different ways. Van Limborgh (1971) differentiated 

between chondrocranial and desmocranial growth. Chondrocranial growth, i.e., growth of the 

cranial base, is mainly regulated by intrinsic genetic factors. Desmocranial growth, i.e., growth 

of the cranial fault and the face at the sutures and periosteum, is mainly dictated by epigenetic 

and local environmental factors. Hence, tensile forces of the jaw muscles are considered to be a 

growth-regulating factor in craniofacial morphogenesis. 

1.2 JAW MUSCLE BIOMECHANICS 

1.2.1 Muscle force 

The maximum force a muscle can produce depends to a large extend on the so-called 

physiological cross-sectional area, i.e., the total cross-section of all muscle fibers. The 

physiological cross-section of a muscle is related to the muscle's cross-section (Weijs and Hillen, 

1984). In vivo, the cross-sectional area can be estimated by computerized tomography (CT, 

Weijs and Hillen, 1985, 1986), magnetic resonance imaging (MRI, Hannam and Wood, 1989; 

Van Spronsen et al, 1989; Koolstra et al, 1990, 1992), or ultrasonography (US, Dcay and 

Fukunaga, 1968; Ruf et al, 1994; Close et al., 1995). Thus, the afore-mentioned techniques 

allow us to estimate the capacity of the masticatory muscles to exert mechanical stresses on the 

craniofacial skeleton in vivo. Ultrasonography is advantageous compared to CT because it has no 

known biological effects, and to MRI, because it is a rapid, inexpensive technique and the 
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equipment can be easily handled and transported. However, US also has some disadvantages. It 

allows for registration of superficial muscles only, and, because the transducer cannot always 

cover the total area of some jaw muscles, it is not always possible to register the muscle cross-

sectional area. Therefore, in studies of the masseter muscle, several authors measured the muscle 

thickness as an indication of muscle size, instead (Kiliaridis and Kälebo, 1991; Bakke et al, 

1992). Close et al. (1995) recorded both masseter cross-section, thickness and length. They 

found a high correlation between the cross-sectional area and the thickness of the masseter (R > 

0.93). 

The maximum muscle force also depends on the length of the muscle fibers. The tension 

that can be generated by a muscle fiber partly depends on the degree of overlap between the actin 

and myosin filaments and, consequently, on the length of the sarcomeres. Maximum active 

tension can be developed at optimum sarcomere length and decreases with greater and with 

shorter length (Gordon et al., 1966). The spatial arrangement of muscle fibers within a muscle is 

of importance for the length and length changes of the sarcomeres during movement. The human 

jaw closing muscles are characterized by a complex architecture. Within and between these 

muscles there is a wide range in fiber lengths (indicative for the amount of sarcomeres in series), 

fiber angulations, ratios between fiber and tendon length, distances between origin and insertion, 

and three-dimensional positions and orientations of the fibers (Schumacher, 1961; Baron and 

Debussy, 1979; Van Eijden et al, 1997). Hence, at different jaw positions, sarcomere length, 

and thus maximum force cannot be expected to be the same for different muscles and different 

muscle portions. Although the fiber orientation can be visualized to a certain degree in vivo by 

MRI (Van Doorn et al, 1996) or US (Herbert and Gandevia, 1995), sarcomere length 

determinations in the human can generally only be done with information from biopsies or post 

mortem material (Van Eijden and Raadsheer, 1992; Van Eijden et al, 1996, 1997). 

1.2.2 Bite force 

Human bite forces are produced by a simultaneous activity of the jaw closing muscles. The 

magnitude of the maximum bite force does not only depend on the cross-sectional area and the 

length of the muscles, but also on fiber type composition (Ringqvist, 1974) and jaw muscle 

activation level (Van Eijden et al, 1990). Muscle activation might be limited by factors such as 

propriocepsis, pain threshold or motivation. To produce bite forces in different directions, the 

relative activation levels of the muscles or muscle parts must be changed (Blanksma and Van 

Eijden, 1990; Van Eijden et al 1990, 1993). Therefore, the magnitude of maximum bite force 

depends on the bite force direction. The direction of the largest possible bite force was found to 

be different from perpendicular to the occlusal plane (Koolstra et al, 1988; Van Eijden, 1991; 

Osborn, 1996). 

Furthermore, bite force magnitude is determined by leverage conditions and thus by the 
relative positions of the point of action of bite force, muscle forces and joint forces. Firstly, bite 
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force magnitude is influenced by the anteroposterior position of the bite point, incisor bite force 

being smaller than molar bite force (e.g., Mansour and Reynik, 1975; Pruim et ai, 1980; 

Hagberg, 1987; Van Eijden, 1990). One of the reasons is that the lever arm between bite point 

and temporomandibular joint increases if the point is anteriorly shifted. Secondly, theoretical 

studies have demonstrated that changes in skull shape (e.g., inclination of the occlusal and 

mandibular plane, and size of the gonial angle) lead to changes in the spatial orientation of jaw 

muscles, teeth and temporomandibular joint to one another (Throckmorton et al., 1980; Haskell 

et al, 1986; Koolstra et al, 1988; Weijs et al, 1989; Osborn, 1996). Hence, these studies 

indicate that maximum bite force magnitude varies with craniofacial morphology. 

1.3 JAW MUSCLE SIZE, BITE FORCE MAGNITUDE AND CRANIOFACIAL 

MORPHOLOGY 

The mutual interaction between jaw muscle size, bite force magnitude and craniofacial 

morphology is widely accepted, both from studies of individuals within the range of normal 

morphological variation and from studies of pathological cases. 

1.3.1 EMG activity and craniofacial morphology 

Ahlgren (1966) measured the electromyographic (EMG) activity of the masseter and temporal 

muscles in children aged 9 to 14 years during chewing and other jaw movements and related the 

EMG activity to occlusal aspects and craniofacial dimensions. EMG activity showed no 

relationship with the kind of occlusion and only a weak relationship was found with facial 

morphology, namely, individuals with high EMG activity had a small gonial angle. Ingervall and 

Thilander (1974) measured the EMG activity in 52 children, aged 9 to 11 years. They found that 

children with high EMG activity of the masseter and temporal muscles during chewing and 

maximal bite force production showed a tendency to parallel palatal and occlusal planes and 

mandibular outline. Ingervall (1976) related the EMG activity of the temporal muscle during 

swallowing and chewing with facial morphology of 50 girls aged 9 to 13 years. It was found that 

the activity of the temporal muscle during chewing was negatively related to the anterior face 

height. Kreiborg (1978) reported a case of a girl, suffering from congenital muscular dystrophy. 

Longitudinal observation from age six to age twelve showed an extreme vertical growth of the 

mandible in relation to almost no EMG activity in the muscles of mastication. From the 

mentioned studies it can be concluded that the EMG activity correlates with craniofacial 

morphology. High EMG activity is found in individuals with short anterior vertical dimensions 

and an anteriorly converging maxilla, occlusal plane and mandible, whereas the opposite is true 

for low EMG activity. 
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1.3.2 Bite force magnitude and craniofacial morphology 

Ringqvist (1973) recorded maximal voluntary bite force at the incisors and the molars in young 

adult females. Large bite forces were mainly associated with a long mandible (i.e., the distance 

between chin point and condyle) and a small gonial angle. Ingervall and Helkimo (1978) 

compared craniofacial morphology of men with large and small bite forces. Individuals with 

large bite forces showed an anteriorly upwardly inclined occlusal plane with a smaller anterior 

and a larger posterior face height and a smaller gonial angle. Comparing adult long- and normal-

face individuals, Proffit et al. (1983) found that long-face individuals had significantly less 

occlusal force during maximum biting, simulated chewing and swallowing than individuals with 

normal vertical dimensions. Comparing long- and normal-face children, Proffit and Fields 

(1983) found no differences in bite force between the two groups. Kiliaridis et al. (1993) related 

maximal bite force at the incisors and molars to craniofacial morphology in 7 to 12 years old 

children and in 20 to 24 years old adults. They found a significantly positive relationship 

between incisor bite force magnitude and upper to lower facial height index in children, but not 

in adults. In patients with myotonic dystrophy, who had small bite forces, Kiliaridis et al. (1989) 

found a large angle between the mandibular and palatal planes. Apart from craniofacial 

characteristics (inclination of the mandible, size of the gonial angle, ratio between the posterior 

and anterior face height), Ingervall and Minder (1997) found a significantly positive correlation 

between bite force magnitude and the amount of interocclusal contacts. In conclusion, the 

mentioned studies indicate that bite force magnitude and craniofacial morphology are related. 

Larger bite forces were found in individuals with shorter faces and an anteriorly upwardly 

inclined occlusal plane. 

1.3.3 Jaw muscle size and craniofacial morphology 

Weijs and Hillen (1986) measured the cross-sections of the masseter, temporal, medial pterygoid 

and lateral pterygoid muscles by using computed tomography. They found that the cross-

sectional areas of the temporal and masseter muscles were positively related to craniofacial 

widths, those of the masseter, medial pterygoid and lateral pterygoid muscles were positively 

related to the mandibular length and those of the lateral pterygoid muscle were negatively related 

to the cranial base length. Using magnetic resonance imaging (MRI), Hannam and Wood (1989) 

found significantly positive correlations between bizygomatic arch width and the cross-sectional 

areas of the masseter and medial pterygoid muscles. Van Spronsen et al. (1991), who also used 

MRI, found that the cross-sectional area of the temporal muscle related significantly positive to 

the cranial base flexure and craniofacial width. The latter related only moderately to the masseter 

cross-sectional area. No relationships were found with vertical dimensions, whereas, in a study 

in which Van Spronsen et al. (1992) compared long-face and normal-face individuals, vertical 

craniofacial dimensions were significantly related to the cross-sectional areas of both the 

masseter, anterior temporal and medial pterygoid muscles. Small muscle cross-sections were 
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found in individuals with relatively large anterior and small posterior face heights. From these 

studies it can be concluded that craniofacial morphology is significantly related to the cross-

sectional areas of the jaw muscles in a way that large cross-sectional areas are present in 

individuals having broad faces with shorter anterior and longer posterior facial dimensions. 

1.3.4 Jaw muscle size and strength reflecting general and local influences 

The size and strength of skeletal muscles are influenced by an intricate neural, metabolic and 

hormonal interaction (Florini, 1987; Häkkinen, 1989; Deschenes et al, 1991). Therefore, a 

relationship between the size and strength of skeletal muscles to those of the masticatory muscles 

can be expected. This expectation is supported by the findings that skeletal and masticatory 

muscles react similarly on aging (Newton et al, 1987, 1993) and training (Ingervall and 

Bitsanis, 1987; Kiliaridis et al, 1995), and show similar gender-related differences (Helkimo et 

al, 1977; Waltimo et al, 1993). However, the studies mentioned in the paragraphs before 

clearly demonstrated a close relationship of jaw muscle size and bite force magnitude to 

craniofacial morphology. Furthermore, jaw muscle size and bite force magnitude are related to 

the amount of occlusal contacts, being an indication of occlusal stability (Bakke, 1993; Ingervall 

and Minder, 1997). Van Spronsen et al (1996), therefore, postulated that the lack of occlusal 

stability might lead to an insufficient development of masticatory muscle strength, resulting in 

jaw muscle atrophy. 

Hence, on the one hand, jaw muscle size and consequently the maximal possible bite 

force seem to be dependent on general muscular influences, whereas, on the other hand, they 

seem to be dependent on local influences on the craniofacial level as well. 

1.4 OBJECTIVES OF THE STUDY 

In the first part of this thesis the masseter muscle was used as a model for the study of jaw 

muscle morphology in relation to jaw muscle biomechanics and craniofacial morphology. The 

following items were dealt with: 

the relationship between sarcomere length and jaw position; 

the validity of ultrasonography to determine muscle thickness; 

the size (i. e., the ultrasound thickness) of the masseter muscle during growth. 

From § 1.2 (jaw muscle biomechanics), it became clear that knowledge of the architectural 

design of a muscle is important for the understanding of its functional capabilities. Therefore, the 

first item of this thesis deals with regional differences in the architectural design of the masseter 

muscle and the consequences for the lengths of the sarcomeres at different jaw positions. 

From the literature mentioned in § 1.3 (jaw muscle size, bite force magnitude and 

craniofacial morphology), the presence of a relationship between masticatory muscle size and 
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function is obvious. In adults, relations with craniofacial morphology were found for both size 

and functional variables, whereas in children, this relation was found for functional variables 

only. From studies in pathological cases (e.g., Kreiborg et al., 1978), it is tempting to assume a 

causal relationship between muscle function and skull shape. If the muscles of mastication do 

reveal a contribution to the regulation of craniofacial morphology, as postulated in the growth 

theory of Van Limborgh (1971), a relationship between craniofacial morphology and size and 

function of the jaw muscles should already be present during childhood. Because there is only 

little known about jaw muscle morphology in children (Schumacher, 1962), one of the aims of 

this thesis was to measure both craniofacial morphology and jaw muscle size in growing 

individuals, and to study a possible relationship. 

Studies in which volunteers participate, should be conducted by the highest principles of 

human subject welfare, especially when children are involved. Therefore, for the imaging of the 

jaw muscles an in vivo technique was chosen that was non-invasive and had no (known) 

cumulative biological effects, and that could be quickly performed: Ultrasonography (US). US 

has already been used to measure the thickness of the masseter muscle in vivo (Kiliaridis and 

Kälebo, 1991; Bakke et al, 1992). However, because no appropriate evaluation of US as 

measuring instrument of the masseter muscle was available, the accuracy and reproducibility of 

ultrasonographic measurements of the masseter muscle thicknesses were determined. 

In the second part of this thesis the three-cornered relationship between jaw muscle size, bite 

force magnitude, and craniofacial morphology was unraveled. Furthermore, it was studied in 

how far the size of the jaw muscles is influenced by factors that generally determine the size of 

all skeletal muscles. The following items were dealt with: 

the relationship between bite force magnitude, jaw muscle size and craniofacial 
morphology; 

the relative contribution of general muscle variables and variables of craniofacial 
morphology to the size and strength of the jaw muscles. 

By measuring maximal voluntary bite force magnitude, jaw muscle size and craniofacial 

morphology in one study, an attempt was made to assess the relative contribution of jaw muscle 

size and craniofacial morphology to the maximal bite force magnitude. Although many studies 

have been performed on the relationship between jaw muscle size, craniofacial morphology, 

and/or bite force magnitude, the relationship between all three variables have not been studied all 

together. Also, in studies, in which bite forces were assessed, the bite force was measured in one 

dimension only {i.e., perpendicular to the occlusal plane). Because bite force magnitude depends 

on the bite force direction (Koolstra et al, 1988; Van Eijden, 1991; Osborn, 1996), in the 

present study, bite forces were measured in all three dimensions. This also allowed for 
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estimating the bite force moments, which was necessary in order to make an appropriate 

comparison with maximal forces of the arm flexor and leg extensor muscles possible. 

By comparing the sizes of the muscles of mastication to those of the arm flexor and leg 

extensor muscles and to the force moments they produce, a distinction was made between the 

contribution to jaw muscle size and strength of influences affecting all muscles, such as general 

metabolic and hormonal ones (Florini, 1987; Häkkinen, 1989; Deschenes et al., 1991), and local 

influences, such as craniofacial morphology, possibly leading to an insufficient development of 

the masticatory muscles (Van Spronsen et al., 1996; Ingervall and Minder, 1997). 

1.5 CONTENTS 

Chapter 2 Heterogeneity of fiber and sarcomere length in the human masseter muscle contains a 

description of the architectural design of the human masseter muscle, especially on the level of 

fiber and sarcomere length at different locations across the muscle. Changes in sarcomere length 

for different jaw positions were predicted in order to relate the morphological findings to 

possible functional consequences. 

Chapter 3 A comparison of human masseter muscle thickness measured by 

ultrasonography and magnetic resonance imaging provides an evaluation of ultrasonography as a 

method to measure the thickness of the masseter muscle in vivo. This was done by comparing the 

ultrasound registrations with thicknesses, obtained from MRI-images of the same subjects. 

Chapter 4 Masseter muscle thickness in growing individuals and its relation to facial 

morphology comprises a study in which the thickness of the masseter muscle was cross-

sectionally measured in growing individuals. These thicknesses were related to craniofacial 

morphology in order to find out whether a relationship between jaw muscle size and craniofacial 

morphology is already existent during growth. 

Chapter 5 Contribution of jaw muscle size and craniofacial morphology to human bite 

force magnitude reveals a study in which both maximal voluntary bite force magnitude, 

thicknesses of the masseter, temporal and digastric muscles, and craniofacial morphology were 

measured. By relating muscle thicknesses and craniofacial morphology to bite force magnitude, 

an indication was obtained of their relative contribution to the bite force magnitude. 

In Chapter 6 Human jaw muscle strength and size in relation to limb muscle strength and 

size the thicknesses of some jaw muscles were compared to those of the arm flexor and leg 

extensor muscles. Also, the magnitudes of the maximal voluntary bite force moment, arm 

flexion moment and leg extension moment were measured and compared to one another. Hence, 

a distinction was made between general influences of muscle metabolism and more local 

influences, such as craniofacial morphology. 

Chapter 7 contains a Summary and conclusions. 
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CHAPTER 2 HETEROGENEITY OF FIBER AND SARCOMERE LENGTH IN THE 
HUMAN MASSETER MUSCLE 

This chapter has been published previously (Van Eijden TMGJ, Raadsheer MC (1992) Ana Ree 
232:78-84). 

Abstract - This study deals with regional differences in the architectural design of the human 

masseter muscle. For a number of defined muscle regions the three-dimensional coordinates of 

origin and insertion points, and the lengths of the muscle fibers and sarcomeres were determined 

in the closed jaw position. Measurements were made from cadavers and the data were used as 

input for a model predicting sarcomere length at other mandibular positions. At a closed jaw 

average muscle fiber length of the muscle regions ranged between 19.0-30.3 mm. The fibers 

appeared to be considerably longer (35%) anteriorly than posteriorly in the muscle, and deeply 

situated fibers were on average 5% shorter than superficially situated ones. Average sarcomere 

length of the regions ranged between 2.27-2.55 /an, indicating that at a closed jaw position 

sarcomeres are at suboptimum length and have different positions on the length-tension curve. In 

the deep layer of the muscle sarcomeres were significantly shorter (6%) than in the superficial 

layer. Within the superficial layer sarcomere lengths did not differ significantly, but in the deep 

layer sarcomeres were shorter (8%) posteriorly than anteriorly in the muscle. The model shows 

that jaw displacement had a different effect on sarcomere length in the muscle regions. When the 

jaw was rotated about a transverse axis (open/close rotation) sarcomere excursions were 

relatively small in the posterior muscle regions and large in the anterior regions. The reverse was 

true when the jaw was rotated contralaterally about a vertical axis. It is concluded that, due to 

heterogeneity in fiber and sarcomere lengths, the distribution of maximal isometric tension 

across the muscle at full effort is not uniform. 

2.1 INTRODUCTION 

Knowledge of the architectural design of a muscle is important in understanding its functional 

capabilities. It is well known that the force a muscle can produce depends on the length and the 

shortening velocity of the sarcomeres and that the proportion of origin-insertion distance 

occupied by contractile tissue affects the occurring length changes. The longer a muscle fiber, 

the larger the number of sarcomeres in series and thus the smaller is the length change per 

sarcomere. Especially in the last decade our insight into the functional consequences of muscle 

architecture has increased considerably (a.o. Muhl, 1982; Woittiez et ai, 1983; Huijing, 1985; 

Cutts, 1988). These studies were mostly concerned with the overall effects of architecture, i.e., 

muscles were treated as homogeneous structures applying force to the skeleton via single, 

circumscript tendons. 
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The human masseter muscle, however, is irregularly shaped and has relatively broad 

attachment areas. Within the muscle regional differences exist in spatial orientation and position 

of muscle portions relative to the jaw-joint and their origin-insertion lengths vary across the 

muscle. Hence, it can be expected that during jaw movements muscle fiber and sarcomere 

excursions are not the same for various muscle regions, and this has been demonstrated in the 

masseter muscle of the rat (Nordstrom et al, 1974), the pig (Herring et al, 1979), and the 

rabbit (Weijs and Van der Wielen-Drent, 1983). 

In the present study the fiber and sarcomere lengths for a number of defined muscle 

regions in the human masseter muscle was investigated for the closed jaw position. In addition, 

the spatial coordinates of attachment points were determined, allowing to predict sarcomere 

length changes in these regions during a number of defined jaw movements. This way it was 

possible to relate our morphological findings to potential functional consequences. 

2.2 MATERIALS AND METHODS 

2.2.1 Materials 

Eight fresh cadavers (four male, four female), Caucasians, age: 78.3 ± 9.2 years (mean ± SD) 

were used to take samples from the right masseter muscle. Dissection was carried out within 24 

hours after death. The mouth of the cadavers was closed and the jaws were edentulous. The 

upper and lower prostheses were left in situ. Prior to dissection, metal plates were connected to 

maxilla and mandible in the incisai region in order to prevent relative movements of the jaws. 

2.2.2 Sampling of muscle portions 

After the muscle was freed from overlying tissue, six muscle portions were carefully dissected. 

Traditionally, the masseter muscle is subdivided into a superficial and deep layer. Of each of 

these two layers, an anteriormost, intermediate, and posteriormost portion was obtained for 

measurements; each portion had a diameter of about 0.5 cm. The portions were defined as 

follows: 1) The anteriormost superficial portion constitutes the anterior rim of the muscle, 

arising from the zygomatic bone and inserting just above the lower margin of the mandible, 

about 1.5 cm anteriorly to the angulus mandibulae. 2) The intermediate superficial portion arises 

halfway the origin of the superficial layer from the zygomatic arch and inserts near the angulus. 

3) The posteriormost superficial portion forms the posterior margin of the superficial layer; it 

originates from the zygomatic arch and inserts onto the posterior margin of the mandibular 

ramus, approximately 1 cm above the angulus. 4) The anteriormost and 5) intermediate deep 

portions lie directly deep to 1) and 2), with which they share their origin; the fibers insert onto 

the lateral surface of the mandible, about 1.5 cm cranially to the lower mandibular margin. 6) 

The posteriormost deep portion is not covered by the superficial layer of the muscle; it takes 
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origin from the posterior third of the zygomatic arch and inserts onto the lateral side of the 

ramus, about 1 cm anteriorly to the posterior margin and 1.5 cm above the angulus. 

Prior to removal, ties were placed around the ends of each portion, at the sites of 

attachment onto the bone. The distance between the ties (i.e., the origin-insertion length) was 

measured to the nearest millimeter by means of calipers. The average length of the contractile 

part (we will call this muscle fiber length) was determined by measuring the distance between the 

estimated centroids of attachment of the fibers to the tendon or to the bone. After excision the 

portion was fixed to a spatula, keeping the origin-insertion length at the value measured in situ, 

and placed in fresh fixative. 

To register the spatial coordinates of origins and insertions in the cadaver, the centroids 

of areas of attachment were marked by steel balls (diameter: 1.0 mm) glued into the bone 

surfaces. Two perpendicular radiographs were taken according to the method described by 

Koolstra et al. (1988). The coordinates were defined relative to a Cartesian coordinate system. 

The origin was centered between the two joints, the x- and y-axes were parallel to the Frankfort 

Horizontal plane and were pointing, respectively, anteriorly and laterally; the z-axis was 

perpendicular to that plane. 

2.2.3 Sarcomere length measurements 

The muscle samples were fixed for 1 week in a solution of 4.8% alcohol, 6.8% formaldehyde, 

0.16% fenol, 5% chloral hydrate, 3% sal carolinum, and 3% glycerine. Subsequently they were 

macerated (1 week) in 6% H2S04 and stored in a 50% solution of glycerol. From each muscle 

portion six small fiber bundles, approximately one fiber thick with several fibers lying side by 

side, were randomly teased out under a dissection microscope. Of each bundle the length was 

measured to the nearest millimeter. Then the bundles were mounted on a microscope slide in 

glycerine jelly. In each bundle one intact fiber was chosen to determine sarcomere length. At six 

equidistant locations between the ends of the fiber the number of sarcomeres was counted along 

a length of 100 /mi/location at a magnification of x 1,000 using a Zeiss microscope with a 

micrometer eyepiece. 

2.2.4 Prediction of sarcomere length for different mandibular positions 

Of each muscle portion average sarcomere length, fiber length, and the three-dimensional 

coordinates were measured for the closed jaw. For all other mandibular positions sarcomere 

length can be calculated from the changed distance between origin and insertion with respect to 

the initial position by using the model described earlier by our group (Weijs et al, 1987). The 

pinnation angle of the muscle was estimated to be 20% on the average. As the three-dimensional 

displacement of insertion points of the muscle are not known for normal activities (e.g., 

chewing), open/close excursions and laterodeviations were chosen as characteristic rotations of 

the jaw. Prediction of sarcomere length was carried out for the following six rotations, each with 

23 



a range of 30°, in 1° increments. Rotation in the sagittal plane: 1) about a transverse axis 

running through the temporomandibular joint ("hinge axis") and 2) about a transverse axis 

situated 2.5 cm below the joint, i.e., halfway the mandibular ramus. Laterodeviations of the 

closed jaw: 3) to the right (ipsilateral) side about a vertical axis situated in the right joint and 4) 

to the left (contralateral) side about a vertical axis situated in the left joint. Laterodeviation 

combined with jaw opening [5) and 6)]: these movements are similar to 3) and 4), but now each 

degree of laterodeviation is accompanied with a jaw opening of 0.5° about a transverse axis, 

halfway the ramus. 

2.3 RESULTS 

2.3.1 Muscle fiber length 

To examine whether teasing of bundles of fibers affects fiber length, the length of each muscle 

portion, measured in situ, was compared with the average length of the six bundles teased out of 

the portion. Absolute differences in fiber length ranged between 0-8 mm (mean ± SD: 2.6 ± 

2.8 mm, n=48: 8 subjects x 6 portions). A paired Student's t-test demonstrated that the 

difference was not statistically significant (p<0.05). The variability of muscle fiber length 

within a muscle portion, as estimated by the coefficient of variation (CV=SD/X * 100%), 

ranged between 0.1-18.9% (mean ± SD: 6.4 ± 4.3%, n=48). One-way analysis of variance, 

revealed that this variability did not differ significantly (p<0.05) between the six muscle 

portions. 

Figure 1 shows fiber length (for each subject average value of the six fiber bundles was 

used) and tendon length (calculated by subtracting fiber length from origin-insertion length) in 

the six muscle portions; the standard deviation values are a measure for interindividual 

variability. There appeared to be a clear heterogeneity in fiber length within the muscle. The 

average length ranged between 19.0-30.3 mm. Fibers in the posteriormost portions were about 

36% shorter than those in the anteriormost portions, and, although less obvious, in the deep 

layer of the muscle they were on average 5% shorter than in the superficial layer. Paired 

Student's t-tests were used to survey for differences within and between the two layers of the 

muscle. Two within-layer comparisons (i.e., anteriormost vs. intermediate and intermediate vs. 

posteriormost portions) and three between-layer comparisons (i.e., anteriormost superficial vs. 

anteriormost deep, intermediate superficial vs. intermediate deep, and posteriormost superficial 

vs. posteriormost deep) were carried out. It was found that the anteriormost superficial portion 

did not differ significantly (p<0.05) from the intermediate superficial and the anteriormost deep 

portions. In contrast, the other five comparisons yielded a significant (p<0.05) difference in 

fiber length. 

With respect to tendon length the same mutual comparisons were carried out. Within the 
superficial layer of the muscle tendon length did not differ significantly between the portions. In 
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Fig. 1. Muscle fiber and tendon lengths in different portions of the masseter muscle. D, deep; S, 

superficial. 

the deep layer there was no significant difference between the anteriormost and intermediate 

portion, but the tendon of the posteriormost portion was significantly (p<0.05) shorter than that 

of the intermediate portion. All three between-layer comparisons yielded significant (p<0.05) 

differences, the tendons of the deep layer being on average 35% shorter than those of the 

superficial layer. 

As can be seen in Fig. 1 the distance between origin and insertion decreases going from 

anterior to posterior and from superficial to deep in the muscle. The results of the above-

described comparisons indicate that the anterior-posterior decrease is primarily associated with a 

decrease in fiber length and the superficial-deep decrease with a decrease in tendon length. 

2.3.2 Sarcomere length 

For each fiber six sarcomere length values were available and within-fiber variability was 
estimated by the coefficient of variation. It appeared that the within-fiber variability ranged 
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Fig. 2. Sarcomere length in different portions of the masseter muscle. 

between 1.1-14.6% (mean ± SD: 7.1 ±3 .1%, n=288: 6 fibers x 6 portions x 8 subjects). The 

variability in sarcomere length between the fibers of a muscle portion was estimated by the 

coefficient of variation value of the six (i.e., number of fibers/muscle portion) mean fiber 

sarcomere lengths. It ranged between 3.6-11.8% (mean ± SD: 6.8 ± 1.8%, n=48: 6 portions x 

8 subjects). 

For each muscle portion, grand means of sarcomere length were used to compute 

average sarcomere length of the eight subjects (see Fig. 2); the SD values in this Figure are an 

estimate of interindividual variability in sarcomere length. Average sarcomere length of the 

portions ranged between 2.27-2.55 ^m. Sarcomeres in the deep layer of the muscle were on 

average 5 % shorter than those in the superficial layer. Mutual comparisons of sarcomere length 

revealed that in the posterior and intermediate region of the muscle deeply situated sarcomeres 

were significantly (p<0.05) shorter (6%) than superficially situated ones; anteriorly there was 

no significant difference between the two layers. Comparisons of sarcomere length within the 

superficial layer did not show any significant difference between the three portions. In the deep 
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Table 1. Coordinates (mm) of origin (0) and insertion (I) of the six muscle portions 

O I O l O I 
Superficial anterior 52.7 ± 3.2 15.3 ± 9.1 40.5 + 4.6 40.3 + 3.2 -18.9 ±2 .3 -68.6 + 5.8 
Superf. intermediate 44.5 ± 3.7 0.4 + 5.6 51.5 + 5.1 46.5 + 6.8 -13.9 + 2.3 -51.1 ± 5.4 
Superficial posterior 34.0 + 3.6 0.7 + 6.0 56.5 + 5.9 47.9 + 5.2 -7.0 + 3.0 -41.4 ± 5.6 
Deepanterior 54.8 ± 3.4 18.2 + 4.0 40.5 + 4.6 41.3 + 3.5 -18.9 + 2.3 -55.0 + 8.9 
Deep intermediate 44.5 + 3.7 12.0 + 6.7 51.3 + 5.1 44.6 + 6.0 -13.9 + 2.3 -46.0 + 5.4 
Deep posterior 21.9 + 3.3 9 .1+3.0 60.6 + 5.4 47.8 + 4.9 -2.5 ± 2.3 -35.1+3.9 

Positive x-, y- and z-axes are pointing, respectively, anterior, right, and upwards. 

layer, however, the sarcomeres in the posterior portion were significantly (p<0.05) shorter 
(about 8%) than those in the intermediate portion, but there was no significant difference 
between anterior and intermediate portions. 

2.3.3 Predicted sarcomere length changes 

For the model simulations the average values of sarcomere length, fiber length, and coordinates 
of origin and insertion (Table 1) at the closed jaw position were used as input data. Results will 
be described for the anteriormost superficial and posteriormost deep portions of the muscle. 
Changes in sarcomere length in the other four portions were generally found to lie in between 
these extreme cases. 

The effect of a particular movement on sarcomere length changes depends on two 

factors. Firstly, the longer the muscle fiber, the smaller the induced length change per 

sarcomere. Secondly, the perpendicular distance between the axis of rotation and the muscle 

portion's action line, i.e., the moment arm, determines the amount of length change between 

origin and insertion, a long moment arm producing a larger displacement of the insertion than a 

short moment arm. This is illustrated in Fig. 3 for the projections of attachment points in the 

sagittal and transverse planes, averaged over the eight subjects. During jaw opening (see lateral 

view, Fig. 3) the increase of origin-insertion distance is larger anteriorly than posteriorly in the 

muscle. In addition, if the opening movement occurs about a transverse axis situated in the joint 

the excursion of the muscle portions is larger than in the case that the axis is situated halfway the 

ramus (not shown in Fig. 3). These differences are clearly reflected in the amount of predicted 

sarcomere lengthening (Fig. 4). For the jaw opening about the joint axis sarcomeres are 

extended from about 2.5-4.8 /xm in the anteriormost portion and from 2.3-3.5 /xm in the 

posteriormost portion; in the case of a more caudally located opening axis these figures are 2.5-

4.0 /xm and 2.3-3.5 /xm, respectively. In comparing the amount of sarcomere lengthening in the 

two muscle portions, it should be realized that muscle fibers in the anteriormost portion were 

found to be longer than those in the posteriormost portion. If this had not been the case, the 
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amount of predicted sarcomere extension in the anteriormost portion would even have been 

larger. 

When from the initial position the closed jaw is moved to the right side (ipsilateral 

deviation) about a vertical axis situated in the right joint, there is but a slight increase of origin-

insertion distance and the increase is larger for the anteriormost than for the posteriormost 

portion. Nevertheless, in both portions sarcomere extension is the same (about 0.1 /xm). This is 

because of the longer muscle fibers in the anteriormost portion. Obviously, ipsilateral 

laterodeviation combined with jaw opening leads to an additional increase of sarcomere 

lengthening, the effect of opening being larger anteriorly in the muscle than posteriorly. 

When the jaw is moved to the left side (contralateral deviation, see cranial view, Fig. 3) 

about a vertical axis in the left joint the occurring sarcomere length changes are more complex. 

Excursions are relatively small (from 2.5-1.8 /xm) in the anteriormost portion and large (from 

2.3-4.0 /mi) in the posteriormost portion (Fig. 4). Insertions of the muscle portions move 

anteriorly and medially. Initially they are located posteriorly of their corresponding origin 

points, later anteriorly. As a result sarcomeres shorten initially, but start to lengthen as the 

movement continues. The tilt of a muscle portion's action line relative to the vertical determines 

the lateral excursion angle at which this transition between shortening and lengthening takes 

place. The larger the tilt, the larger this angle. For this reason in the anteriormost muscle portion 

shortening of sarcomeres occurs during the largest part of movement and in the posteriormost 

portion only during the first 5-10°. 

2.4 DISCUSSION 

The presented results demonstrate that the human masseter muscle has a heterogeneous 

architectural design. The internal structure of the muscle shows several gradual changes, both 

along the antero-posterior and lateral axes. It appeared that origin-insertion distance and fiber 

and sarcomere lengths are larger anterior and superficial in the muscle than, respectively, 

posterior and deep, although there were some exceptions. Studying the architecture in the human 

lower limb muscles, Wickiewicz et al. (1983) and Friederich and Brand (1990) found that within 

a given muscle fibers have similar lengths. Such constancy does not exist in the masseter muscle. 

Our data confirm and extend the measurements of Schumacher (1961), who also found an 

anteroposterior decrease in fiber length of about 30%. 

The potential importance of the observed architectural differences for muscle function 

can be explained in terms of actual sarcomere length and the range of sarcomere length changes. 

The isometric force a muscle can generate depends on the length at which the sarcomeres are 

activated (length-tension relationship). As far as we are aware no experimental data are available 

on optimum sarcomere length (i.e., the length at which maximal isometric force is produced) of 

human muscles. Based on I-segment length-measurements in human leg muscle fibers, Walker 
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and Schrodt (1973) constructed a length-tension curve for human sarcomeres with an optimum 

length of 3 fim. If this curve is used for the masseter muscle, then all muscle regions investigated 

in the present study are below optimum length in the closed jaw position. This parallels findings 

in the masseter muscle of the rat (Nordstrom et al., 1974), pig (Herring et al., 1979), and rabbit 

(Weijs and Van der Wielen-Drent, 1983). Recently, Anapol and Herring (1989) determined 

length-tension curves of the whole masseter muscle of the pig and they found that in the closed 

jaw position the muscle is at suboptimum length and produces about 80% of its maximum 

tension. The present results point to regional variation in sarcomere length, also described for 

the masseter of other mammals (Nordstrom et al., 1974; Herring et al., 1979; Weijs and Van 

der Wielen-Drent, 1983). Hence, given equal activation of muscle fibers, there are regional 

differences in produced tension. From the length-tension curve given by Walker and Schrodt 

(1973) it can be derived that at closed jaw tension ranges between about 80% (in the 

posteriormost region) and 90% (in the anteriormost region) of maximal tension. In the human 

increase of maximal bite force when the mouth is opened has been observed by Manns et al. 

(1979) and Mackenna and Turker (1983), also indicating that the jaw muscles are at suboptimum 

length with closed jaws. 

The effect of jaw displacement upon sarcomere length varies between the muscle 

regions. This can be explained by differences in 1) moment arm length, 2) initial sarcomere 

length at the closed jaw, and 3) the number of sarcomeres in series. The farther away a muscle 

portion is from the rotation axis, the longer is its moment arm and the larger is the induced 

change of origin-insertion length. This change is absorbed by the sarcomeres (also by stretching 

of the series elastic and tendon elements, but this effect is neglected in the present study) and the 

larger the number of sarcomeres in series, the smaller is the length change per sarcomere relative 

to the initial length. Theoretically, equivalent change of sarcomere length, and consequently of 

tension, in the different muscle regions can be attained if the regions lie parallel and the ratio of 

sarcomere numbers is proportional to the ratio of moment arm lengths (Gans and De Vree, 

1987). Obviously this is not the case in the human masseter muscle, neither for open/close 

movements, nor for laterodeviations or a combination of both (Fig. 4). For example, when the 

mouth is opened sarcomeres are stretched more anteriorly than posteriorly in the muscle. 

Although we found longer muscle fibers, and thus more sarcomeres, anteriorly than posteriorly 

in the muscle (sarcomere number ratio: 1.3/1.0), this is not enough to compensate for the longer 

moment arm of the anteriorly situated fibers (moment arm ratio: 2.5/1.0). It implies that for 

different open/close positions variation in tension is larger anteriorly than posteriorly in the 

muscle. The conclusion seems justified that during jaw displacements the distribution of tension 

across the muscle is not uniform but varies continuously due to differential stretching of 

sarcomeres. As a result not only the magnitude but also the orientation of the resultant muscle 

force vector is not constant. It has been shown earlier that a varying action line increases the 

mechanical potential of the muscle (Van Eijden et al., 1988). Except for regional differences in 
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sarcomere excursions, the orientation of a muscle's action line can also be varied by differences 

in activation (Blanksma and Van Eijden, 1990). For the human masseter such a difference has 

been established by Belser and Hannam (1986), who used wire electrodes inserted superficially 

and deeply into the muscle. Thus far, however, in most studies on the functioning of the 

masticatory system the muscle has been treated as a single unit (a.o. Manns et ai, 1979; Van 

Eijden et ai, 1990). 

This study indicates that for a proper analysis of the functioning of the masseter muscle, 

the muscle should properly be subdivided into a number of independent elements, each having 

its own architectural features. The present analysis is a first approach to such an analysis, but is 

still crude. Effects of regional differences in fiber angulation, histochemical muscle fiber type 

(Eriksson and Thornell, 1983), and of elasticity of series elastic and tendon elements have not 

been taken into account. Also, the simulated jaw displacements are arbitrary and have been 

restricted to main components of movement, not occurring in everyday life. In addition, this 

study does not answer the question why for example muscle fibers and sarcomeres have different 

initial lengths. Some reasonable explanations have been given for the masseter muscle of the 

rabbit (Weijs and Van der Wielen-Drent, 1983; Weijs et ai, 1987) and pig (Herring et al, 

1979), using a combination of various techniques such as electromyography (EMG) and 

description of architecture. A possible approach for the human masseter could be collection of 

architectural data in cadavers and registration of three-dimensional jaw displacements during 

natural movements {e.g., chewing) in vivo under simultaneous registration of EMG-activity of 

subpopulations of muscle fibers, using fine wire electrodes. The displacement data can then be 

used to predict sarcomere length changes in different muscle regions and to relate these changes 

to the observed activity patterns. 
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CHAPTER 3 A COMPARISON OF HUMAN MASSETER MUSCLE THICKNESS 

MEASURED BY ULTRASONOGRAPHY AND MAGNETIC RESONANCE IMAGING 

This chapter has been published previously (Raadsheer MC, Van Eijden TMGJ, Van Spronsen 

PH, Van Ginkel FC, Kiliaridis S, Prahl-Andersen B (1994) Archs Oral Biol 39:1079-1084). 

Abstract - Non-invasive imaging techniques such as computerized tomography, magnetic 

resonance imaging (MRI), and ultrasonography (US) enable measurements of the cross-section 

and thickness of human jaw muscles in vivo, providing an indication of the maximal force a 

muscle can exert. In 15 adult Caucasian men the thickness of the masseter muscle was registered 

bilaterally on three different levels by ultrasonography. Scans were made on the contracted and 

the relaxed muscle. A comparison was then made with measurements from serial MRI-scans, 

using univariate analysis of variance for repeated measurements and Pearson's correlation 

coefficients. Variances of the repeated measurements were calculated for the different scanning 

levels and the different muscle conditions and tested for homogeneity. For both the ultrasound 

and MRI measurements there was no difference in thickness between the left and right muscle. 

The registration level with highest reproducibility was halfway between the origin and insertion. 

Measurements from the contracted muscle were more reproducible than those from the relaxed 

muscle. The relaxed muscle thickness measured by ultrasonography was smaller than that 

measured by MRI. The correlation between ultrasound and MRI was significant for the upper 

and middle level of scanning (p<0.001). The highest correlation was found between MRI 

(relaxed) and ultrasound (contracted) at the middle level (R=0.83, p<10^). The conclusion is 

that ultrasonography is an accurate and reproducible method for measuring the thickness of the 

masseter in vivo. It allows for large-scale longitudinal study of changes in jaw muscle thickness 

during growth in relation to change in biomechanical properties of masticatory muscles. 

3.1 INTRODUCTION 

It is widely accepted that an interaction exists between masticatory muscle function and 

craniofacial growth (e.g. Brodie, 1950; Solow and Kreiborg, 1977; Kreiborg et al, 1978; 

Ingervall and Bitsanis, 1987; Kiliaridis et al, 1989). One of the variables of muscle function is 

the maximum force a muscle can produce. This force is proportional to the physiological cross-

section, i.e. the total cross-section of all muscle fibers, which in turn is related to the muscle's 

cross-section (Weijs and Hillen, 1984a). The techniques available for measuring muscle cross-

section in vivo are computerized tomography, MRI and ultrasound imaging. Certain 

cephalometric variables are correlated with the muscle cross-section as registered by 

computerized tomography (Weijs and Hillen, 1984b) or MRI (Hannam and Wood, 1989; Van 
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Spronsen et ai, 1991, 1992), or to the muscle thickness as registered by ultrasound (Kiliaridis 

andKälebo, 1991; Bakke et al., 1992). 

For clinical examinations, ultrasonography has several advantages over MRI and 

computerized tomography because it is a rapid, inexpensive technique, the equipment can be 

easily handled and transported and, in contrast to computerized tomography, it has no known 

cumulative biological effect. In order to check the accuracy of ultrasonography, Fukunaga 

(1976) compared ultrasonographic cross-sections from human extremities with direct 

measurements on cadavers. Kiliaridis and Kälebo (1991) evaluated ultrasound as a method for 

quantitative studies of the masseter muscle; they compared the reliability of ultrasonographic 

measurements of thickness with the results of cross-sectional measurements from MRI scans, 

described in the literature. 

The aim was to evaluate ultrasonography as a method for measuring the thickness of the 

masseter in vivo by comparing the ultrasonographic measurements to those obtained from MRI 

scans. The reproducibility of ultrasonographic measurements was quantified and the scanning 

level with the highest reproducibility was determined. 

3.2 MATERIALS AND METHODS 

Measurements were made on 15 Caucasian men, aged 25 to 51 years (mean age 36) with normal 
skull shape, a complete or almost complete dentition, and no gross malocclusion or functional 
disorders. 

Ultrasound images were obtained by means of a real-time scanner (Pie Medical Scanner 

480, 7.5 MHz linear-array transducer). Each subject was seated in an upright position, with the 

head in a natural position. The masseter muscle was scanned bilaterally on three levels, 

determined by dividing the distance between the zygomatic arch and mandibular angle into four 

equal parts. The origin, insertion and anterior border of the masseter were determined by 

palpation. The scanning levels were orientated perpendicular to the anterior border of the muscle 

and marked on the skin. The transducer was held against the cheek with light pressure and 

orientated perpendicular to the cortex of the underlying ramus. To be perpendicular to the ramus 

the transducer was tilted until the ramus was depicted on the screen as a sharp white line. 

(Fig. 1 Opposite) 
Fig. 1. Ultrasound images of the masseter muscle corresponding to the three scanning levels 
during contraction (A, C, E) and relaxation (B, D, F). Images A and B show the upper, C and 
D the middle, and E and F the lower level. The muscle is depicted as a dark balloon, covered 
by a lighter echo from the skin and overlying fascia. Below the muscle, the ramus is depicted 
as a sharp white line. The greatest muscle thickness is indicated by a dotted line connecting to 
calipers (arrows). 
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Table 1. Means and SD of the ultrasound measurements of masseter muscle thickness (mm) in 
15 adult males 

Side: Right Left 

Condition: Contracted Relaxed Contracted Relaxed 

Level Mean SD Mean SD Mean SD Mean SD 
Measurement 1 

Upper 16.2 2.7 13.7 2.5 15.8 1.8 13.5 2.1 
Middle 15.4 2.6 13.3 2.7 16.0 2.0 13.8 2.6 
Lower 13.3 3.2 11.3 3.3 14.1 

Measurement 2 

2.9 11.1 2.8 

Upper 15.8 3.0 14.1 2.5 16.1 1.4 14.3 2.0 
Middle 15.7 2.6 13.7 2.8 16.3 2.3 13.8 2.4 
Lower 13.4 3.2 11.4 2.5 13.2 2.8 12.1 2.3 

Differences in thickness for the different variables were analysed by ANOVA. No significant 
differences were found between the first and second measurements or between the left and 
right side. The contracted muscle was significantly thicker than the relaxed muscle 
(p=0.000). The muscle thickness at the lower level was significantly smaller than that at the 
upper or middle level (p=0.000). The outcomes of ANOVA are presented in Table 3. 

Contrast between muscle and subcutaneous tissue was enhanced by asking the subject to clench 

and relax alternately. The registrations were made under two conditions, muscle relaxation and 

contraction. The first was obtained by asking the subject to maintain slight interocclusal contacts, 

the second by asking them to clench maximally. To avoid muscle fatigue, an interval of at least 1 

min was kept between two succeeding measurements. The thickness of the masseter was 

measured directly on the screen by means of two cursors, accurate to the nearest 0.1 mm (Fig. 

1). The thickness was defined as the largest distance between ramus and superficial muscle 

surface, perpendicular to the underlying ramus. After all measurements had been made the 

whole session was repeated. From each registration images were obtained (Mitsubishi video 

copy printer), and the sessions were also video tape-recorded. 

(Fig. 2 Opposite) 

Fig. 2. MRI scans coinciding with the three scanning levels of Fig. 1. Image A shows the 

upper, B the middle, and C the lower scanning level. The white arrows indicate the masseter 

muscles. The muscle thickness was measured as the largest distance, perpendicular to the 

underlying ramus (see white line in A), r, right side; 1, left side. 
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Table 2. Means and SD of MRI measurements of masseter muscle thickness (mm) in 15 adult 
males 

Side 

Right Left Total 

Level: Mean SD Mean SD Mean SD 

Upper 15.1 2.3 14.9 2.6 15.1 2.4 
Middle 16.8 2.4 16.7 2.1 16.8 2.3 
Lower 13.9 2.6 13.6 2.4 13.8 2.5 

Differences in thickness for the different variables were analysed by ANOVA. No significant 
difference was found between the left and right side muscle thickness. The muscle thickness at 
the middle level was significantly larger than that of the upper or the lower level (p< 0.001). 
The results of ANOVA are presented in Table 3. 

From each subject a series of MRI-scans was available on which the masseter cross-

sections were recorded. The scans (slice thickness: 5 mm; interslice gap 1.25 mm) were made at 

30° to the Frankfort horizontal plane. The subjects were asked to close the teeth gently together, 

but to avoid clenching (for a more extensive description we refer to Van Spronsen et al., 1989, 

1991). For each individual, three scans were selected, each coinciding with the level on which 

the ultrasound scans were taken. From these scans, the greatest thickness of the masseter was 

measured, perpendicular to the underlying ramus. 

Statistical analyses consisted of univariate analysis of variance for repeated 

measurements, Pearson's correlation coefficients between MRI and ultrasound measurements, 

and Cochran's C-test for homogeneity of variance of the repeated measurements. The univariate 

analysis of variance for repeated measurements was done with the multiple MANOVA 

subpackage from the SPSS x package (SPSS inc., 1990). For the ultrasound measurements, 

independent variables were "measurement" (1, 2), "side" (left, right), "condition" (contracted, 

relaxed) and "level" (upper, middle, lower). For the MRI measurements, independent variables 

were "side" (left, right) and "level" (upper, middle, lower). All independent variables were 

treated as within-subject effects. Pearson's correlation coefficients between MRI and ultrasound 

thickness were calculated for the different levels. 

3.3 RESULTS 

The means and SD of the ultrasound measurements are presented in Table 1. The thickness of 

the contracted muscle was always larger than that of the relaxed, and the thickness at the lower 

level was always smaller than the corresponding thicknesses at the upper or middle level. Table 
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Table 3. ANOVA, within-subject effects 

2 shows the means and SD of the MRI 

measurements. For both left- and right-hand 

side the muscle thicknesses were largest at 

the middle level and smallest at the lower. 

The results of ANOVA are 

presented in Table 3. For the ultrasound 

measurements the main effects of the 

variables "measurement" and "side" were 

not significant, i.e., neither the first and 

second measurements, nor the left and right 

side differed significantly. "Condition" and 

"level" main effects were significant 

(p=0.000), but there was a significant 

"level"/"condition"/"measurement" 

interaction, indicating that on at least one 

level the difference between the repeated 

measurements was not the same for the 

contracted and the relaxed muscles. 

Subsequently, simple measurement-within-

level effects were calculated; this effect was 

significant for the lower level (F=5.09, 

p<0.05). 

For the MRI measurements the main 

effects of "side" were not significant, i.e., 

there was no significant difference between 

the thickness of the left and right muscle. 

One of the "level" main effects was 

significant, indicating that the muscle 

thickness at the middle level was 

significantly greater than at the upper or the 

lower scanning level (F=34.5, p<0.001). 

No interactions were found. 

Comparison of the results in Tables 1 and 2 shows that masseter thickness measured by 

MRI (only available for the relaxed muscle) was consistently greater than for the relaxed muscle 

measured by ultrasonography. The Pearson's correlation coefficients of the results obtained by 

the two methods are presented in Table 4. The highest correlations between MRI and ultrasound 

were found for the middle scanning level. For the lower scanning level the correlations were not 

significant. 
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F P 

ANOVA of the ultrasound measurements 

Main effect 
M 1.33 0.268 
S 0.51 0.485 
C 120.24 0.000* 
L 40.35 0.000* 

1st order interactions 
M by S 0.11 0.741 
M b y C 1.77 0.204 
M b y L 0.11 0.892 
S b y C 0.16 0.696 
S b y L 0.39 0.681 
C b y L 0.46 0.639 

2nd order interactions 
M by S by C 0.79 0.389 
M by S by L 1.20 0.316 
M by C by L 4.41 0.022* 
S by C by L 0.15 0.864 

3rd order interactions 
M by S by C by L 2.37 0.112 

ANOVA of the MRI measurements 

Main effect 
S 0.68 0.268 
L 11.61 0.000* 

1st order interactions 
S b y L 0.21 0.816 

'Significant 
M, measurement; S, side; C, condition; L, 
level. 



Table 4. Pearson's correlation 
coefficients between the MRI and the 
relaxed ultrasound measurements 

Level: 

R T P 
Upper 0.48 2.88 7.53 103 

Middle 0.71 5.38 9.98 10^ 
Lower 0.32* 1.80 8.33 10'2 

* not significant 

Table 5A.Variances of differences 
between first and second measurements 
of the US-measurements (n=30) 

Level Contracted Relaxed 

Upper 
Middle 
Lower 

2.25 
1.30 
3.10 

4.80 
2.22 
4.81 

In order to get an impression of the 

reproducibility of the ultrasound 

measurements at the different levels and for 

the different conditions, variances between 

the repeated measurements were calculated 

(Table 5A). Also, the mean differences 

between the repeated measurements were 

expressed as percentages of the mean of 

both measurements (Table 5B). Cochran's 

C-test for homogeneity showed that the 

variances differed significantly. For both 

muscle conditions, variances and 

percentages were lowest for the middle 

level. For each level, variances and 

percentages were lower for the 

measurements in contraction. It seems 

evident that the muscle thickness at the 

middle level is most reproducible, and that 

the measurements can be best executed 

when the muscles are contracted. 

3.4 DISCUSSION 

The first imaging technique used for direct 

measurements of muscle size in living 

human subjects was ultrasonography (Dcay 

and Fukunaga, 1968; Fukunaga, 1976). For 

soft tissue imaging, ultrasonography is 

superior to radiographs. It is non-invasive, 

and has no cumulative biological effects on 

living tissues (Baum et al, 1975). 

Therefore, ultrasonography is often used for muscle examination, especially for large superficial 

muscle groups (e.g., Henriksson-Larsen et al., 1992). 

For the ultrasound measurements ANOVA showed a significant main effect for the 

variables "condition" (relaxed versus contracted) and "level" (upper, middle, lower) (Table 3). 

However, there was a significant interaction between the variables "level", "condition" and 

"measurement", i.e., the differences between the repeated measurements varied across 

conditions and levels. Further exploration of the interaction showed that some systematic 
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Table 5B. Mean difference between the 
first and second measurement as a 
percentage of the mean between first and 
second measurement (n=30) 

Level Contracted Relaxed 

Upper 
Middle 
Lower 

6.9 
5.3 
14.4 

11.8 
8.2 
15.3 



measurement bias could not be excluded, but this could not be so high as to invalidate the 

conclusion that, independent of side, level or measurement sequence, the contracted muscle was 

significantly thicker than the relaxed, and that the thicknesses at the upper, middle and lower 

levels of the scan differed significantly, independent of side, condition or measurement 

sequence. 

Although defined in different ways, the scanning levels used by Kiliaridis and Kälebo 

(1991) and by Bakke et al (1992) resembled our middle level, which we found to be most 

reproducible. Kiliaridis and Kälebo found a thickness of 9.7 ±1.5 mm for the relaxed and 15.1 

±1 .9 mm for the contracted muscle in males. The difference between the contracted and the 

relaxed thicknesses was larger than in our study, where the grand means for the middle level 

were 13.7 ± 2.3 mm and 15.9 ± 2.5 mm, respectively, and thus similar for the thickness of 

contracted muscle thickness but higher for the relaxed muscle. The same was found for 

registrations on females, when the results of Kiliaridis and Kälebo (8.7 ± 1.6 mm for relaxation, 

13.0 ± 1.8 mm for contraction) are compared with those of Bakke et al (1992) (11.08 ± 2.74 

mm for the relaxed muscle and 12.57 ± 3.25 mm for the contracted muscle; values measured at 

the anteroposterior midpoint). 

The measurement error {i.e., the mean difference between measurement one and 

measurement two, expressed as a percentage of the mean between both measurements) found by 

Kiliaridis and Kälebo (1991) was 4.0% for the contracted and 7.1% for the relaxed muscle, and 

ours was 5.3% and 8.2%, respectively. Bakke et al. (1992) found a method error ranging from 

3% to 7%; no distinction was made between contracted and relaxed muscles. The lower 

reproducibility for the relaxed than the contracted thickness is due to the fact that the thickness of 

the relaxed muscle is more susceptible to the pressure with which the transducer is held against 

the cheek. This could also explain the fact that Kiliaridis and Kälebo found a lower thickness for 

the relaxed muscle, both compared to the present study and to the study of Bakke et al 

The poor reproducibility at the upper level can be explained by the difficulty in 

orientating the transducer because of the absence of underlying bone. The poor reproducibility at 

the lower level can be explained by the tapered shape of the muscle: a slightly different 

transducer orientation will result in a different muscle thickness. 

The thickness of the masseter muscle measured by MRI was consistently greater than 

measured by ultrasonography. For the upper level the difference was about 2 mm, for the middle 

level about 3 mm, and for the lower level about 2 mm. An explanation might be that the 

superficial muscle aponeurosis was not included in the ultrasound measurements, in contrast to 

the MRI measurements. Also, the pressure of the transducer, though very slight, might reduce 

the thickness of the relaxed muscle. 

43 



3.5. REFERENCES 

Bakke M, Tuxen A, Vilmann P, Jensen BR, Vilmann A, Toft M (1992) Ultrasound image of 

human masseter muscle related to bite force, electromyography, facial morphology, and 

occlusal factors. Scand J Dent Res 100:164-171. 

Baum G, editor (1975) Fundamentals of Medical Ultrasonography. New York: Putnam, Chap. 

l . p . 3 . 
Brodie AG (1950) Anatomy and physiology of head and neck musculature. Am J Orthod 36:831-

844. 

Fukunaga T (1976) Die absolute Muskelkraft und das Muskelkrafttraining. Sportarzt Sportmed 

27:255-266. 

Hannam AG, Wood WW (1989) Relationships between the size and spatial morphology of 

human masseter and medial pterygoid muscles, the craniofacial skeleton, and jaw 

biomechanics. Am J Phys Anthrop 80:429-445. 

Henriksson-Larsen K, Wretling M-L, Lorentzon R, Oberg L (1992) Do muscle size and fibre 

angulation correlate in pennated human muscles? EurJAppl Physiol 64:68-72. 

Ikay M, Fukunaga T (1968) Calculation of muscle strength per unit cross-sectional area of 

human muscle by means of ultrasonic measurements. Int Z Angew Physiol einschl 

Arbeitsphysiol 26:26-32. 

Ingervall B, Bitsanis E (1987) A pilot study of the effect of masticatory muscle training on facial 

growth in long-face children. Eur J Orthod 9:15-23. 

Kiliaridis S, Mejersjö C, Thilander B (1989) Muscle function and craniofacial morphology: a 

clinical study in patients with myotonic dystrophy. Eur J Orthod 11:131-138. 

Kiliaridis S, Kälebo P (1991) Masseter muscle thickness measured by ultrasonography and its 

relation to facial morphology. J Dent Res 70:1262-1265. 

Kreiborg S, Lern Jensen B, Maller E, Björk A (1978) Craniofacial growth in a case of 

congenital muscular dystrophy: a roentgencephalometric and electromyographic 

investigation. Am J Orthod 74:207-215. 

Solow B, Kreiborg S (1977) Soft tissue stretching: a possible control factor in craniofacial 

morphogenesis. Scand J Dent Res 85:505-507. 

Van Spronsen PH, Weijs WA, Prahl-Andersen B, Valk J, Van Ginkel F (1989) Comparison of 

jaw muscle bite-force cross-sections obtained by means of magnetic resonance imaging 

and high resolution CT-scanning. J Dent Res 68:1765-1770. 

Van Spronsen PH, Weijs WA, Prahl-Andersen B, Valk J, Van Ginkel F (1991) Relationship 

between jaw muscle cross-sections and craniofacial morphology in normal adults, studied 

with magnetic resonance imaging. Eur J Orthod 13:351-361. 

Van Spronsen PH, Weijs WA, Valk J, Prahl-Andersen B, Van Ginkel FC (1992) A comparison 
of jaw muscle cross-sections of long-face and normal adults. J Dent Res 71:1279-1285. 

44 



Weijs WA, Hillen B (1984a) Relationship between the physiological cross-section of the human 

jaw muscles and their cross-sectional area in computer tomograms. Acta Anat 118:129-

138. 

Weijs WA, Hillen B (1984b) Relationship between masticatory muscle cross-section and skull 

shape. J Dent Res 63:1154-1157. 

45 





CHAPTER 4 MASSETER MUSCLE THICKNESS IN GROWING INDIVIDUALS AND 
ITS RELATION TO FACIAL MORPHOLOGY 

This chapter has been published previously (Raadsheer MC, Kiliaridis S, Van Eijden TMGJ, 

Van Ginkel FC, Prahl-Andersen B (1996) Archs Oral Biol 41:323-332). 

Abstract - It is widely accepted, that an interaction exists between masticatory muscle function 

and craniofacial growth. In adults, correlations have been found between facial dimensions and 

jaw-muscle cross-sectional area, and between facial dimensions and masseter muscle thickness. 

Little is known about growth of the human masticatory muscles and its relationship with facial 

dimensions at different ages. In 329 Greek individuals, aged 7-22 yr, masseter muscle thickness 

was measured by ultrasonography. Muscle thickness was related to age, stature and weight, and 

to facial dimensions, measured by means of anthropological calipers. Muscle thickness was 

statistically assessed by univariate analysis of variance, after the males and females had been 

divided into three age groups. Facial dimensions were assessed by multivariate analysis of 

variance, age being considered as a covariate. The relation between muscle thickness and facial 

dimensions was subjected to stepwise multiple regression analysis. Masseter muscle thickness 

increased with age in both sexes. No differences were found between left- and right-hand side. 

For each age group (and corrected for stature and weight), males had significantly thicker 

masseters than females (p<0.01). Variation in muscle size and facial dimensions mainly 

coincided with variation in age, stature and weight. Apart from these, muscle thickness showed a 

significantly negative relation with anterior facial height and mandibular length, and a 

significantly positive relation with intergonial width and bizygomatic facial width. 

4.1 INTRODUCTION 

Changes in size and shape of the bony components of the craniofacial skeleton during growth 

have been extensively studied. The variation in facial morphology is large and facial growth 

patterns differ from individual to individual. Many investigators have shown a significant 

interaction between jaw muscle function and facial morphology, both in adults (e.g., Ingervall 

and Helkimo, 1978; Proffit et al., 1983; Kiliaridis et al., 1989; Bakke and Michler, 1991), and 

in children (Ingervall and Thilander, 1974; Ingervall, 1976; Kreiborg et ai, 1978; Proffit and 

Fields, 1983; Ingervall and Bitsanis, 1987; Kiliaridis et ai, 1993). Others have found 

correlations in adults between facial dimensions and the cross-sectional area of jaw muscles, 

measured by computerized tomography (CT, Weijs and Hillen, 1986), magnetic resonance 

imaging (MRI, Hannam and Wood, 1989; Van Spronsen et al, 1991) or ultrasonography (Ruf 

et al, 1994), cross-sectional area being an indication of the maximal force a muscle is capable of 

producing (Morris, 1948). Also, significant correlations were found between facial dimensions 
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and the ultrasonographic thickness of the masseter in adults (Kiliaridis and Kälebo, 1991; Bakke 

et al, 1992; Ruf et al., 1994). Ultrasonography has several advantages over CT and MRI, 

which makes it suitable for large-scale studies, especially in children. In contrast to CT, 

ultrasonography has no known cumulative biological effects. It is advantageous compared to 

MRI because MRI would require sedation in children under 10 years of age. Compared to both 

CT and MRI, ultrasonography is rapid and inexpensive, and the equipment can be easily handled 

and transported. However, it allows for registration of superficial muscles only. 

Animal studies (e.g., Langenbach, 1992) have shown that there is a close interaction 

between growth changes of the face and skull, changes in muscle morphology and changes in 

muscle function. In man, very little has been published about the growth and development of the 

muscles of mastication and their relation with facial morphology during growth. Dalla Rosa 

(1896), cited by Schumacher (1962), described the postnatal growth of the temporal muscle until 

adulthood, together with the growth of the skull. Schumacher (1962) explained the scarceness of 

data by the lack of adequate techniques for direct morphological examinations of the soft tissues 

in vivo. He described the morphological changes of the masticatory muscles from birth to 

edentulousness using dissection material, but his study was based on four human cadavers only. 

Therefore, our aim now was to measure the thickness of the human masseter muscle in growing 

individuals and to investigate the relation between facial morphology and the muscle thickness at 

different ages. 

4.2 MATERIALS AND METHODS 

4.2.7 Participants 

Measurements were made on 360 Greek individuals, age 7-49 yr. From this group, 169 females 

up to the age of 20 yr and 160 males up to the age of 22 yr were selected, because no increase in 

stature was expected after these respective ages (Thomsen et al., 1990). The age distribution is 

shown in Fig. 1. All participants were healthy and none showed growth disorders or facial 

malformations. They had a complete or almost complete dentition without extreme 

malocclusions or functional disorders. 

The examination comprised ultrasonographic registrations of the masseter thickness, and 

anthropometric measurements of the face. Also, stature and weight were measured so that they 

could be included as covariates in the statistical analyses. 

4.2.2 Body measurements 

Body measurements consisted of stature (cm) and weight (kg). Stature was measured while the 
participants were standing with their back and heels against a wall on which a stadiometer 

(KaWe, Germany) was fixed. The individuals were asked to look straight ahead and to stretch as 

much as possible, but to keep their heels on the floor. A survey table was let down on to the 
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Fig. 1. Distribution by age and sex of the sample (n=329). The ages are rounded down to whole 

years. 

head and the stature was registered to the closest 1 mm. Body weight was measured using a 

spring balance (Krups, Germany). Body weight was measured with the participants wearing 

(dry) swimming suits, and registered to the closest 0.5 kg. 

4.2.3 Masseter muscle thickness 

Muscle thickness was measured by ultrasonography. For an extensive description of the method 

we refer to Raadsheer et al. (1994). In brief, ultrasound measurements were obtained by means 

of a real-time scanner (Pie Medical Scanner 480, 7.5 MHz linear array transducer). The 

participants were seated in an upright position, with their heads in a natural position. The 

masseter was scanned bilaterally on a level halfway between the zygomatic arch and gonial 

angle. The scan plane was orientated perpendicular to the anterior border of the muscle and 

perpendicular to the surface of the underlying ramus. The registrations were made under two 

conditions, relaxation and contraction. The first was obtained by asking the participants to 

maintain slight interocclusal contacts, the second by asking them to clench maximally in 

intercuspal position. All registrations were repeated once and the final thickness was obtained 

from the mean of both measurements. Muscle thickness was registered to the nearest 0.1 mm. 
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ATFH/IAUFH 

ALFH 

Fig. 2. Diagrammatic representation of lateral and frontal linear measurements of facial 

proportions. All abbreviations are described in Table 1. 

4.2.4 Facial dimensions 

Facial morphology was assessed by linear measurements of the skin surface, covering vertical, 

transverse and sagittal dimensions (Fig. 2, Table 1), based on a selection of the dimensions that 

were used by Van Spronsen et al. (1991). Only those dimensions were selected that allowed for 

external registration by means of anthropological calipers. Although the skin-surface dimensions 

were based on the above mentioned study, they did not conform to radiographically determined 

cephalometric landmarks. The calipers were scaled in 0.5 mm and the registrations were 

rounded to the nearest 0.5 mm. As recommended by Farkas (1994), all measurements were 

taken twice and the averages recorded. 

4.2.5 Statistics 

The measurements of masseter thickness were statistically assessed by means of univariate 

analysis of variance. In order to examine possible differences related to age and sex, participants 

were divided by sex and into three age groups. Around puberty, the comparison of age groups, 

based on chronological instead of biological cut-off points, would weaken possible group 

differences because several variables related to muscle development {e.g., creatinine excretion, 

absolute muscle mass) show sexual dimorphism from puberty onwards (Malina, 1978), and the 

onset and end of puberty differ between males and females, and also individually. However, in 

our study, no biological age was scored. Therefore, the age division was based on the onset and 
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Table 1. Lateral and frontal linear facial dimensions 

ATFH Anterior total facial height 
AUFH Anterior upper facial height 
ALFH Anterior lower facial height 
BFW Bizygomatic facial width 
IGW Intergonial width 
ICW Intercondylar width 
PFHR Posterior facial height right 
PFHL Posterior facial height left 
MLR Mandibular length right 
MLL Mandibular length left 
CLR Corpus length right 
CLL Corpus length left 

Nasion-menton 
Nasion-subnasale 
Subnasale-menton 
Zygion-zygion 
Gonion-gonion 
Condyle-condyle 
Condyle-gonion 
Condyle-gonion 
Condyle-menton 
Condyle-menton 
Gonion-menton 
Gonion-menton 

end of the pubertal growth spurt according to Marshall (1978), who stated that the first signs of 

puberty are observed from the age of 10 yr in females and the age of 11 yr in males, and that 

most pubertal changes have taken place after 14 yr in females and 16 yr in males. Thus, a "pre-

puberty", a "puberty" and a "post-puberty" group was created. Between-individual factors were 

"gender" (female, male) and "age group" (1, 2, 3), within-individual factors were "side" (left, 

right) and "condition" (contracted, relaxed). Covariates were "stature" and "weight". Whole-

year averages for the thickness of the contracted and relaxed masseters were estimated by fitting 

a polynomial function to the male and female scattergrams. 

Facial dimensions were examined by multivariate analysis of variance. "Gender" was 

considered a between-individual factor and, for the bilaterally measured dimensions (PFH, ML 

and CL; see Table 1), "side" was a within-individual factor. Because it was not our aim to 

examine age differences in facial dimensions, no division into age groups was made, but, like 

"stature" and "weight", "age" was considered as a covariate. 

The relation between muscle thickness and facial morphology was assessed by stepwise 

multiple regression analysis. In order to establish a reduced number of mutually uncorrelated 

new variables (also called factors) jointly describing the variation of the craniofacial 

measurements, a factor analysis was applied on the variables "age", "stature", "weight", and the 

facial dimensions. 

For all statistical analyses the SPSS x package (SPSS Inc., 1990) was used; the univariate 

analysis of variance was done with the MANOVA subpackage. 
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Table 2. Error of measurement of the muscle 
thicknesses and antropometrics, assessed on 
repeated measurements of 20 individuals 

Se(mm) % 

M-CON 0.45 3.6 
M-REL 0.42 4.1 

ATFH 1.90 1.7 
AUFH 1.92 3.7 
ALFH 1.96 3.2 
BFW 4.45 3.6 
IGW 3.62 3.7 
ICW 2.04 1.7 
PFHR 2.94 5.5 
PFHL 3.62 6.6 
MLR 2.61 2.1 
MLL 3.55 2.9 
CLR 2.33 2.6 
CLL 3.32 3.7 

4.2.6 Measurement error 

The measurement error (Se) for the 

ultrasound recordings and the 

anthropological measurements was assessed 

on repeated measurements (m„ m2) of 20 

randomly selected participants (n), using the 

formula: 

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

The outcomes are shown in Table 2. For the 

ultrasound recordings the error was 0.45 

mm for the contracted and 0.42 mm for the 

relaxed muscle, the error for the 

anthropological measurements ranged from 

1.90 mm to 4.45 mm. 

4.3 RESULTS Se=V(2(mi-m2)
2/2n) 

% = (Se/mean)xlO0% 
4.3.1 Masseter muscle thickness Abbreviations: M-CON, contracted muscle 
Scattergrams of the individual muscle thickness; M-REL, relaxed muscle thickness; 
thicknesses for the whole sample are shown f o r o t h e r abbrevations see Table 1. 

in Figs. 3(A)-(D). The findings were 

divided by "gender" and by "condition". 

Because the muscle thickness of the left- and right-hand side did not differ significantly in males 

and females, or for the contracted and relaxed muscles (analysis of variance, Table 5), the 

thicknesses were expressed as the mean of left- and right-hand side. The construction of a cross-

sectional growth curve out of the scattergrams was not possible, because participants were not 

preselected by age, thus creating groups of equal size for well-defined ages. Therefore, in each 

scattergram, multi-order regression lines were assessed and, by using the polynomial functions 

of these regression lines, the average muscle thicknesses for each whole-year age were 

calculated. For all scattergrams, this was found to be a fourth-order polynomial. The calculated 

thicknesses are given in Table 3. For both females and males, the contracted and the relaxed 

regression lines were found to run in parallel, the contracted lines running above the relaxed 

ones. The regression lines for the female muscle thicknesses were represented by smooth curves 

with their steepest inclination during puberty (about age 12 yr) and a flattening at the end of the 

measurement interval. The regression lines for the male muscle thicknesses, however, showed a 

more S-shaped course. As in the female curves, the strongest incline also coincided with puberty 
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Fig. 3. Scattergrams by sex and muscle condition (contracted vs relaxed) of the mean of left and 

right muscle thicknesses. In each scattergram, fourth order polynomials were fitted. The black 

one corresponds to the scattergram in which it is fitted, the gray ones correspond to the 

scattergrams as indicated by the letters A-D. 

(about age 14 yr). But, at the beginning and at the end of the measurement interval there was a 

decline. Therefore, the male regression curves and the calculated values give only a poor 

impression of cross-sectional growth progress. 

In Table 4, all participants are divided by sex and age group, and the means and SD of 

the muscle thicknesses are given for each group. Univariate analysis of variance (Table 5) 

showed that the correlation between the covariates "stature" and "weight" on the one hand and 

"muscle thickness" on the other was significant ("Regression", p<0.001), which means that 

muscle thickness changed significantly with "stature" and "weight", i.e., with increasing stature 

and weight, muscle thickness also increased. Corrected for stature and weight, muscle thickness 
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Tabel 3. Estimated whole-year mean muscle thicknesses by sex and muscle condition 
(contracted and relaxed), calculated by using the polynomials from Fig. 3 

Females (mm) i Males (mm) 

Age (yr) Contracted Relaxed Contracted Relaxed 

7 9.9 7.6 15.4 11.6 
8 10.2 8.1 12.7 10.0 
9 10.6 8.5 11.4 9.2 

10 11.0 8.9 11.0 9.1 
11 11.4 9.3 11.4 9.4 
12 11.8 9.6 12.1 10.0 
13 12.2 9.9 13.0 10.7 
14 12.6 10.2 14.0 11.4 
15 12.9 10.4 15.2 12.0 
16 13.2 10.6 15.5 12.5 
17 13.4 10.8 15.4 12.9 
18 13.6 11.0 15.1 13.0 
19 13.6 11.1 14.9 13.0 
20 13.6 11.2 14.9 12.8 

differed significantly between males and females (p<0.001). The difference between the age 

groups was not significant, i.e., the increase in muscle thickness by increasing age only 

coincided with increase in "stature" and "weight". No interactions between "age" and "gender" 

were found. For all groups, muscle thickness on the left- and right-hand side did not differ 

significantly, and no interactions with "gender" and/or "age group" were found. The contracted 

muscles were significantly thicker than the relaxed muscles (p< 0.001). "Condition" showed 

significant interactions with "age group", which means that the difference between the relaxed 

and the contracted muscle thickness was not the same for all age groups. Namely, this difference 

increased with increasing age. 

4.3.2 Facial dimensions 

The means and SD of the anthropological measurements are shown in Table 4. Although the 
participants were divided into age groups, this division was not used in the statistical analysis. 
The first univariate step of multivariate analysis of variance (Table 6, relations with the 
covariates) showed a significant relation between the facial dimensions on the one hand and 
stature and/or body weight on the other, indicating that the dimensions changed significantly 
with "stature" and/or "weight". Of course, this was to be expected, because this is the effect of 
"growth". The next step showed that, independent of the influence of the covariates, all 
dimensions, except BFW, were significantly larger in males, and all bilaterally measured 
dimensions (PFH, ML, CL) differed significantly between left- and right-hand side. There was 
no consistent dominance of one side over the other. 
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Table 4. Descriptive statistics by sex and age group for the body measurements, masseter 
muscle measurements and facial dimensions 

Age (yr:mo) 

07:00-09:11 10:00-14:11 15:00-20:00 

Females, n= 39 89 41 

Mean SD Mean SD Mean SD 
Age (yr:mo) 09:03 00:08 12:03 01:04 17:03 01:02 
Stature(cm) 134.1 6.3 153.8 10.1 162.0 9.2 
Weight (kg) 33.1 5.7 48.8 11.1 61.8 10.1 

M-RC (mm) 10.8 1.4 11.9 1.4 13.4 2.0 
M-RR (mm) 8.5 1.2 9.6 1.2 10.7 1.7 
M-LC (mm) 10.6 1.4 11.9 1.5 13.4 2.0 
M-LR (mm) 8.6 1.2 9.7 1.3 10.9 1.6 
ATFH (mm) 101.8 7.5 107.2 6.8 109.6 5.8 
AUFH (mm) 46.7 3.6 50.7 4.2 51.8 3.4 
ALFH (mm) 56.3 4.1 59.7 4.0 62.3 4.8 
BFW (mm) 114.9 6.0 121.2 7.0 123.7 6.9 
IGW (mm) 91.6 4.6 96.0 5.3 99.1 5.1 
ICW (mm) 113.9 4.3 119.3 6.5 124.1 5.5 
PFHR (mm) 47.4 4.7 51.8 5.0 54.5 5.7 
PFHL (mm) 48.7 4.2 52.7 5.4 56.9 5.7 
MLR (mm) 111.3 4.5 117.8 5.8 124.3 6.3 
MLL (mm) 113.4 4.5 120.8 6.3 126.4 6.6 
CLR (mm) 82.1 3.7 86.6 5.3 91.9 5.2 
CLL (mm) 83.0 3.5 87.6 5.8 92.2 5.7 

07:00-10:11 11:00-16:11 17:00 - 22:00 

Males, n= 51 89 20 

Mean SD Mean SD Mean SD 
Age (yr:mo) 09:07 00:11 13:04 01:07 18:06 00:08 
Stature (cm) 140.9 10.2 161.2 12.5 180.1 60.8 
Weight (kg) 39.5 10.9 56.5 16.7 82.4 12.5 

M-RC (mm) 11.6 1.5 13.2 2.1 15.2 1.7 
M-RR (mm) 9.3 1.1 10.8 2.0 13.1 1.6 
M-LC (mm) 11.4 1.5 13.2 2.2 15.4 2.1 
M-LR (mm) 9.4 1.6 10.9 1.9 12.9 1.8 
ATFH (mm) 104.2 7.0 111.7 6.7 121.1 6.0 
AUFH (mm) 49.1 4.3 52.0 3.5 56.5 3.8 
ALFH (mm) 59.4 4.6 63.1 5.2 67.4 4.5 
BFW (mm) 117.2 8.1 124.5 7.0 131.9 6.6 
IGW (mm) 95.4 5.0 101.7 6.4 105.2 4.5 
ICW (mm) 118.3 6.7 125.4 6.3 132.3 4.9 
PFHR (mm) 49.1 6.0 55.3 6.7 62.1 4.7 
PFHL (mm) 50.6 5.7 56.5 6.5 64.8 5.7 
MLR (mm) 115.7 6.6 125.1 7.7 135.5 7.0 
MLL (mm) 117.1 7.1 127.2 7.5 137.7 5.2 
CLR (mm) 85.3 5.7 91.4 6.2 96.1 4.8 
CLL (mm) 84.9 5.3 91.9 5.5 98.9 3.7 

Abbreviations: M-RC, right contracted muscle thickness; M-RR, right relaxed muscle thickness; M-LC, left 
contracted muscle thickness; M-LR, left relaxed muscle thickness; for other abbreviations see Table 1. 

55 



Table 5. Univariate analysis of variance: 
masseter muscle thickness 

4.3.3 Relation between muscle thickness 

and facial dimensions 

Before the relation of masseter muscle 

thickness with age, stature, weight and 

facial dimensions was assessed, a factor 

analysis was applied in order to establish a 

reduced number of mutually uncorrelated 

new variables (factors), jointly describing 

the variation of the craniofacial 

dimensions. Only one significant 

orthogonal factor with an Eigen value 

greater than 1 was found, explaining 

61.3% of the original variation. 

According to the factor-loading matrix 

(Table 7), showing a high loading for 

"stature" and "body weight", this factor 

could be named "general body size". This 

factor dominated all other possible 

relations, so that the other Eigen values 

were lower than 1. 

The relation between muscle 

thickness on the one hand and the factor 

"general body size" and the facial 

dimensions on the other was subjected to 

stepwise multiple regression analysis. 

Bilaterally measured dimensions were 

averaged. The results are shown in Table 

8. The correlation coefficients were 0.78 

for both the contracted and the relaxed 

muscles. This means that 61% of the 

variance in muscle thickness could be 

explained by the variables, mentioned in 

the table. Beta-weights indicated, that, for 

both contracted and relaxed muscles, the 

factor "general body size", which is at least three times larger than the other ones, is the main 

contributant. Apart from this factor, both the contracted and the relaxed muscle thicknesses 

showed a significantly positive relation with "intergonial width" and a significantly negative 

relation with "anterior total facial height", "anterior upper facial height" and "mandibular 
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Between individual effects 

F P 
Regression 68.5 0.000* 
G 7.1 0.008* 
A 1.2 0.295 
G by A 0.6 0.577 

Side; within-individual effect 

F P 
S 0.03 0.869 
G by S 0.05 0.786 
A by S 0.14 0.796 
G by A by S 0.03 0.948 

Condition; within individual effect 

F P 
C 2992.89 0.000* 
GbyC 0.03 0.868 
AbyC 3.99 0.019* 
G by A by C 1.69 0.187 

Side by condition; within-individual effect 

F P 
SbyC 0.79 0.375 
G by S by C 2.87 0.091 
A by S by C 1.76 0.173 
G by A by S by C 1.61 0.202 

Significant 
Abbreviations: 
G, gender (male, female); S, side (right-

hand, left-hand); A, age-group (1, 2, 3); C, 
condition (contracted, relaxed). 
Regression = covariates stature and weight. 



Table 6. Multivariate analysis of variance, univariate results. Anthropological measurements 

Relations between dependent variables and covariates 

Covariates: 

Dependent 
variables: 

Stature Body weight Age 
Dependent 
variables: t-value P t-value p t-value P 
ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

5.68 0.000* 1.78 0.076 0.09 0.363 ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

3.93 0.000* 0.32 0.751 1.58 0.114 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

2.50 0.013* 2.74 0.006* 1.35 0.178 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

1.99 0.048* 6.07 0.000* -0.84 0.400 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

2.72 0.007* 6.18 0.000* -0.37 0.715 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

2.10 0.037* 6.48 0.000* 1.59 0.114 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

6.12 0.000* 1.93 0.055 0.71 0.481 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 5.55 0.000* 8.28 0.000* 1.41 0.159 

ATFH 
AUFH 
ALFH 
BFW 
IGW 
IGW 
PFH 
ML 
CL 

2.27 0.024* 7.86 0.000* 1.54 0.125 

Gender, main effects 

F P 
ATFH 28.93 0.000* 
AUFH 12.94 0.000* 
ALFH 33.80 0.000* 
BFW 0.96 0.327 
IGW 28.19 0.000* 
ICW 27.61 0.000* 
PFH 4.29 0.039* 
ML 26.95 0.000* 
CL 9.36 0.002* 

Side, main effects 

F P 
PFH 62.01 0.000* 
ML 140.15 0.000* 
CL 9.35 0.002* 

Whenever main or interaction effects were multivariately significant, only the univariate 
breakdown of those results was mentioned. 

* significant 

Abbreviations: PFH, posterior facial height (mean of left- and right-hand side); ML, mandibular 
length (mean of left- and right-hand side); CL, corpus length (mean of left- and right-hand side); 
for other abbreviations, see Table 1. 
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Table 7. Factor-loading matrix of the 
anthropological and body variables, 
explaining 61.3% of the variance 

Factor 1 

Percentage of variance 61.3 

Age 0.61 
Stature 0.82 
Weight 0.84 
AUFH 0.33 
ALFH 0.42 
ATFH 0.55 
BFW 0.45 
IGW 0.57 
ICW 0.66 
PFH 0.54 
ML 0.86 
CL 0.72 

length". The contracted muscle thickness also 

showed a significantly negative relation with 

"anterior lower facial height" and the relaxed 

muscle showed a significantly positive relation 

with "bizygomatic facial width". 

4.4 DISCUSSION 

4.4.1 Methodological considerations 

Schumacher (1962) described several aspects 

of the growth of the masticatory muscles, 

based on dissection material. However, only 

four individuals were examined and only two 

of them were not grown up. The introduction 

of CT, MRI and ultrasonography made in vivo 

studies of the soft tissues possible, in which 

more individuals at different ages could be 

examined. Kiliaridis and Kälebo (1991) and 

Bakke et al. (1992) used ultrasonography to 

measure masseter muscle thickness in adults. 

Ruf et al. (1994) used ultrasonography in 

adults to measure both masseter thickness and 

cross-sectional area. Raadsheer et al. (1994) 

showed that ultrasonography is an adequate 

method to measure masseter muscle thickness in vivo. Our study was based on 329 subjects from 

age 7 to adulthood, covering a more continuous age spectrum and thus providing more detailed 

information for different ages than Schumacher (1962) did. 

The ages of onset and end of puberty, as described by Marshall (1978), were assessed on 

British children in the early 1970s and might differ from the actual values for present-day Greek 

individuals. The age of peak height velocity in Southern European individuals was found to be 

about 6 months earlier than in British children (Marshall, 1978). 

The method error of the ultrasound measurements (Table 2), based on repeated 

measurements of 20 subjects, was similar to that found by Kiliaridis and Kalebo (1991), Bakke 

et al. (1992) and Raadsheer et al. (1994). Both contracted and relaxed muscle thicknesses were 

measured, because in the literature the relaxed muscle thickness has been considered less 

accurate, owing to higher susceptibility to the pressure, with which the transducer is placed on 

the cheek (Kiliaridis and Kälebo, 1991; Raadsheer et al, 1994). In the present study, however, 

the method error between contracted and relaxed muscle thickness did not differ significantly, 
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1.12 <0.001 
0.31 <0.001 
•0.12 <0.01 
-0.13 <0.05 
-0.13 <0.05 
-0.42 <0.001 

0.99 <0.001 
0.24 <0.001 
-0.20 <0.001 
0.11 <0.01 
-0.10 <0.05 
-0.33 <0.05 

Table 8. Relation of the muscle thickness to the facial dimensions and the factor "general body 
size"; stepwise multiple regression analysis 

Variable Beta weight p 

Contracted muscle thickness R=0.78 

Factor "general body size" 
IGW (intergonial width) 
ATFH (anterior total facial height) 
ALFH (anterior lower facial height) 
AUFH (anterior upper facial height) 
ML (mandibular length) 

Relaxed muscle thickness R=0.78 

Factor "general body size" 
IGW (intergonial width) 
ATFH (anterior total facial height) 
BFW (bizygomatic facial width) 
AUFH (anterior upper facial height) 
ML (mandibular length) 

suggesting that there was no difference in accuracy between the measurements of the contracted 

and the relaxed muscles. This is confirmed by the outcome of the regression analysis, showing 

the same regression coefficient for the contracted and the relaxed muscles with the covariates and 

the facial dimensions. 

For muscle relaxation, the participants were asked to maintain slight interocclusal 

contacts in order to avoid muscle stretching due to mouth opening. By that, the muscles might 

have been somewhat contracted. For muscle contraction the individuals were asked to clench 

maximally in the intercuspal position, which was chosen because any other position might have 

influenced the vertical dimensions of the masseter, and thus the muscle thickness by stretching. It 

is possible that this position does not always coincide with maximum muscle activation as seen 

electromyographically, or with maximum bite force, and therefore, in some cases, the muscle 

thickness measurements might not be indicative of the true contraction potential of the muscles. 

The error of measurement of the anthropological measurements ranged from 1.9 mm to 

4.5 mm (mean 2.9 mm), being high for dimensions having point "gonion" in common, which 

was difficult to reproduce, and for "BFW". The measurement errors for the anthropological 

measurements that we used have not been found in the literature. Only Weijs and Hillen (1984) 

mentioned a measurement error in a study in which they used anthropometrics. They found a 

mean difference of 1 mm between repeated measurements, but the measurement errors for the 
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individual dimensions were not further specified. Comparison of our measurement error with 

those of several cephalometric studies (Solow, 1966) showed that anthropological measures are 

less reproducible than the cephalometric. Radiography was not considered for the present study, 

because of radiation risks. Also, our aim was not to describe facial morphology. Because of the 

large sample size, we expect that the overall effect of measurement error will be averaged out, 

although the relation between masseter thickness and facial dimensions might have been 

weakened. Nevertheless, anthropological assessment was considered to be sufficiently accurate. 

4.4.2 Masseter muscle thickness 

Comparison of our findings in non-adult individuals with any published findings was not 

possible, because such data have not, as far as we are aware, been reported before. The mean 

values for the muscle thickness in the "post-puberty" group for females (contracted 13.4 ± 2.0 

mm, relaxed 10.6 + 1.7 mm) and males (contracted 15.3 ±1.9 mm, relaxed 13.0 ±1 .7 mm) 

were in accord with the findings of Kiliaridis and Kälebo (1991), Bakke et al. (1992), Ruf et al. 

(1994), and Raadsheer et al. (1994). The univariate analysis of variance (Table 5) showed that, 

corrected for the covariates "stature" and "weight", in all age groups, even before puberty, 

males had significantly thicker masseters than females. This is in accord with Brasel and Gruen 

(1978), who found differences in total muscle mass, creatinine excretion, number of muscle 

nuclei and limb-muscle size during childhood, males having slightly higher values than females. 

4.4.3 Relationship between muscle thickness and facial dimensions 

Because ultrasonography will register only superficial muscles, only the masseter was examined. 

However, other muscles of mastication also contribute to the interaction between muscle and 

facial morphology (e.g., Van Spronsen et al., 1991), and their influence might have biased the 

relation found between the size of the masseter and facial morphology. 

Stepwise multiple regression analysis showed that the variation in thickness for both the 

contracted and relaxed masseter was mainly related to "general body size", i.e., stature and 

weight. This might be expected, because in growing individuals, most morphological variables 

are subject to differences in maturation and therefore correlate to one another. 

Division of the participants by sex and age group, thus creating six subgroups for each 

muscle condition, showed that the regression coefficient differed for each group and that in each 

group different facial dimensions correlated significantly with the muscle thickness. Therefore, it 

was decided not to make this subdivision. 

The negative relation between muscle thicknesses and anterior total, upper and lower 

facial height, and the positive relation with intergonial width are in accord with the work in 

adults of Kiliaridis and Kälebo (1991), who found that individuals with thin masseter muscles 

had longer faces in proportion to their facial width, and with Bakke et al. (1992), who found that 

most correlations between masseter thickness and facial dimensions indicated a negative relation 
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between muscle thickness and vertical facial height. Weijs and Hillen (1986), who measured the 

cross-sectional area of the masseter with CT in adults, found significant correlations between the 

masseter cross-section and "head breadth", "corpus length" (gonion-menton), jaw angle and 

"cephalic index" ("head breadth'V'head length"); Hannam and Wood (1989) found significant 

correlations between masseter cross-section, measured by MRI, and bizygomatic arch width; 

Van Spronsen et al. (1991), who also used MRI, found a significant correlation with the 

intergonial width. 
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CHAPTER 5 CONTRIBUTION OF JAW MUSCLE SIZE AND CRANIOFACIAL 

MORPHOLOGY TO HUMAN BITE FORCE MAGNITUDE 

This chapter is presently in press (Raadsheer MC, Van Eijden TMGJ, Van Ginkel FC, Prahl-

Andersen B (1999) J Dent Res). 

Abstract - The existence of an interaction between bite force magnitude, jaw muscle size (e.g., 

cross-sectional area, thickness) and craniofacial morphology is widely accepted. Bite force 

magnitude depends on the size of the jaw muscles and the lever arm lengths of bite force and 

muscle forces, which in turn are dictated by craniofacial morphology. In this study, the relative 

contribution of craniofacial morphology and jaw muscle thickness to the bite force magnitude 

was studied. In 121 adult individuals, both magnitude and direction of the maximal voluntary 

bite force were registered. Craniofacial dimensions were measured by anthropometrics and from 

lateral radiographs. The thicknesses of the masseter, temporal and digastric muscles were 

registered by ultrasonography. After a factor analysis was applied on the anthropometric and 

cephalometric dimensions, the correlation between bite force magnitude on the one hand and the 

"craniofacial factors" and jaw muscle thicknesses on the other hand was assessed by stepwise 

multiple regression. 58% of the bite force variance could be explained. From the jaw muscles, 

only the thickness of the masseter muscle correlated significantly with bite force magnitude. Bite 

force magnitude also correlated significantly positive with vertical and transverse facial 

dimensions and the inclination of the midface, and significantly negative with mandibular 

inclination and occlusal plane inclination. The contribution of the masseter muscle to the 

variation in bite force magnitude was higher than that of the craniofacial factors. 

5.1 INTRODUCTION 

It is widely accepted that an interaction exists between size and function of the masticatory 

muscles and craniofacial morphology. First, bite force magnitude and jaw muscle cross-sectional 

area are related. Van Spronsen et al. (1989) showed that the cross-sectional area of the masseter 

muscle, either measured with computed tomography (CT) or magnetic resonance imaging 

(MRT), correlated significantly with maximal bite force at the molars or the incisors, measured in 

one direction. For the temporal muscle, a correlation was found with the MRI cross-sectional 

area only. No correlations were found for the medial and lateral pterygoid muscles. 

Second, bite force magnitude and craniofacial morphology are related. Ingervall and 

Helkimo (1978) found that higher bite forces correlated with a smaller cranial base flexure, a 

deeper upper face, a smaller anterior and a larger posterior face height, and a less divergent, 

broader face. Proffit et al. (1983) found a relation between bite force magnitude and vertical 

facial morphology. Bolt and Orchadson (1986) found a relation between craniofacial morphology 
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and mouth opening force, i.e., larger mouth opening forces were associated with longer and 

more divergent faces. In these studies, bite forces were measured in one dimension only. 

Third, craniofacial morphology and jaw muscle cross-sectional area are related, cross-

sectional area being an indication of the maximal force a muscle is capable of producing (Morris, 

1948; Schantz et al., 1983). Using CT, Weijs and Hillen (1986) found that 1) the cross-sectional 

areas of the temporal and masseter muscles correlated with craniofacial widths, 2) the cross-

sectional areas of the masseter, medial pterygoid and lateral pterygoid muscles correlated with 

mandibular length, and 3) the cross-sectional areas of the lateral pterygoid muscles correlated 

negatively with cranial base length and positively with lower face height. Using MRI, Hannam 

and Wood (1989) found significant correlatipns between bizygomatic arch width and the cross-

sectional areas of the masseter and medial pterygoid muscles, and Van Spronsen et al. (1991) 

found a relationship of the temporal muscle cross-sectional area with craniofacial width (positive) 

and cranial base flexure (negative). By comparing long-face individuals with normal individuals, 

Van Spronsen et al. (1992) found that the masseter muscle contributed mostly to the relation 

with facial morphology, followed by the medial pterygoid muscle and, to a lesser degree, the 

anterior temporal muscle. Using ultrasonography, Ruf et al. (1994) found a significantly 

negative relation between the masseter cross-sectional area and the anterior face height index. 

Also, significant correlations have been described between the ultrasonographic thickness of the 

masseter muscle and facial morphology, both in adults (Kiliaridis and Kälebo, 1991; Bakke et 

al., 1992; Ruf et al., 1994) and in growing individuals (Raadsheer et al., 1996). 

The above-mentioned studies indicate that the interaction between muscle size and facial 

morphology is complex. In addition, the magnitude of maximal bite force depends on both the 

size of the jaw muscles and the dimensions of the craniofacial complex. Thus far, the relations 

between either bite force and jaw muscle size, or bite force and craniofacial morphology, or 

craniofacial morphology and jaw muscle size have been studied. No conclusions can therefore be 

drafted from the available studies about the relative contribution of both jaw muscle size and 

craniofacial dimensions to the variation in bite force magnitude. 

The aim of the present study was to assess the relative contribution of 1) jaw muscle size 

and 2) craniofacial morphology to the maximal voluntary bite force magnitude by measuring 

both bite force, jaw muscle size, and morphology of the craniofacial skeleton. 

5.2 MATERIALS AND METHODS 

5.2.1 Participants 
Measurements were made on 121 individuals, age 18-36 years (mean age 23); 58 were males 

and 63 were females. All participants were healthy and showed no facial malformations. They 

had a complete or almost complete dentition without extreme malocclusion or functional 

disorders. Informed consent was obtained from all subjects, using a written form approved by 
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Fig. 1. Diagrammatic illustration of the bite force measurements and position of the bite force 

transducer. R', resultant bite force component in the midsagittal plane; X, anteroposterior 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). 

the Medical Ethical Committee of the Academic Medical Center of the University of 

Amsterdam. 

The examination comprised bite force measurements (magnitude and direction), 

measurements of craniofacial morphology (anthropometrics and cephalometrics) and 

measurements of jaw muscle thicknesses (masseter, temporal and digastric muscle). Also, stature 

and weight were recorded so that they could be included as covariates in the statistical analyses. 

5.2.2 Bite force measurements 

Bite forces were measured with a bite force transducer (Kistler, Type 9251 A, 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, 1990). The 

transducer output (three signals, one for each force component) was amplified (Kistler Charge 

Amplifier Type 5007) and connected to a PC (Hewlett Packard Vectra 486/33N). This analogue 

output was converted to a digital signal (National Instruments PC-LPM-16 Interface Board) and 

analyzed with the Labview software (National Instruments), allowing for registration of the peak 

values (R), and the attached X-, Y- and Z-components of bite force. From these components, the 

angle (a) between the vertical component (Z) and the bite force component in the mid-sagittal 
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ATFH/IAUFH 

ALFH 

Fig. 2. Diagrammatic representation of vertical and transverse anthropometric dimensions. All 
abbreviations are described in Table 1. 

plane (R') was calculated (Fig. 1). 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 a point defined by 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. For each registration, the participants were asked to steadily build up the maximal force 

they could achieve. All measurements 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. During the experiments, the volunteers were not 

encouraged, nor did they get information about the results. 

J. 2.3 Craniofacial dimensions 

Craniofacial morphology was measured by anthropometric measurements (Fig. 2, Table 1), as 
described by Raadsheer et al. (1996), and by cephalometrics, obtained from lateral radiographs. 
The distance between X-ray tube and film cassette was 4 meter. Radiation risks were minimized 
by using (1) a round dodger, reducing radiation levels of brains and soft tissues in combination 
with optimal soft tissue imaging, (2) a diaphragm, excluding the thyroid from exposure, (3). 
filters, creating a homogeneous bundle with optimum radiation levels, (4) an exposure sensor, 
automatically optimizing bundle intensity, and (5) rare earth intensifying screens (Kodak Lanex 
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Table 1. Linear anthropometric dimensions 

ATFH Anterior total facial height Nasion-menton 
AUFH Anterior upper facial height Nasion-subnasale 
ALFH Anterior lower facial height Subnasale-menton 
BFW Bizygomatic facial width Zygion-zygion 
IGW Intergonial width Gonion-gonion 
ICW Intercondylar width Condyle-condyle 

Regular). Forty-two reference points were digitized on a XY-tablet (DigiPad DP5A, GTCO 

Corporation) and fed into the cephalometric program Viewbox (copyright 1992-1994, Demitrios 

Halazonetis, Athens, Greece) running on a PC (Hewlett Packard Vectra VL2 4/50). By using 19 

cephalometric landmarks (Fig. 3), with Viewbox 13 linear and 15 angular dimensions were 

obtained (Tables 2 and 3, respectively). 

5.2.4 Jaw muscle thicknesses 

Muscle thicknesses of the masseter, temporal and anterior belly of the digastric 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). The masseter muscles 

were scanned on a level halfway between the zygomatic arch and gonial angle. The scan plane 

was perpendicular to the anterior border of the muscle and perpendicular to the surface of the 

underlying ramus (see also Raadsheer et al., 1994). 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 (Farkas, 1994), 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. 4. During the registrations, the participants were seated upright, with 

their heads in a natural position. The muscles were relaxed, i.e., the participants were asked to 

relax, but to keep slight interocclusal contacts. All registrations were repeated once and the final 

thickness was obtained from the mean of both measurements. Muscle thickness was measured to 

the nearest mm. 
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S (Sella)l 

Po (Porion) 

lAr (Articulare) 

Ba (Basion) 1 PNS 
(posterior nasal spine) | 

+6cusp 

G o (Gonion) 

Antegonial notch" 

J 
Or (Orbitale) 

ANS (anterior nasal spine) 

A (Subspinale) i\+1apex 

/+1/-1 

. B (Supramentale)!/. 
\ 1 -lapex 

fv^ -•* ^'Gn (Gnathion) 
Ç ^ j C ] Me (Menton)_ -

Fig. 3. Cephalometric landmarks. 

+6cusp, mesiobuccal cusp of upper first molar; -6cusp, mesiobuccal cusp of lower first molar; 

+ lapex. root apex of upper central incisor; - 1 ^ , root apex of lower central incisor; +1/-1, 

midpoint between the incisai ridges of the upper and lower central incisor 

5.2.5 Statistics 

A multivariate analysis of variance was performed with muscle thickness of the masseter, 

the temporal and the digastric muscles as the dependent variables. "Gender" (female, male) 

was a.between subject factor, "side" (right, left) was a within subject factor. "Stature" and 

"weight" were covariates. 

A principal component analysis on the variables "gender", "weight" and "stature", and 

the anthropometric and cephalometric craniofacial measurements was performed in order to 

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

the greatest proportion possible of the total variance of the original craniofacial measurements. 

To enable unequivocal naming, the components found were rotated. In order to be as realistic as 

possible, an oblique rotation method was chosen. 

Subsequently, the relation between bite force magnitude, the craniofacial dimensions 

(i.e., the components from the above mentioned factor analysis) and the jaw muscle thicknesses 

was assessed by a stepwise multiple regression analysis. 

For all statistical analyses the SPSS x package (SPSS inc., 1990) was used. 
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Table 2. Linear cephalometric measurements 

S-N 
S-Ba 
S-Go 
Ar-Go 
Go-Me 
ANS-Me 
"Wits" 

Overjet 
Overbite 
+ lapex-Sppl 
-lapex-Mpl 
+ 6cusp-Sppl 

-6cusp-Mpl 

Anterior cranial base length 
Posterior cranial base length 
Posterior total facial height 
Ramus length 
Corpus length 
Anterior lower facial height 
Sagittal intermaxillary relation 

(distance between projection of A and B on the occlusal plane) 
Horizontal distance between incisai edge of +1 and -1 
Vertical distance between incisai edge of +1 and -1 
Anterior maxillary dimension 
Anterior mandibular dimension 
Posterior upper dental height 
Posterior lower dental height 

Abbreviations: 
Sppl, Spinal plane (line through anterior nasal spine and posterior nasal spine); 
Mpl, Mandibular plane (line through menton and antegonial notch); 
for other abbreviations: see Fig. 3. 

Table 3. Angular cephalometric measurements 

SN/FFH 
N/S/Ba 
SN/ArGo 
S/N/A 
S/N/B 
A/N/B 
Sppl/FFH 
Mpl/FFH 
GoGn/SN 
Occl/SN 
Occl/FFH 
Sppl/Mpl 
Occl/Sppl 
Occl/Mpl 
<Go 

Cranial base / Frankfort horizontal plane angle 
Cranial base flexure 
Sella-nasion / ramus angle (posterior border) 
Maxillary prognathism 
Mandibular prognathism 
Sagittal intermaxillary relation 
Maxillary inclination 
Mandibular inclination 
Mandibular inclination 
Inclination of the occlusal plane 
Inclination of the occlusal plane 
Relative inclination of maxilla and mandible 
Maxillary vertical proportion 
Mandibular vertical proportion 
Gonial angle 

Abbreviations: 
FFH, Frankfort horizontal plane (line through orbitale and pogonion); 
Sppl, Spinal plane (line through anterior nasal spine and posterior nasal spine); 
Mpl, Mandibular plane (line through menton and antegonial notch); 
Occl, Occlusal plane (line through " +(W' and " +1/-1"); 
for other abbreviations: see Fig. 3. 
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Fig. 4. Diagrammatic representation of the ultrasound scan planes for the masseter, temporal and 

digastric muscles. 

5.2.6 Measurement error 

The errors of measurement (Se) for the bite force magnitudes, and the anthropometric, 

cephalometric, and ultrasound measurements were assessed on repeated measurements (m,, m2) 

often randomly selected participants (n), using the formula: 

Se = V(E(mrm2)
2/2n) 

The outcomes are shown in Table 4. A period of two months elapsed between the repeated 

measurements. The bite force measurement error was 21.8 N. The anthropometric errors were 1 

mm or less, the cephalometric ones were 1.3 mm or less and 1.5° or less. The ultrasound errors 

were 0.5 mm or less. The linear craniofacial measurements and ultrasound measurements were 

also expressed as a percentage of the mean. 

5.3 RESULTS 

The means and standard deviations (SD) of the bite force magnitudes, the force 

components, and the bite force directions are given in Table 5A. Subjects were divided by 

gender. The mean bite force was larger in males, though not significantly. The bite force 

direction a ranged between -16.5° and +16.8° for females, and between -11.8° and +17.8C for 

males. The means and SD for the anthropometric measurements are given in Table 5B, those for 
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Table 4. Errors of measurement assessed on repeated measurements of 10 randomly selected 
individuals 

Bite forces (Newton) 

Resultant force R 21.8 
X-component 15 1 
Y-component 13 9 
Z-component 25.4 

Anthropometric dimensions (mm) 

Se % 
ATFH 0.8 0.6 BFW 
AUFH 0.9 1.7 ICW 
ALFH 0.9 1.2 IGW 

1.0 0.9 
1.0 0.8 
0.9 0.9 

Abbreviations: see Table 1. 

Cephalometric angles (°) 

SN/FFH 
N/S/Ba 
Sn/ArGo 
S/N/A 
S/N/B 
A/N/B 
Sppl/FFH 
Mpl/FFH 
GoGn/SN 
Occl/SN 
Occl/FFH 
Sppl/Mpl 
Occl/Sppl 
Occl/Mpl 
<Go 

0.43 
1.02 
1.05 
0.50 
0.32 
0.32 
0.90 
0.73 
0.98 
0.85 
0.74 
0.77 
0.86 
0.43 
0.91 

Cephalometric dimensions (mm) 

S-N 
S-Ba 
S-Go 
Ar-Go 
Go-Me 
ANS-Me 
Wits 
Overjet 
Overbite 
+ lapex-Sppl 
-lapcx-Mpl 
+ 6cusp-Sppl 
-6cusp-Mpl 

Abbreviations: see Fig. 2 and footnotes Table 3. 

Se % 
0.29 0.4 
0.69 1.5 
0.81 1.1 
1.15 2.4 
1.11 1.5 
0.53 0.7 
0.58 9.0 
0.17 4.6 
0.42 11.7 
0.94 11.5 
1.20 5.0 
0.50 2.0 
0.49 1.4 

Ultrasound measurements of muscle thicknesses (mm) 

Masseter right 
Temporal right 
Digastric right 

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

%=(Se/mean)xl00% 

Se 

0.5 
0.5 
0.5 

% 
4.0 Masseter left 
3.7 Temporal left 
7.2 Digastric left 

0.5 
0.5 
0.4 

3.7 
3.7 
6.6 
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Table 5A. Descriptive statistics of the maximal voluntary bite force R and its matching X-, Y-
and Z-components (Newton), and the bite force direction a (°) 

Females, n=61 Males, n=58 

Mean SD Min Max Mean SD Min Max 
Bite force R 383.6 86.2 186 576 545.7 115.1 276 888 
X-component 22.6 36.8 -107 99 49.1 62.4 -90 187 
Y-component 1.6 21.4 -54 39 -1.4 20.6 -60 46 
Z-component 380.2 87.0 186 571 539.6 115.0 272 887 

Direction a 3.9 6.0 -16.5 16.8 5.0 6.9 -11.8 17.8 

The X-component is the force vector, parallel to the occlusal and midsagittal plane (+ = 
forward, - = backward); the Y-component is the force vector, parallel to the occlusal plane 
but perpendicular to the midsagittal plane (+ = right-hand side, - = left-hand side); the Z-
component is the force vector, perpendicular to the occlusal plane but parallel to the 
midsagittal plane; a is the bite force direction in the midsagittal plane, relative to the Z-axis 
(+ = anterior, - = posterior). 

Table 5B. Descriptive statistics of the anthropometric measurements (mm) 

Females, n=61 Males, n=58 

Mean SD Min Max Mean SD Min Max 
ATFH 112 6 99 131 122 7 98 142 
AUFH 50 3 44 58 54 4 44 70 
ALFH 66 5 55 74 72 6 55 87 
BFW 116 7 97 132 124 8 107 147 
ICW 120 5 108 133 129 6 111 141 
IGW 96 5 84 107 105 6 92 119 

Abbreviations: see Table 1. 

the cephalometric measurements in Table 5C. Although all linear dimensions were larger in 

males than in females, and mean angular dimensions were not the same, craniofacial 

morphology between males and females was not significantly different. The means and SD for 

the ultrasound measurements are given in Table 5D. 

In this Table it can be seen that, like for the bite forces and the linear craniofacial 

dimensions, the values of all mean muscle thicknesses were larger in males. The multivariate 

analysis of variance yielded the following results (Table 6). The relationship between the 

covariates ("stature", "weight") on the one hand and the dependent variable "muscle thickness" 

(masseter, temporal, digastric) on the other hand turned out to be multivariately significant 
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Table 5C. Descriptive statistics of the cephalometric measurements 

Females, n=61 Males, n=58 

Angular measurements ( ") 

Mean SD Min Max Mean SD Min Max 
SN/FFH 7.3 2.7 -0.1 12.6 7.4 3.2 2.3 15.7 
N/S/Ba 131.9 4.6 121.7 142.7 131.3 5.2 119.3 143.7 
SN/ArGo 89.4 4.6 79.7 101.3 89.7 4.6 79.7 101.3 
S/N/A 80.9 3.9 71.7 91.2 81.2 3.9 71.7 94.0 
S/N/B 78.0 3.2 70.8 86.0 78.9 3.9 70.8 89.2 
A/N/B 3.0 2.1 -2.1 8.2 2.4 2.5 -2.1 8.4 
Sppl/FFH -0.5 2.8 -8.0 5.7 -0.2 3.1 -7.1 5.7 
Mpl/FFH 24.4 5.4 11.3 34.7 21.8 6.6 7.4 35.5 
GoGn/SN 31.3 5.1 19.0 41.8 28.8 6.7 14.2 42.2 
Occl/SN 15.0 3.2 8.7 21.0 13.1 4.6 3.1 24.0 
Occl/FFH 7.7 3.7 -0.1 16.3 5.7 4.0 -3.2 17.7 
Sppl/Mpl 25.6 5.9 11.1 39.4 23.7 7.4 10.0 37.8 
Occl/Sppl 8.1 3.1 1.1 17.0 6.0 4.0 -2.5 17.0 
Occl/Mpl 17.5 4.9 7.1 30.8 17.8 5.9 6.9 29.7 
<Go 123.2 6.3 108.7 138.5 199.9 8.0 100.7 138.7 

Linear measurements (mm) 

Mean SD Min Max Mean SD Min Max 
S-N 70.7 3.3 63.4 76.3 75.2 3.8 65.7 84.2 
S-Ba 44.7 2.7 36.9 50.7 48.4 3.3 39.3 55.2 
S-Go 75.2 5.8 60.1 93.9 86.0 6.6 71.4 102.2 
Ar-Go 44.5 4.3 33.7 56.7 52.3 5.5 37.9 62.8 
Go-Me 71.9 4.4 59.5 82.3 77.1 5.4 64.8 89.9 
ANS-Me 67.8 5.4 54.3 82.3 73.7 6.5 54.3 95.9 
Wits 1.0 2.5 -4.8 8.7 1.1 3.3 -7.1 8.8 
Overbite 3.5 1.5 0.3 8.0 3.6 1.5 0.4 6.9 
Overjet 3.6 1.0 1.4 6.8 3.8 1.4 0.7 7.4 
+ lapex-Sppl 7.5 2.5 2.8 12.7 8.9 2.8 1.6 15.3 
-lapex-Mpl 22.3 2.8 16.8 29.6 25.9 3.5 17.9 37.2 
+ 6cusp-Sppl 23.7 2.3 18.9 29.0 26.3 2.6 18.6 34.3 
-6cusp-Mpl 33.2 2.7 26.4 39.1 37.5 3.1 30.1 44.0 

Abréviations: see Fig. 2 and footnotes Table 3. 

(p<0.0001). Univariately, the masseter and temporal muscles were significantly related to the 

covariates (p<0.01 and p<0.001, respectively), whereas the digastric was not. Looking at the 

covariates separately, it turned out that "stature" was not significantly related to any of the 
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Table 5D. Descriptive statistics, ultrasound measurements of the muscle thicknesses (mm) 

Females, n=62 Males, n=57 

Masseter Temporal Digastric Masseter Temporal Digastric 

Mean SD 
Right1 12.0 1.9 
Left2 12.2 1.9 
Average3 12.1 1.8 

Mean SD Mean SD 
13.5 1.8 5.9 0.9 
13.3 2.0 5.8 0.9 
13.4 1.7 5.9 0.8 

Mean SD 
13.4 1.8 
14.0 1.7 
13.7 1.6 

Mean SD 
15.0 2.1 
15.6 2.3 
15.3 2.0 

Mean SD 
6.6 0.9 
6.6 0.9 
6.6 0.9 

1 Right-hand side 
2 Left-hand side 

Average of right- and left-hand side 

dependent variables, whereas "weight" displayed a significant relation with both masseter 

(p=0.001) and temporal muscles (p<0.001), and not with the digastric. The "gender" main 

effect was multivariately significant (p<0.05). Univariate analysis showed this effect to be 

significant for the digastric muscle only (p=0.003), and not for the masseter and temporal. The 

"side" main effect was multivariately significant (p=0.001). On the univariate level there was a 

"side" effect for the masseter muscle only (p<0.001). Finally, the "gender" by "side" 

interaction effect was multivariately significant (p=0.024). Univariately, this effect was only 

significant for the temporal muscle (p=0.025). 

The principal component analysis on the variables "gender", "weight" and "stature", and 

the anthropometric and cephalometric measurements yielded nine components with Eigen values 

greater than 1, explaining 84% of the original variation in craniofacial morphology. The factor 

loading matrix is shown in Table 7, the structure matrix in Table 8. Based on the latter, the 

components were named: component 1, "vertical dimensions"; component 2, "mandibular 

inclination" (with a negative loading for posterior facial height); component 3, "maxillary and 

mandibular prognathism" (with a negative loading for cranial base flexure); component 4, 

"occlusal plane inclination"; component 5, "intermaxillary sagittal relation"; component 6, 

"maxillary inclination"; component 7, "transverse dimensions"; component 8, "overjet and 

overbite"; component 9, "sagittal dimensions". The components 1 and 7, 1 and 9, and 7 and 9 

showed relatively high interrelations (R=0.4, R=-0.3, R=-0.3, respectively). 

The results of the stepwise multiple regression analysis between bite force magnitude on 

the one hand and on the other hand the nine components describing the craniofacial morphology 

plus the averages of the left and right side muscle thicknesses for the masseter, temporal and 

digastric muscles are shown in Table 9. A correlation coefficient of R=0.76 was found. This 

means that 58% of the variance in bite force magnitude could be explained by the variables, 

mentioned in the Table. Beta-weights indicated, that the mean masseter muscle thickness was the 
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Table 6. Multivariate analysis of variance, muscle thicknesses 

Multivariate relation between dependent variables and covariates p < 0.001 " 

Dependent variables 

Masseter Temporal Digastric 

Univariate relations 
with the covariates "weight" and "stature" 
with the individual covariate "weight" 
with the individual covariate "stature" 

"Gender" main effect 
"Side" main effect 

"Gender" by "Side" interaction effect 

0.001* <0.001* 0.344 
0.001* <0.001* 0.186 
0.670 0.966 0.724 

0.066 0.094 0.003* 
<0.001* 0.176 0.502 

0.073 0.025* 0.662 

''Significant 

Table 7. Principal component analysis, factor loading matrix 

Eigen value Percentage of Cumulative 
Component variance percentage 

1 "vertical dimensions" 10.22194 27.6 27.6 
2 "mandibular inclination" 7.02803 19.0 46.6 
3 "maxillary and mandibular prognathism" 3.40851 9.2 55.8 
4 "occlusal plane inclination" 2.73664 7.4 63.2 
5 "intermaxillary sagittal relation" 2.17592 5.9 69.1 
6 "maxillary inclination" 1.72097 4.7 73.8 
7 "transverse dimensions" 1.35788 3.7 77.4 
8 "overjet and overbite" 1.29791 3.5 80.9 
9 "sagittal dimensions" 1.13446 3.1 84.0 

From the anthropometric and cephalometric dimensions, and the covariates "gender", 
"stature" and "weight", nine components with an Eigen-value greater than 1 were found. 
They jointly explained 84.0% of the original variation. Their names were based on the 
structure matrix (Table 8). 

main contributant (ß=0.39). It is 1.5 times more important than the next contributant 

(component 4, ß=-0.26) and almost 2 to 3 times more important than the other components. Its 

positive relation with bite force magnitude indicated that high bite force coincided with large 

masseter thickness. The negative relation between bite force magnitude and component 4 (the 
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inclination of the occlusal plane) indicated that high bite force coincided with an anteriorly 

upwardly inclined occlusal plane. The relation with the components 1 (vertical dimensions) and 

7 (transverse dimensions) indicated that bite force magnitude coincided with "general size", i.e., 

large individuals with large faces had large bite forces. The negative relation with component 2 

(mandibular inclination) and the positive relation with component 6 (maxillary inclination) 

indicated that bite force magnitude coincided also with a convergent maxillo-mandibular 

morphology. 

5.4 DISCUSSION 

5.4.1 Bite force 

Maximal voluntary bite force magnitude is dependent of many variables. It depends on variation 

in jaw muscle size (Van Spronsen et al., 1989) and on variation in craniofacial morphology, thus 

influencing muscle orientation and moment arms (e.g., Throckmorton et al., 1980; Weijs, 

1989). However, jaw muscle size and craniofacial morphology cannot explain all variation in 

bite force (Van Spronsen et al., 1992; Weijs and Van Spronsen, 1992). It also depends on fiber 

type composition (Ringqvist, 1974), sarcomere length (Van Eijden and Raadsheer, 1992), and 

jaw muscle activation level (Van Eijden et al., 1993). In the present study, a number of 

methodological factors may also have contributed to the variation in measured bite force, such as 

1) the antero-posterior position of the bite force transducer relative to the dental arch, molar bite 

forces being larger than incisor bite forces (e.g., Mansour and Reynik, 1975; Pruim et al., 1980; 

Hagberg, 1987; Van Eijden, 1991), 2) the interincisal distance (Manns et ai, 1979; Van Eijden 

and Raadsheer, 1992), and 3) the protrusive or retrusive placement of the mandible (Leff, 1966). 

Also, psychological factors might have influenced the bite force level. Nevertheless, in the 

present study, 58% of the variance could be explained by variation in muscle size and 

craniofacial morphology. 

The sagittal location of the bite force transducer was at the mandibular canines (Fig. 1). 

In males, our mean maximal bite force (545.7 N) exceeded the mean vertical bite force (469 N) 

at the canines, as found by Van Eijden (1991), who used the same transducer, and those reported 

in an overview by Hagberg (1987), molar bite forces ranging from 382 N to 480 N and incisor 

bite forces ranging from 161 N to 190 N. The interincisal distance, which was dictated by the 

dimensions of the bite force transducer, ranged from 19 to 25 mm (10° to 15°). It can be 

expected that at smaller mouth openings bite force will decrease, because of suboptimal 

sarcomere length (Manns et al., 1979; Van Eijden and Raadsheer, 1992) and less favorable 

(Table 8 Opposite) 

Table 8. Principal component analysis, structure matrix 
Abbreviations: see Fig. 2 and Tables 1-3. 

76 



en - ^ o -'T en 
oo en m 

en ^r r- o o Tf «o r- c- t -

B ON 

»n ON 

tn oo ^ o 
\ 0 i—< Tj- i-H 
- H OO CO ^ 
^H Q 00 —I 
• * v 5 T J - " * 

o m m 
N \ 0 N 
ON ^H r-
M CS ( S 
i n ^ i M-

ON -^- en 
m m oo 
oo oo r -

g § 8 8 

m i n 
—> m 
oo m 
m en 
ON 0 O 

—I ON 

S3 

Tfr r - r> ON 5 
r-. Q ON 00 ON 
r— ~o >o t~- i n 
i n (N o —i r-1 

oo oo 00 t - ' O 

a ON ^û i n oo 
oo r - 'O m CN <n 
OO 00 00 OO 00 ^ 

i n i-i . 
n rH M 00 IT) 
ON ON 00 00 00 

S en oo m ON r* 
ON oo r- i n en 

~ o en *•© en m 
- - vö \Q en 

r - »o i n 

0 0 ON ON 
•—< r~- i n 
i n <<t i n 

L. CL _& Q 

1.3? £ 
•a-â: 
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direction of muscle action lines (Koolstra et al., 1988a). Thus, the amount of mouth opening in 

our study will have benefitted the bite force magnitude. Limitation in biting due to an anterior or 

posterior repositioning of the mandible (Leff, 1966) was avoided by constructing the bite plates 

and assessing the transducer's position in an articulator. 

In contrast to Ingervall and Helkimo (1978), Proffit et al. (1983), Proffit and Fields 

(1983), Hagberg (1987), Van Spronsen et al. (1989), and Bakke et al. (1992), we measured bite 

force magnitude in all three dimensions, because bite force magnitude is closely related to its 

direction (Koolstra et al, 1988a; Van Eijden, 1991). Van Eijden (1991) found the highest bite 

force in a 10° posterior direction, relative to a pure vertical force direction. In our study, 

maximal bite force direction also deviated from the pure vertical (-16,5° to +17.8°). However, 

compared with the standard deviations, the errors of measurement of the X- and Y-components 

were large (Table 4 and 5). Only a very weak relation was found between bite force direction 

and facial morphology. This is in accordance with the results of Proctor and DeVincenzo (1970), 

who found no difference in masseter muscle inclination relative to the occlusal plane in skeletal 

open-bite and closed-bite individuals, and Van Spronsen et al. (1996), who found that the 

orientation and moment arms of the masticatory muscles of normal and long-face subjects were 

strikingly similar. 

5.4.2 Craniofacial dimensions 

Craniofacial morphology was registered by anthropometric (linear) and cephalometric (linear 

and angular) measurements. Anthropological measures are considered to be less reproducible 

than the cephalometric ones (e.g., Raadsheer et al., 1996), but in the present study, the 

measurement error for the anthropometric dimensions was in the same range as the 

cephalometric ones. An additional antero-posterior radiograph for the transverse dimensions was 

not considered, because of radiation hygiene. The mean values for the anthropometric 

dimensions were comparable to those for the "post puberty group" of Raadsheer et al. (1996). A 

detailed analysis of the cephalometric outcome, however, is beyond the scope of this study. 

The principal component analysis reduced the amount of 37 variables to 9 components, 

describing 84% of the original variation in craniofacial morphology. The components clearly 

made a distinction between vertical (component 1), transverse (component 7) and sagittal 

dimensions (component 9). This is in accordance with the results of Solow (1966), who found an 

association between the length of the jaws, the head, and the cranial base, and between the width 

of the jaws and the width of the face. He found neither associations between cephalometric 

length measurements and face width components, nor between face and jaw width on the one 

hand, and head length on the other. Van Spronsen et al. (1997) also found that the transverse 

and vertical dimensions were represented by different, uncorrelated components. Both anterior 

and posterior vertical dimensions were found in different components, whereas in our study, all 

vertical dimensions were grouped in one component (component 1). A relation was found 
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Table 9. Relation of bite force magnitude to muscle thicknesses and craniofacial morphology, 
stepwise multiple regression analysis. 58.4% of the variance in bite force was explained 
(R=0.76) 

Variable 

Masseter thickness (mean of left and right side) 
Component 1 ("vertical dimensions") 
Component 2 ("mandibular inclination") 
Component 4 ("occlusal plane inclination") 
Component 6 ("maxillary inclination") 
Component 7 ("transverse dimensions") 

Beta weight P 

0.39 <0.001 
0.21 <0.01 

-0.18 <0.01 
-0.26 <0.001 
0.14 <0.05 
0.23 <0.01 

The bite force resultant R was related to the thicknesses of the masseter, temporal and 
digastric muscles, and the components 1 to 9, explaining craniofacial morphology. 

between the components 1 (vertical dimensions) and 7 (transverse dimensions; R=0.4), and 

between the components 7 and 9 (sagittal dimensions; R=-0.3), indicating that "general size" of 

the head was important and might have weakened other relations. 

5.4.3 Jaw muscle thicknesses 

The physiological cross-sectional area of a muscle is considered to be an indication of the 

maximal force it is capable of producing (Morris, 1948, Schantz et cd., 1983). The introduction 

of CT (Weijs and Hillen, 1986), MRI (Hannam and Wood, 1989; Van Spronsen et al, 1991, 

1992), and ultrasound (Ruf, Pancherz and Kirschbaum, 1994), made in vivo measurements of 

jaw muscle cross-sectional areas possible. However, ultrasonography only allows for registration 

of superficial muscles. Therefore, this study was limited to the masseter, the temporal and the 

digastric muscles. Another restriction in the use of ultrasonography is that it is not always 

possible to cover the whole cross-sectional muscle area by the transducer. Therefore, many 

investigators (Kiliaridis and Kalebo, 1991; Bakke et al, 1992; Ruf et al, 1994; Raadsheer et 

al., 1996) used the ultrasound thickness instead of the cross-sectional area. Raadsheer et al. 

(1994) found this method to be accurate and reproducible for the in vivo masseter muscle 

thickness registration. 

The ultrasound measurement errors and the mean muscle thicknesses of the masseter 

muscles were comparable to those of the afore-mentioned studies. The multivariate analysis of 

variance (Table 6) displayed a multivariately significant relation between the thicknesses of the 

jaw muscles and the covariates "stature" and "weight". On the univariate level, only the relation 

between the covariate "weight" and the masseter and temporal muscles was significant, i.e., 

variation in thickness of these two muscles mainly coincided with the weight of the participants. 

After correction for the effect of the covariates, a significant difference between the left and right 
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hand side masseter thickness was found. This is in contrast to the afore-mentioned studies, that 

did not reveal a left to right side difference. Further analysis showed that the left and right 

masseter were equally often the largest one, so that this could not explain the dominance of the 

left side. The significant interaction effect between "gender" and "side", indicating that the 

difference between the left and right temporal muscle was larger in males than in females (Table 

5D) could not be explained neither. Van Spronsen et al. (1991) have reported differences in right 

and left side cross-sectional areas for the masseter and temporal muscle. However, they found a 

right side dominance, whereas, in the present study, the left side was larger. Based on the 

findings of Raadsheer et al. (1996), demonstrating that the measurement error for the relaxed 

muscle thicknesses was smaller than that for the contracted ones, only the relaxed muscle 

thicknesses were measured. The data for the temporal and digastric muscles were unique and 

could, therefore, not be compared to other studies. 

5.4.4 Relation between bite force, muscle thickness and facial morphology 

In the present study, the thicknesses of the masseter, temporal and digastric muscles were 

measured. Because craniofacial morphology is related to the size of the medial pterygoid muscle 

as well (Hannam and Wood, 1989; Van Spronsen et al, 1991; Van Spronsen et al, 1992), this 

muscle might also have contributed to the variation in bite force magnitude. However, 

ultrasonography did not allow for its registration. The digastric muscle was included, because 

craniofacial morphology and mouth-opening force are related according to findings by Bolt and 

Orchadson (1986). 

From the above-mentioned jaw muscles, with stepwise multiple regression the thickness 

of only the masseter muscle showed a significant relation with bite force magnitude. This is in 

accordance to Van Spronsen et al. (1989), who demonstrated a significant relation between bite 

force magnitude and cross-sectional area of the masseter muscle, and with Van Spronsen et al. 

(1992), who showed that the MRI cross-sectional area of the masseter muscle exhibited the most 

marked differences between long face and normal individuals. However, Weijs and Hillen 

(1986), Hannam and Wood (1988) and Van Spronsen et al. (1991) also found a relation of the 

temporal cross-sectional area with facial morphology. The lack of correlation in the present 

study might indicate that for the temporal muscle, being very flat, the one-dimensional measure 

"thickness" might be a less appropriate parameter. 

For the craniofacial dimensions, stepwise multiple regression analysis showed that bite 

force magnitude related significantly positive with the components 1 (vertical dimensions) and 7 

(transverse dimensions), and significantly negative with the components 2 (mandibular 

inclination), 4 (occlusal plane inclination) and 6 (maxillary inclination). The positive relation 

with the components 1 and 7, indicating that large bite forces coincided with large faces, is in 

accordance to Raadsheer et al. (1996), who showed that variation in muscle size and craniofacial 

size and shape mainly coincided with "general body size". Bite force magnitude and jaw muscle 
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cross-sectional area are often negatively related with anterior facial height, and at the same time 

positively with posterior facial height (Ingerval and Helkimo, 1978; Proffit et ai, 1983; Van 

Spronsen et al, 1992; Kiliaridis et ai, 1993). In the present study, however, both anterior and 

posterior vertical dimensions were in the same component, so that no discrimination could be 

made between anterior and posterior facial height. The negative relation with the components 2 

and 4, and the positive one with the component 6, all indicate that large bite force magnitude 

coincided with convergent craniofacial morphology (and thus large posterior vertical dimensions 

relative to the anterior ones). The positive relation between bite force magnitude and component 

7 (transverse dimensions), is in accordance with the positive relation between transverse 

dimensions and masseter thickness (Kiliaridis and Kälebo, 1991; Ruf et al, 1994), and between 

transverse dimensions and jaw muscle cross-sectional areas (Hannam and Wood, 1988; Van 

Spronsen et al., 1991). 

According to the ß-weights (Table 9), the masseter thickness was the main contributor to 

the explained variance in bite force magnitude. Stepwise multiple regression analysis, however, 

cannot assess the percentage of variance, explained by the masseter muscle as such, because the 

variables are interrelated to one another and the ß-weights only give the relative proportions of 

the explained variance by the different variables. 

As mentioned before, bite force magnitude also depends on mechanical variables, such 

as moment arms. By using the lateral headplate, the dental casts and bite plates, and the bite 

force direction, we were able to insert the bite force vectors in the cephalogram and to 

reconstruct the bite force moment arms, relative to the temporomandibular joint. Thus, bite force 

moments were assessed and related to the muscle thicknesses and craniofacial morphology, as 

was done for the bite force magnitudes. Although the correlation coefficient raised (R=0.82), 

the same relationship with the masseter muscle the craniofacial morphology was found. 

In a three-dimensional mathematical model of the human masticatory system, Koolstra et 

al. (1988a, 1988b) examined the influence of the magnitude and direction of jaw muscle force on 

bite force. It appeared that for all masticatory muscles, larger muscle forces resulted in larger 

bite forces. However, differences in force direction of only the masseter muscle resulted in a 

considerable change of the bite force magnitude and direction. Van Spronsen et al. (1996) 

showed that differences in facial morphology (i.e., differences between long face and normal 

subjects) only affected the orientation of the masseter and anterior digastric muscle. The findings 

of the present study, and those of Koolstra et al. (1988a, 1988b) and Van Spronsen et al. (1996) 

strongly support the idea that variation in maximal bite force magnitude is mainly dependent on 

the variation in size and direction of the masseter muscle, this direction being related to variation 

in craniofacial morphology. 
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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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CHAPTER 7 SUMMARY AND CONCLUSIONS 

The purpose of this study was to investigate jaw muscle morphology in relation to jaw muscle 

biomechanics and craniofacial morphology, and to unravel the three-cornered relationship 

between jaw muscle size, bite force magnitude and craniofacial morphology. In addition, it was 

studied to what extent the size of the jaw muscles is influenced by factors that determine the size 

of skeletal muscles in general. 

In Chapter 1 the role of the muscles of mastication in craniofacial morphogenesis is 

discussed. Tensile forces of the muscles are considered to be growth regulating factors. An 

overview of variables, including muscle cross-sectional area and thickness, that are used in the 

literature as a measure for the maximum possible muscle force is given. Also, the techniques for 

in vivo registration of these variables are mentioned and compared to one another and it is 

explained how they give an indication for the muscle force. The literature clearly showed a 

relationship between skull shape and the measures indicative for jaw muscle size. 

Chapter 2 contains a description of the architectural design of the human masseter 

muscle, especially on fiber and sarcomere level. The morphological findings were used to 

predict changes in sarcomere length at different jaw positions. From fresh human cadavers, 

muscle samples were taken at a number of precisely defined locations across the muscle. From 

each sample the distance between origin and insertion, the ratio between muscle fiber length and 

tendon length, the length of the sarcomeres and the three-dimensional position relative to the 

temporomandibular joint were measured in a closed jaw position. Within the masseter muscle, 

fiber lengths and tendon lengths were found to be heterogeneous. Also, the lengths of the 

sarcomeres varied significantly across the muscle. At the closed jaw position, sarcomeres had a 

suboptimal length with respect to the force-length relationship. Model simulations clearly 

demonstrated that during jaw movements sarcomere lengths changed unequally for different 

muscle parts. This means that the maximum possible force that can be generated by parts of the 

masseter muscle will not be the same across the muscle and will depend on the jaw position; 

thus, the relationship between muscle cross-sectional area and maximal possible muscle force 

will be influenced. 

Chapter 3 provides an evaluation of ultrasonography (US) as a method for measuring the 

thickness of the masseter muscle in vivo. The thickness of the masseter muscle was bilaterally 

registered on three different levels. By comparing these ultrasound registrations with thicknesses 

obtained from MRI-images of the same individuals, it was concluded that US is an accurate and 

reproducible method to measure the thickness of the masseter muscle in vivo. The most 

reproducible scanning level was found to be halfway between zygomatic arch and gonial angle; 

it was, therefore, used in the following studies. 

In Chapter 4 the results are presented of a study in which the thickness of the masseter 

muscle was cross-sectionally measured in growing individuals and related to craniofacial 
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morphology in order to find out whether a relationship between jaw muscle size and craniofacial 

morphology already exists during growth. It was found that the masseter thickness increased 

with age in both sexes. For the whole age range males had significantly thicker masseters than 

females. Variation in muscle size and craniofacial dimensions mainly coincided with variation in 

age, stature and weight. Apart from these, the thickness of the masseter muscle related 

significantly negative to the anterior facial height and the mandibular length, and significantly 

positive to the intergonial width and bizygomatic width. These findings are comparable with 

findings in the literature on adults and demonstrate that a relationship between jaw muscle size 

and craniofacial morphology already exists in early life. This supports the assumption that jaw 

muscle forces are local environmental growth factors. 

Chapter 5 describes a study in which the relative contribution of craniofacial morphology 

and jaw muscle size to the bite force magnitude was investigated. Measurements comprised both 

magnitude and direction of the maximal voluntary bite force, linear and angular craniofacial 

dimensions, and ultrasound thicknesses of the masseter, temporal and digastric muscles. After a 

principal component analysis was performed on the craniofacial dimensions, the correlation 

between bite force magnitude on the one hand and the "craniofacial components" and jaw muscle 

thicknesses on the other hand was assessed by a stepwise multiple regression analysis. It was 

concluded that from the jaw muscles, only the thickness of the masseter muscle correlated 

significantly positive with bite force magnitude. From the craniofacial dimensions, vertical and 

transverse facial dimensions and the inclination of the midface correlated significantly positive, 

and mandibular inclination and occlusal plane inclination correlated significantly negative with 

bite force magnitude. In other words, large bite forces were found in individuals with thick 

masseter muscles, overall large craniofacial dimensions and a convergent maxillo-mandibular 

morphology with an anteriorly upwardly inclined occlusal plane. In total 58% of the bite force 

variance could be explained. The contribution of the thickness of the masseter muscle to this 

variance was higher than that of the craniofacial dimensions. 

In Chapter 6 a study is described in which it was investigated to what extent general 

(e.g., hormonal and metabolic) factors and/or factors on the craniofacial level (e.g., craniofacial 

morphology) contribute to the size and strength of the jaw muscles. As far as we know, this was 

the first study in which such a distinction was made. The ultrasound thicknesses of the masseter 

and temporal muscle were compared to those of the arm flexor and leg extensor muscles. Also, 

moments of maximal voluntary bite force were measured and compared to those of arm flexion 

and leg extension forces. It was concluded that the size of the jaw muscles was significantly 

related to the size of the limb muscles, indicating that they are both subject to the same 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 generally 

influenced muscle size, variation in bite force moment was also influenced by variables on the 

craniofacial level, such as craniofacial morphology. 
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In conclusion, in this thesis it has been shown for the first time that jaw muscle size and 

craniofacial morphology are already significantly related during growth. This supports the 

assumption that the tensile forces of the muscles of mastication are a growth regulating factor in 

craniofacial morphogenesis. In the literature, the maximal bite force level, the size of the jaw 

muscles (expressed as the thickness, the cross-sectional area or the volume) and the EMG-level 

are often used as indications of the maximal possible muscle force. They are found to be 

significantly related to craniofacial morphology. These findings are confirmed by the results 

presented in this thesis. New was the conclusion that variation of the maximal possible bite force 

level mainly depends on the size of the masseter muscle. Another new finding was that the total 

amount of jaw muscle tissue, indicative for the maximal possible force that the jaw muscles can 

exert, is dependent on general, e.g., hormonal and metabolic, influences. However, the 

mechanical loading of the craniofacial complex is not only dependent on the size of the jaw 

muscles, but also on 1) their spatial orientation relative to the craniofacial skeleton, 2) their 

intrinsic properties, such as internal muscle architecture, fiber type composition and 

vascularisation, and 3) neuromuscular activation and feedback. In order to get a better 

understanding of masticatory muscle function and its interaction with craniofacial morphology, 

further investigations are needed in which as much different influences as possible are considered 

in one study. 
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SAMENVATTING EN CONCLUSIES 

Dit proefschrift beschrijft een onderzoek waarin de bouw van de kauwspieren werd bestudeerd 

in samenhang met de biomechanica van het kauwstelsel en de vorm van het aangezicht. Doel 

was om de driehoeksverhouding tussen kauwspiergrootte, bijtkrachtgrootte en craniofaciale 

morfologie te doorgronden. Tevens werd onderzocht in hoeverre de grootte van de kauwspieren 

afhangt van factoren die ook de grootte van andere skeletspieren beïnvloeden, en/of van factoren 

die een rol spelen op lokaal niveau, zoals bijvoorbeeld de vorm van het aangezicht. 

In Hoofdstuk 1 wordt een overzicht gegeven van de rol die de kauwspieren spelen bij de 

groeiregulatie van aangezicht en schedel. Door middel van een literatuuroverzicht wordt de 

relatie beschreven tussen de vorm van het craniofaciale complex en een aantal spiergrootheden, 

waaronder fysiologische dwarsdoorsnede en dikte, die worden gebruikt als maat voor de 

maximaal mogelijke spierkracht. Tenslotte wordt uitgelegd hoe deze spiergrootheden kunnen 

worden gemeten. 

In Hoofdstuk 2 wordt een aantal aspecten beschreven van de interne architectuur van de 

musculus masseter op spiervezel- en sarcomeerniveau. Uit de masseter van ongefixeerde 

menselijke stoffelijke overschotten werd een aantal spierbundels geprepareerd. Van elke bundel 

werden de afstand tussen origo en insertie, de verhouding tussen spiervezellengte en peeslengte, 

en de lengte van de sarcomeren bepaald. Daarnaast werd ook hun driedimensionale positie ten 

opzichte van het kaakgewricht vastgesteld. Vervolgens werden met behulp van een 

computermodel de lengteveranderingen van de sarcomeren berekend tijdens verschillende 

kaakbewegingen. Uit het morfologische onderzoek bleek dat binnen de masseter de spiervezel-, 

pees- en sarcomeerlengtes heterogeen verdeeld zijn. Bij een gesloten kaak hadden de sarcomeren 

een suboptimale lengte met betrekking tot hun kracht-lengte relatie. Uit de computersimulaties 

bleek dat tijdens kaakbewegingen de sarcomeren op verschillende plaatsen in de spier 

verschillende lengteveranderingen ondergaan. Dit betekent dat verschillende regio's binnen de 

masseter bij een bepaalde kaakpositie verschillende maximale krachten kunnen uitoefenen. 

Hierdoor zal de relatie tussen de fysiologische dwarsdoorsnede en de maximaal mogelijke 

spierkracht worden beïnvloed. 

In Hoofdstuk 3 wordt echoscopie geëvalueerd als techniek om de dikte van de musculus 

masseter in vivo te meten. Daarvoor werd met echoscopie bij een aantal proefpersonen de dikte 

van de masseter gemeten op drie verschillende niveaus tussen jukboog en kaakhoek. De 

uitkomsten van deze metingen werden vergeleken met die van MRI-scans van dezelfde 

proefpersonen. Geconcludeerd werd dat echoscopie een geschikte methode is om de dikte van de 

masseter in vivo te meten. De nauwkeurigheid en reproduceerbaarheid van de metingen waren 

het grootst voor het meetvlak dat zich halverwege tussen de jukboog en de kaakhoek bevindt. 

Hoofdstuk 4 geeft de resultaten weer van een onderzoek waarin de dikte van de musculus 

masseter en de vorm van het hoofd werden gemeten tijdens de groei. Het betreft een cross-
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sectioneel onderzoek, dat wil zeggen dat op één tijdstip gegevens werden verzameld bij personen 

met verschillende leeftijd. Het doel was om vast te stellen of al tijdens de groei een relatie bestaat 

tussen de spierdikte en de vorm van het hoofd. Dit werd gedaan door de spierdikte en de 

craniofaciale vorm met elkaar te correleren. Het bleek dat bij zowel vrouwen als mannen de 

dikte van de masseter met de leeftijd toenam. Op alle leeftijden was de masseter bij mannen 

significant dikker dan bij vrouwen. De variatie in spierdikte en craniofaciale dimensies 

correleerde hoofdzakelijk met de leeftijd, de lichaamslengte en het lichaamsgewicht. Daarnaast 

werd op alle leeftijden een significant negatieve relatie gevonden tussen spierdikte en voorste 

aangezichtshoogte, en een significant positieve relatie tussen spierdikte en de afstand tussen beide 

kaakhoeken en die tussen beide jukbogen. Deze correlaties komen overeen met 

onderzoeksresultaten bij volwassenen. Het feit dat al op jonge leeftijd een significante relatie 

bestaat tussen de grootte van de masseter en de vorm van het hoofd, past bij de veronderstelling 

dat de krachten van de kauwspieren een rol spelen bij de groei van het craniofaciale complex. 

In Hoofdstuk 5 wordt een onderzoek beschreven waarin de relatieve bijdrage werd 

bepaald van de grootte van de kauwspieren en de morfologie van het craniofaciale complex aan 

de grootte van de bijtkracht. Gemeten werden 1) grootte en richting van de maximale bijtkracht, 

2) lineaire en angulaire craniofaciale dimensies, en 3) echoscopiediktes van de musculus 

masseter, temporalis en digastricus. De bijtkrachtgrootte werd gecorreleerd met de dikte van de 

kauwspieren en met de craniofaciale dimensies. Het bleek dat van de kauwspieren alleen de dikte 

van de masseter significant positief correleerde met de bijtkrachtgrootte. Van de craniofaciale 

parameters correleerden de verticale en transversale dimensies en de inclinatie van het 

middengezicht significant positief met de bijtkrachtgrootte. De inclinatie van de onderkaak en het 

occlusievlak correleerde significant negatief met de bijtkrachtgrootte. Met andere woorden, 

grotere bijtkrachten werden gevonden bij personen met dikkere masseters en grotere 

aangezichten, waarin de kaken naar voren toe meer convergeren en het occlusievlak omhoog 

loopt. In totaal kon 58% van de variantie in bijtkrachtgrootte worden verklaard. De bijdrage van 

de dikte van de masseter aan deze variantie was groter dan die van de craniofaciale dimensies. 

Hoofdstuk 6 geeft een onderzoek weer waarin werd bestudeerd in hoeverre de grootte 

van de kauwspieren afhangt van algemene hormonale en metabole invloeden en/of van invloeden 

op het niveau van het craniofaciale complex. Met echoscopie werden de diktes van een aantal 

kauwspieren, de armbuigers en de beenstrekkers gemeten en met elkaar vergeleken. Ook werden 

de momenten van de maximale bijtkracht, armbuigkracht en beenstrekkracht bepaald en 

onderling vergeleken. Het bleek dat de dikte van de kauwspieren een significant positieve relatie 

had met de dikte van de armbuigers en beenstrekkers. Hieruit werd geconcludeerd dat de 

kauwspieren onderhevig zijn aan dezelfde hormonale en metabole invloeden als andere 

skeletspieren. Het moment van de maximale bijtkracht was niet significant gerelateerd aan dat 

van de armbuigers en beenstrekkers. Dit wijst erop dat de grootte van het bijtkrachtmoment ook 

107 



wordt beïnvloed door factoren die meer op lokaal niveau werken, zoals de vorm van het 

aangezicht. 

Samenvattend kan worden geconcludeerd dat de grootte van de kauwspieren een significante 

relatie vertoont met de vorm van het craniofaciale complex. Het feit dat al op jonge leeftijd een 

relatie kon worden aangetoond tussen spiergrootte en craniofaciale morfologie, sluit aan bij de 

visie van een aantal groeitheorieën waarin kauwspieren een regulerende rol vervullen in de groei 

van het craniofaciale complex. Variatie in bijtkrachtgrootte hangt voornamelijk samen met 

variatie in de grootte van de musculus masseter. Variatie in de totale hoeveelheid 

kauwspierweefsel is afhankelijk van meer algemene factoren, zoals de invloed van hormonen en 

spiermetabolisme. De uiteindelijke belasting van het craniofaciale skelet wordt echter niet alleen 

door de grootte van de kauwspieren bepaald, maar ook door hun driedimensionale positie ten 

opzichte van de dentitie en het kaakgewricht, hun aansturing, en een aantal intrinsieke 

spiervariabelen, zoals vezelverloop, vezelsamenstelling en vascularisatie. 
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