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Chapter 

General introduction 
 
 

 
 
 
The masticatory system is a complex musculoskeletal system, which consists of the jaws 
and several paired, anatomically complex, muscles involved in mastication. These muscles 
bring about mandibular motion and generate forces, which can influence morphology and 
material properties of the osseous components. There is a large body of evidence indicating 
that the intrinsic plasticity of the masticatory system provides it with the ability to adapt to 
changing functional requirements in various ways (Pette, 2002; Currey, 2003). This ability 
is essential in maintaining efficient relationships between function and structure of the 
system components. The investigation of function and structure of the masticatory system 
in general, and the jaw muscles in particular, under varying functional conditions was the 
objective of this thesis.  

 
Jaw muscles 
 

From a classical anatomical perspective, the jaw muscles are divided into elevator and 
depressor groups. The elevator group consists of the masseter, temporalis, and medial 
pterygoid muscles, while the depressor group consists of the geniohyoid, mylohyoid, and 
digastric muscles. The lateral pterygoid muscle completes the system. Because its two 
heads have different actions, this muscle cannot be regarded exclusively as elevator or 
depressor (McNamara, 1973; Juniper, 1981). 

The activation and coordination of the jaw muscles determine the direction of jaw 
movement, control occlusal force, and load the bones of the skull in various ways. The jaw 
muscles are involved in a much broader range of motor tasks than the average limb or trunk 
muscle. The ability to perform this broad range of tasks is based on a properly coordinated 
and timed activation of the muscles by the central nervous system (Lund, 1991; Weijs et 
al., 1999), which controls onset, duration, and level of muscle activation (Morimoto et al., 
1989). As jaw muscles are functionally different, these parameters differ among muscles 
during the various motor tasks.  

The onset of muscle activation is determined by the initiation of a muscular action 
potential at the motor end plate, provoked by the arrival of a pre-synaptic neuronal action 
potential at the neuromuscular junction. Under physiological conditions, the muscle is 
activated until nervous stimulation ceases. The level of muscle activation, and with it the 
amount of force generated, is controlled by two major mechanisms: rate modulation, i.e., 
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altering the frequency of neuronal action potentials at the neuromuscular junction (Adrian 
and Bronk, 1929), and recruitment modulation, i.e., altering the number of active motor 
units in the muscle (Liddell and Sherrington, 1925; Eccles and Sherrington, 1930). 
Following the so-called “size principle” (Henneman, 1981), the motor units are recruited in 
a strict hierarchical order. The smallest, most slowly contracting, fatigue-resistant motor 
units, which contain only relatively few fibers and generate low forces, are recruited first. 
With increasing force demands, larger, faster contracting, and more fatigable units join in. 
As a result of this orderly recruitment of motor units, slow fiber types are used more 
frequently than fast ones and the force can be modulated more subtly at lower than at 
higher force levels (Kernell, 1992).  

Jaw-muscle activity has mostly been characterized by the relative duration of muscle 
activation during a specified period (Langenbach et al., 2004; van Wessel et al., 2005a; 
Kawai et al., 2007), the so-called “duty time”, which is regarded as a measure for the 
overall neuromuscular activity (Hensbergen and Kernell, 1997). Differences in the duty 
time between muscles or muscle groups provide information on differential neuromuscular 
activation by the central nervous system. In limb muscles, differences in the duty time have 
been related to functional differences between them. Muscles with predominantly postural 
tasks have higher duty times than muscles that are predominantly involved in locomotive 
tasks (Hensbergen and Kernell, 1997; Hodgson et al., 2001). Studying the duty time of jaw 
muscles at various levels of activation (Langenbach et al., 2004; van Wessel et al., 2005b) 
can help elucidate which muscles are activated predominantly during tasks that require high 
force generation, and which ones are activated predominantly during tasks with low force 
generation. Additional characterization of jaw-muscle activity by the number and length of 
activity bursts might reveal if the muscles are activated phasically in contractions of brief 
duration or tonically in contractions of prolonged duration. The findings might extend 
existing knowledge on motor-control mechanisms and the contribution of jaw muscles to 
postural and phasic activities.  

 
Adaptation 
 

The ability to adapt to varying requirements is an archetypical characteristic of tissues, 
which modify their properties in accordance with the mechanical environment. Skeletal 
muscles are able to change their size and contractile properties to match altered functional 
requirements. For instance, resistance training increases muscle thickness and enhances 
muscular strength (Hather et al., 1991; Staron et al., 1994). The structural adaptive growth 
is associated with changes in individual fibers, which can adapt to varying requirements by 
changing from one fiber type into another (Adams et al., 1993; Pette and Staron, 1997). 
Although fiber-type transitions occur under the influence of various factors and conditions, 
neuromuscular activity plays an essential role in modulating the phenotypic properties of 
muscle fibers (Kernell et al., 1998; Gorassini et al., 1999). In general, increased 
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neuromuscular activity elicits transition towards slower, more fatigue-resistant fiber types, 
whereas reduced neuromuscular activity induces transition towards faster, more fatigable 
fiber types (Caiozzo et al., 1996; Tipton et al., 1996). Various activity characteristics, such 
as duration and intensity of activations, seem to be involved in modulating the phenotype of 
skeletal muscle fibers. For instance, in limb muscles a positive correlation was found 
between the proportion of slow fibers and the time the muscle was active (Monster et al., 
1978; Kernell et al., 1998), while in jaw muscles the proportion of slow fibers was 
positively correlated with the activity duration only for activations exceeding 30% of the 
maximum activity (van Wessel et al., 2005c). It is therefore conceivable that skeletal 
muscles may require specific patterns of activity to adjust their properties to altered 
environmental conditions.  

Bone tissue also continuously undergoes adaptive remodeling, i.e., resorption and 
apposition. The remodeling rate of bone influences its degree of mineralization as newly 
formed bone has a lower degree of mineralization than older bone (Boivin and Meunier, 
2002). The remodeling rate of bone is related to the magnitude of intermittent mechanical 
loading and the resulting dynamic strains in the tissue (Lisková and Hert, 1971; Turner, 
1998). In general, more heavily loaded bone has a higher remodeling rate and is therefore 
less mineralized than lesser loaded bone (Rubin and Lanyon, 1987). Various loading 
characteristics, such as number, frequency, and level of loading bouts, play a role in this 
process (Turner et al., 1994; Cullen et al., 2001; Rubin et al., 2002).  

As bone is loaded predominantly by muscle contractions, muscular strains are 
inductive for adaptive processes in the underlying skeletal system (Turner, 2000). For 
instance, the reduction of muscle use during clinical immobilization causes bone and 
muscle loss, which may be reversed by resistive exercise (Rittweger et al., 2005). In the 
masticatory system, long-term alterations in the pattern of muscular strains can be enforced 
by changing the consistency of the available food. Animal experiments on various species 
have demonstrated that the continuous intake of a soft diet during growth and development 
is associated with a reduction in the functional capacity of the jaw muscles (Kiliaridis and 
Shyu, 1988; Liu et al., 1998) and may influence the morphology (Maki et al., 2002) and 
internal bone structure of the mandible (Bresin et al., 1999).  

It is generally accepted that the loading generated by the jaw muscles influences the 
morphogenesis of the craniofacial skeleton (Kiliaridis, 1995). This applies especially to the 
muscle attachment sites, where muscular strains act upon skeletal units in a direct fashion to 
influence bone apposition and resorption (Moss and Salentijn, 1969). Information about the 
interactions between muscular and skeletal tissues in the masticatory system, however, is 
scarce. The combined information on the activity of jaw muscles, their phenotypic 
properties, and the influence of their contractions on mandibular bone under varying 
functional conditions would extend existing knowledge about the structure-function 
relationship of craniofacial muscular and skeletal systems.  
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Aims and outline of the thesis 
 

The aims of the present work were to study the function and the structure of the jaw 
muscles under varying functional conditions, and to investigate the consequences of their 
actions on osseous components of the masticatory system. In detail, it was intended to 
answer the following research questions: 
 
� Do the habitual activity profiles differ among the jaw muscles? Are these differences 

related to the activity level? Can they be attributed to different contributions to postural 
and phasic activities? Do the activity patterns vary over time? 

� How are the activity profiles of the jaw muscles modified in response to an alteration in 
masticatory function with regard to duty time, number, and length of activations?  

� How do fiber-type composition and fiber cross-sectional area adapt to an alteration in 
masticatory function? Are there intermuscular differences in the adaptive response? 

� Do degree and distribution of mineralization of mandibular bone change in response to 
altered loading? Are there region-specific changes in mineralization?  

 
In the present thesis, these questions are addressed as follows: 
 

Chapter 2 reviews the hitherto published literature dealing with the adaptive response 
of jaw muscles to various stimuli or perturbations in the orofacial system. It addresses 
adaptive changes in the jaw muscles under various physiologic and pathologic conditions 
and their adaptive response to clinical interventions.  

Chapters 3 and 4 offer a detailed characterization of the habitual activity profiles of 
various jaw muscles under steady-state conditions. They provide a quantification of the 
duty time, the number, and the length of activity bursts at various activity levels, compare 
these activity parameters among muscles, across time, and relate them to each other.  

Chapters 5–7 explore the adaptive changes in the masticatory system in response to an 
alteration in its functional requirements. They describe the effect of a reduction in the 
consistency of the diet during postnatal development on the daily habitual activity profiles, 
fiber-type composition, and fiber cross-sectional area of three functionally different jaw 
muscles, and investigate the influence of the masticatory functional change on the degree 
and distribution of mineralization in mandibular bone.  

Finally, chapters 8 and 9 discuss the findings described in the previous chapters and 
summarize them, respectively.  
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