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Nature has her own best mode of doing each thing,  
and she has somewhere told it plainly,  
if we will keep our eyes and ears open. 

 
Ralph Waldo Emerson (1860) 
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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.  

1    G
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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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Chapter 

The adaptive response of jaw muscles 
to varying functional demands. 

Literature review 
 
 

 
 
 

Abstract 
 

Jaw muscles are versatile entities that are able to adapt their anatomical characteristics, 
such as length and thickness, to altered functional demands. The dynamic nature of muscle 
fibers allows them to change their phenotype to optimize the required contractile function 
while minimizing energy use. Changes in anatomical parameters are associated with 
changes in neuromuscular activity as the pattern of muscle activation by the central nervous 
system plays an important role in the modulation of muscle properties.  

This review summarizes the adaptive response of jaw muscles to various stimuli or 
perturbations in the orofacial system and addresses general changes in muscles as they 
adapt, specific adaptive changes in jaw muscles under various physiologic and pathologic 
conditions, and their adaptive response to various therapeutic interventions.  

Although the jaw muscles are used concertedly in the masticatory system, their 
adaptive changes are not always uniform and vary with the nature, intensity, and duration 
of the stimulus. In general, stretch, increased neuromuscular activity, and resistance training 
result in hypertrophy, elicit increases in mitochondrial content and cross-sectional area of 
the fibers, and may change the fiber-type composition of the muscle towards a higher 
percentage of slow-type fibers. In contrast, changes in the opposite direction occur when 
neuromuscular activity is reduced, the muscle is immobilized in a shortened position, or 
paralyzed. The broad range of stimuli that affect the properties of jaw muscles might help 
explain the large variability in their anatomical and physiological characteristics found 
among individuals, muscles, and muscle portions.  

2 



 

 14 

Introduction 
 

The jaw muscles control the position and motion of the mandible, and create reaction forces 
at the teeth and temporomandibular joints. The consequences of their action are pertinent 
to, for instance, prosthetic changes of dental occlusion, orthodontic treatment of 
malocclusions, and surgical craniofacial corrections. Their special functional anatomy 
makes jaw muscles the most complex and most powerful in the human body (Hannam and 
McMillan, 1994; van Eijden et al., 1997). Modifications of their contractile properties, such 
as contraction velocity and force generation, in response to varying functional demands, a 
process called “adaptation”, are reflected in changes in the functional anatomy of this 
muscle group, individual muscles, or muscle regions. 

Jaw muscles, like all skeletal muscles, are capable of powerful contractions by virtue of 
the regular organization of their contractile proteins. The levels of skeletal muscle 
organization, gross to microscopic, are summarized in Figure 2.1. The cellular units of a 
skeletal muscle are the muscle fibers, long cylindrical cells with multiple nuclei. Each 
muscle fiber contains many myofibrils that run parallel to its length. The myofibrils are 
composed of sarcomeres, arranged end to end. Sarcomeres, the contractile units of a 
skeletal muscle fiber, consist of two types of myofilament organized into regular arrays 
with a partially overlapping structure. The thin filaments contain mainly actin, whereas the 
thick filaments contain mainly myosin. Myosin consists of two intertwined heavy peptide 
chains (Gazith et al., 1970) and four light peptide chains (Lowey and Risby, 1971). 
Because it contains the ATPase activity, which determines the contraction velocity, the 
myosin heavy chain (MyHC) is primarily responsible for the contraction velocity of the 
muscle fiber (Staron, 1991).  

On the basis of the MyHC isoform they contain, skeletal muscle fibers have been 
classified into slow (type I) and fast (type II) fibers, with subclassification of fast fibers 
including types IIA, IIB, and IIX (e.g., Schiaffino and Reggiani, 1994). Motor unit size, 
fiber diameter, contraction velocity, and tetanic force increase successively by fiber type in 
the order of I, IIA, IIX, and IIB (Sciote et al., 2003), while fatigue resistance decreases in 
the same order (Bottinelli et al., 1996).  

Human jaw muscles are notably different from other skeletal muscles. For instance, 
human jaw-closing muscles are composed of a relatively homogeneous mixture of type I 
and II fibers (Stålberg et al., 1986), the type II fibers being much smaller than the type I 
(Eriksson and Thornell, 1983; McComas, 1998; Sciote et al., 2003). This contrasts with the 
mosaic-like distributions of type I and II fibers in limb muscles, where type II fiber 
diameters are greater than type I diameters (Burke, 1981). Besides that, healthy adult 
human jaw-closing muscles do not contain MyHC-IIB (Horton et al., 2001), but express 
MyHC-fetal and MyHC-cardiac alpha, MyHC isoforms typically present in developing and 
cardiac muscle, respectively, in addition to types I, IIA, and IIX (Sciote et al., 1994). Many 
of their fibers are hybrids, expressing two or more MyHC isoforms in various combinations 
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(Monemi et al., 1996, 1998; Korfage et al., 2005a, 2005b). These hybrid fibers have 
contractile properties intermediate to those of pure fibers. The diversity of MyHC isoforms 
and the large number of hybrid fibers present in jaw muscles under steady-state conditions 
provides a mechanism that allows a very fine gradation of contraction velocity (Pette, 
2002).  
 

 
 
Figure 2.1 Levels of organization within a skeletal muscle, from entire muscle to muscle fibers, myofibrils, 
sarcomeres, actin and myosin filaments, and myosin molecule. The myosin molecule has a rodlike tail, from which 
two heads protrude, and is composed of four myosin light-chain (MyLC) subunits and two myosin heavy-chain 
(MyHC) subunits. The myosin isoforms differ with regard to their energetic potential and molecular structure in 
the globular region of the heavy chain. 
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Another feature that distinguishes jaw muscles from other skeletal muscles is their 
internal organization. While the fibers of a motor unit intermingle large parts of limb 
muscles, they are restricted to specific areas in the jaw muscles. Such an organization 
permits the differential control of separate muscle portions (van Eijden and Turkawski, 
2001). Together with their complex architecture and heterogeneous fiber-type composition, 
this enables the jaw muscles to perform a larger variety of motor tasks than the average 
limb or trunk muscle. 

Jaw muscles are constantly exposed to a variety of local and systemic stimuli, to which 
they can adjust their properties. This ability of jaw muscles to adapt to varying functional 
demands is obligatory for their normal function under changing environmental conditions, 
repair after pathology, and successful outcomes of therapeutic interventions. Although the 
jaw muscles are used concertedly in the masticatory system, their adaptive changes are not 
always uniform and vary with the nature of the stimulus. 

The purpose of this essay is to review the adaptive response of jaw muscles to various 
stimuli or perturbations in the orofacial system. It addresses general changes in skeletal 
muscles as they adapt, specific adaptive changes in jaw muscles under various physiologic 
and pathologic conditions, and their adaptive response to non-surgical and surgical 
therapeutic interventions.  

 
Muscle adaptation 
 

Skeletal muscles are capable of changing their anatomical characteristics, such as size and 
fiber types, to match altered functional demands (Adams et al., 1993). Changes in these 
anatomical characteristics are often associated with changes in the intensity, duration, and 
frequency of muscle activation by the central nervous system. 

 
Size changes 
 

Typically, resistance training of a skeletal muscle, for example by means of repeated 
isometric contraction and relaxation, causes an increase in the thickness of the muscle and 
enhances muscular strength (Hather et al., 1991; Staron et al., 1994). The response is fiber 
hypertrophy, caused by increases in the cross-sectional areas of both slow and fast fibers. In 
addition, rigorously stressed muscle fibers form more myofilaments and myofibrils, store 
more glycogen, and have a higher mitochondrial content and aerobic-oxidative potential of 
energy supply, which renders them more fatigue resistant (Lømo et al., 1974; Pette, 2002). 
In contrast, detraining or immobilization of a muscle, for example by plaster cast fixation of 
a limb, leads to disuse atrophy. Again, both slow and fast fibers are affected by decreases in 
their cross-sectional areas (Hather et al., 1991; Aagaard, 2004). The adaptive changes in 
size are fully reversible (Andersen and Aagaard, 2000). 
 

2    T
he adaptive response of jaw

 m
uscles to varying functional dem

ands 



 17 

Fiber type transition 
 

Individual muscle fibers have the inherent ability to adapt to altered mechanical 
requirements by changing from one fiber type to another (Adams et al., 1993; Oishi et al., 
1998), to alter their contractile properties, and to optimize their energy usage. They can 
change their phenotype by switching different MyHC isoform genes on or off. In mammals, 
this conversion of fiber types follows a strict order, from MyHC-I  -IIA  -IIX  -IIB, 
or vice versa (Schiaffino and Reggiani, 1994). In general, overloading and increased 
muscular activity elicit transitions towards slower and fatigue resistant fiber types, whereas 
unloading and reduced muscular activity induce transition towards faster and more fatigable 
fiber types (Thomason and Booth, 1990; Adams et al., 1993; Tipton et al., 1996; Pette and 
Staron, 1997; Pette, 2001). For instance, strength training of a muscle results in a decrease 
in the amount of IIX fibers in favor of slower fiber types (Hather et al., 1991; Staron et al., 
1994), while prolonged disuse induces the conversion of type I fibers into type IIA fibers 
(Oishi et al., 1998; Ohira et al., 1999).  

 
Influence of neuromuscular activity 
 

Neuromuscular activity is an important factor in the regulation of fiber types (Hennig and 
Lømo, 1985; Gorassini et al., 1999). For instance, fast fibers are innervated by 
motoneurons that fire more rapidly and in shorter bursts than those innervating slow fibers 
(van Eijden and Turkawski, 2001). Furthermore, adaptive changes in the fiber-type 
composition of muscles are related to the duration of their activity. A positive correlation 
has been demonstrated between the duration of daily activation and the proportion of slow 
fibers in skeletal muscles (Monster et al., 1978; Kernell et al., 1998). Experiments on fiber-
type transitions, therefore, often use protocols to either increase or decrease neuromuscular 
activity. Besides the duration of activity, its intensity seems to play a critical role in 
modulating the phenotype of skeletal muscle fibers. On the basis of observations in rabbit 
jaw muscles, in which the number and cross-sectional area of slow fibers were positively 
correlated with the activity duration only for activations exceeding 30% of the maximum 
activity, it was concluded that the activation above a threshold influences the fiber 
properties of a muscle (van Wessel et al., 2005b). Skeletal muscle fibers may thus require 
specific activity patterns to adjust their properties to altered environmental demands.  

 
Assessment of jaw-muscle adaptation 
 

Although adaptational processes of jaw muscles are reflected in a broad range of 
anatomical and physiological parameters, studies on jaw-muscle adaptation most 
commonly assess muscle activity, force output, muscle size, MyHC isoform composition, 
and cross-sectional area of the individual fibers. Therefore, techniques to analyze these 
parameters are briefly described below.  
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The most common method to determine muscle activity is electromyography (EMG), 
which is a recording of the amplified motor unit action potentials of the muscles (Fig. 2.2). 
The EMGs of human jaw muscles are typically recorded using surface electrodes placed on 
the skin overlying a muscle belly (Svensson et al., 2004). However, this technique only 
describes general gross activity in the whole muscle and is limited to the execution of 
specified motor tasks (e.g., Holmgren et al., 1990; Karkazis and Kossioni, 1997, 1998). The 
use of intramuscular electrodes is more refined and allows assessment of the myoelectric 
activity in various parts of a jaw muscle (Blanksma and van Eijden, 1995). When these 
electrodes are used in combination with implantable transmitters in animal experiments 
(Langenbach et al., 2002), it is possible to continuously record jaw-muscle EMGs over 
several weeks, and to study changes in the myoelectric activity during a broad range of 
normal daily activities (Langenbach et al., 2004; van Wessel et al., 2005a; Grünheid et al., 
2005, 2006).  
 
 

 
 
Figure 2.2 Simultaneously recorded intramuscular electromyograms of the rabbit superficial temporalis (A), 
superficial masseter (B), and digastric muscles (C). The signals have been filtered, rectified, smoothed, and 
downsampled. Note the alternating activity of the superficial masseter and the digastric muscles. The distribution 
is not representative for the entire activity during the day.  
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The activation of a muscle determines its mechanical force output. Therefore, bite force 
transducers are often used to assess jaw-closing muscle activity as it is translated into force 
production at the occlusal surfaces of teeth (van Eijden, 1990). The device is placed 
between the maxillary and mandibular teeth, and the subjects are encouraged to clench as 
hard as possible (Ellis et al., 1996; Svensson et al., 1998a). Although tests of this procedure 
cannot discriminate between the force outputs of individual muscles, they do have a 
potential for studying the force of isometric contractions of the jaw-closing muscles. 

The size (length, thickness, cross-sectional area, and volume) and orientation of a jaw 
muscle can be measured in vivo using modern imaging techniques, such as ultrasonography 
(e.g., Kiliaridis and Kalebo, 1991; Benington et al., 1999), computed tomography (e.g., 
Weijs and Hillen, 1984, 1986), and magnetic resonance imaging (e.g., van Spronsen et al., 
1991; Goto et al., 2006). While ultrasonography is limited to analyzing superficially 
located, easily accessible jaw muscles, such as the masseter, computed tomography and 
magnetic resonance imaging enable assessment of all jaw muscles.  
 
 

 
 
Figure 2.3 Sections of the antero-deep portion of the human masseter muscle incubated with antibodies against  
MyHC-I (A), MyHC-cardiac alpha (B), MyHC-IIA (C), MyHC-IIA and -IIX (D), and MyHC-fetal isoforms (E). 
The drawing (F) shows some of the fiber types: (1) MyHC type I, (2) MyHC type IIX, (3) MyHC type IIA, (4) 
MyHC type I + IIA, (5) MyHC fetal + I, and (6) MyHC type fetal + I + cardiac alpha.  
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The fiber types of jaw muscles can be determined using monoclonal antibodies raised 
against various isoforms of purified MyHC (Bredman et al., 1991; Korfage and van Eijden, 
2003). The cross-sectional areas of individual fibers can be quantified on microphotographs 
of transverse sections of the muscle. When subsequent sections are incubated with 
antibodies directed against various MyHC isoforms (Fig. 2.3), the cross-sectional area of a 
fiber can be related to its MyHC isoform content (Korfage et al., 2000). 

For ethical and practical reasons, it is often impossible to assess the MyHC type 
composition and fiber cross-sectional area of jaw muscles in humans. Therefore, 
experimental studies commonly use animal models. It has to be noted, however, that results 
obtained from animal jaw muscles may not be uncritically extrapolated to human jaw 
muscles as they differ in expression of MyHC isoforms, fiber diameter, and fiber-type 
proportions. The muscles of large animals generally contain a higher proportion of fibers 
expressing MyHC-I than those of small animals (Pellegrino et al., 2003). The adaptation of 
jaw muscles may, therefore, differ among species and should be interpreted with due 
caution.  

 
Response to physiologic and pathologic conditions 
 

The function and properties of jaw muscles are affected by systemic and local alterations. 
The broad range of conditions, to which jaw muscles adapt, provides a possible explanation 
for the large variability in the jaw-muscle fibers found in humans (Korfage et al., 2000). 
The following section describes the properties of jaw muscles, with special focus on 
neuromuscular activity, fiber cross-sectional area, and fiber-type composition, in relation to 
several physiologic and pathologic processes and conditions, such as aging, craniofacial 
morphology, diet, dental status, craniomandibular disorders (CMD), and pain.  

 
Aging 
 

Aging leads to systemic changes, which have a marked influence on skeletal muscles 
(McComas, 1998). Some of the changes are related to a reduction in the levels of anabolic 
hormones, such as thyroid and growth hormones (Proctor et al., 1998). Although aging 
leads to reductions in muscle activity, synthesis rate for contractile proteins, contraction 
velocity of fibers, and muscle strength, as well as to changes in the fiber-type proportions 
and fiber cross-sectional areas in all skeletal muscles (Larsson et al., 1997), the changes are 
more complex in jaw muscles than in limb and trunk muscles. In jaw muscles, aging also 
coincides with a reduction in the number and amplitude of reflex responses, longer latency 
of oral reflexes (Smith et al., 1991; Kossioni and Karkazis, 1994), and a prolongation of 
muscle-contraction time (Newton et al., 1993). The pattern of relative jaw-muscle activity, 
as seen in the EMG, does not change with age, but its amplitude is generally lower in 
elderly subjects (Alajbeg et al., 2006).  
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The thickness of the jaw muscles decreases significantly with age (Newton et al., 1987, 
1993), which is caused primarily by a decrease in the cross-sectional area of muscle fibers 
(Monemi et al., 1998, 1999b). The change might be explained by the progressive reduction 
in the number and the total duration of activity bursts per day with age (Miyamoto et al., 
1999). 

The fiber-type composition of the jaw muscles also changes with age. In the jaw-
closing muscles of elderly subjects, the proportion of pure type I fibers decreases, while the 
proportion of pure type II fibers and that of hybrid fibers, particularly of those co-
expressing MyHC-fetal, increase (Eriksson and Thornell, 1983; Monemi et al., 1996, 
1999a). Similarly, the jaw-opening muscles undergo changes in fiber-type composition 
during aging. In the lateral pterygoid muscle, the proportion of fibers expressing 
MyHC-IIA, which are rare or absent in young adults, increases with age, whereas the 
proportion of fibers expressing MyHC-I decreases. These changes reflect a shift towards 
faster fibers in this muscle in the elderly (Monemi et al., 1999b, 2000). In the digastric 
muscle, the change in fiber-type composition during aging is also characterized by a 
decrease in the proportion of fibers expressing MyHC-IIX (Monemi et al., 1999b, 2000). 
This suggests a narrowing in the range of contraction velocities of the digastric muscle 
fibers with age. In general, however, the degenerative changes within the human 
masticatory motor system with age lead to muscle fiber atrophy, increased variability in 
fiber diameter, and a shift towards faster fiber types. 

 
Craniofacial morphology 
 

Notwithstanding the large variation in facial form among humans, three basic types are 
generally described: dolichofacial, mesofacial, and brachyfacial skeletal types (Ricketts, 
1960) with relatively long, average, and relatively short faces, respectively (Bishara and 
Jakobsen, 1985). The variations in craniofacial morphology have been shown to be 
associated with certain parameters of jaw-muscle function, including myoelectric activity 
(Ueda et al., 1998) and occlusal force (Ingervall and Helkimo, 1978; Proffit et al., 1983). 
Although the duration and amplitude of EMG activity are similar during mandibular motion 
(Ueda et al., 2000; Farella et al., 2005), long-face subjects generate less jaw-closing muscle 
activity (Bakke and Michler, 1991) and lower molar bite forces during maximum effort 
than subjects with normal and short faces (Ingervall and Helkimo, 1978; Proffit et al., 1983; 
Hunt and Cunningham, 1997).  

To a limited extent, there is also a relationship between the craniofacial morphology 
and the cross-sectional areas of the jaw muscles (van Spronsen et al., 1991). Short-face 
subjects have thicker jaw-closing muscles than normal subjects (Weijs and Hillen, 1984; 
Kiliaridis and Kalebo, 1991), whereas long-face subjects have significantly thinner muscles 
(van Spronsen et al., 1992; Benington et al., 1999).  
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Moreover, the fiber-type composition of jaw-closing muscles varies with the vertical 
craniofacial dimension (Rowlerson et al., 2005). For instance, there is a significant negative 
correlation between ramus length and proportion of type I fibers in the medial pterygoid 
muscle (Shaughnessy et al., 1989). Typically, subjects with a short face have larger 
proportions of type II fibers, which are able to produce a higher maximum force of short 
duration than type I fibers, in their jaw-closing muscles than subjects with normal or long 
facial dimensions (Hunt et al., 2006).  

Although it is accepted that there is a correlation between craniofacial morphology and 
jaw-muscle function, the question remains as to which comes first. The muscle response 
might be adaptive to the underlying skeletal development (Hunt et al., 2006) or it might be 
the driving force. Evidence from numerous animal studies suggests that jaw-muscle 
function can influence the shape of the skull during growth and development (for overview 
see Kiliaridis, 2006). It is likely that in humans, too, the jaw muscles play a role in the 
control of facial form, and partly determine the final facial dimensions (Weijs and Hillen, 
1986).  

Humans with weak jaw muscles have a greater variation in facial morphology than 
those with strong jaw muscles (Ingervall and Helkimo, 1978). It is believed that strong or 
thick muscles produce faces with similar morphologic features, whereas weak muscles 
cannot influence the morphology to such an extent (Kiliaridis, 1995). For instance, many of 
the unique morphological facial features of Inuits and Neanderthals are thought to be a 
response to their powerful jaw muscles and intensive mastication of a relatively hard diet 
(Spencer and Demes, 1993).  

 
Nasal obstruction 
 

Following obstruction of the nasal airway, the mandible is lowered to allow breathing 
through the mouth. The change in posture is reflected in a decrease in resting EMG 
activities of the temporalis muscles and an increase in those of the suprahyoid muscles 
(Hellsing et al., 1986). The maximum activities, however, remain unchanged (Hiyama et 
al., 2003). The EMG changes during posture are maintained over the entire period of nasal 
obstruction, even over several years (Miller et al., 1984). In subjects with chronic nasal 
obstruction, the vertical craniofacial morphology develops towards a more dolichofacial 
skeletal type with increased anterior face height, overeruption of molars, and backward 
rotation of the mandible (Principato, 1991; Vickers, 1998). The jaw muscles adapt to their 
new functional lengths by altering the number of sarcomeres in series within each fiber to 
re-establish the optimum overlap of the contractile proteins (Goldspink, 1998). It is 
conceivable that they also adjust their MyHC composition and cross-sectional area to the 
altered craniofacial morphology as detailed above.  
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Diet 
 

The influence of mechanical food properties on human jaw muscles has been demonstrated 
in several studies. Jaw-closing muscles alter their EMG activities in response to altered 
food hardness (Agrawal et al., 1998), the electric activities being higher during chewing of 
harder food (Karkazis and Kossioni, 1997, 1998; Karkazis, 2002; Peyron et al., 2002).  

Information from numerous animal experiments indicates that the consistency of daily 
food can also affect other physiologic features. Jaw muscles of pigs (Ciochon et al., 1997) 
and rats (Whiteley et al., 1966) raised on a soft diet generate lower tetanic isometric muscle 
tension after stimulation (Kiliaridis and Shyu, 1988) than those of animals raised on a hard 
diet. These muscles also contain less mitochondria per unit (Sato and Konishi, 2004), 
providing them with poorer prerequisites for energy production. The corresponding 
reduction in motor-unit activity seems to be caused solely by muscular changes, but not by 
changes in motoneurons; studies on rats revealed no difference in the soma diameter of 
motoneurons between soft and hard diet groups (Miyata et al., 1993).  

The jaw muscles of animals raised on diets of different hardness also differ with regard 
to the cross-sectional area and the MyHC composition of their fibers. Experiments on 
rabbits and ferrets demonstrated that the long-term intake of a soft diet, which requires less 
masticatory effort, caused a decrease in the cross-sectional areas of both type I and II fibers 
in jaw-closing muscles, and of type II fibers only in jaw-opening muscles (Langenbach et 
al., 2003; Kitagawa et al., 2004; He et al., 2004). In rats, food hardness also affected the 
fiber-type composition of the jaw muscles. The intake of a soft diet resulted in a more 
MyHC-IIB and -IIX-rich phenotype of the masseter muscle than the intake of a hard diet 
(Miehe et al., 1999; Saito et al., 2002).  

It can thus be inferred that long-term alteration in the pattern of muscle use, caused by 
a reduction in the consistency of the available food, contributes to selective disuse resulting 
in functional and morphological adaptation of the jaw muscles, reflected in reductions in 
their myoelectric activity, force output, fiber cross-sectional area, and percentage of slow 
fibers.  

 
Occlusal relationship 
 

A relationship exists between the activity of jaw muscles and the sagittal skeletal base 
relationship. In subjects with mesial jaw relationships, the postural EMG activities of the 
masseter and temporalis muscles are higher than in those with neutral or distal jaw 
relationships (Tecco et al., 2007), and are also positively correlated with the severity of the 
skeletal malocclusion (Miralles et al., 1991). The difference has been attributed to the 
muscular action axis and to increases in the gravitational component in Class III 
malocclusions (Cha et al., 2007). Surprisingly, during maximal voluntary contraction, the 
EMG activities do not differ among subjects with different sagittal occlusal relationships 
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(Miralles et al., 1991; Tecco et al., 2007). The limited evidence available suggests that the 
fiber-type composition does not differ either. Biopsies of the masseter muscle taken from 
adult patients with mesial occlusions did not differ in their MyHC distribution from those 
taken from patients with distal occlusions (Gedrange et al., 2005a).  

Comparison of various vertical malocclusions indicates that the EMG activities of the 
masseter and temporalis muscles during mastication are higher in subjects with deep bites 
than in those with open bites (Kayukawa, 1992). In comparison with subjects with anterior 
open bites, subjects with deep bites also have greater cross-sectional areas of the masseter 
muscles (Gedrange et al., 2005b). These findings are easily comprehensible as 
malocclusions with deep overbites and anterior open bites are often associated with 
brachyfacial and dolichofacial vertical craniofacial morphologies, respectively. Biopsies 
taken from human masseter muscles showed that the percentaged occupancy of fiber types 
varied significantly between groups of subjects with different overbites. Greater areas of 
type II fibers were found in deep bite subjects, whereas greater areas of type I fibers were 
found in open bite subjects (Rowlerson et al., 2005). These findings indicate an interaction 
between vertical overbite and masseter muscle fiber-type composition, and make it 
reasonable to postulate that the fiber-type composition of other jaw muscles also varies with 
vertical bite characteristics.  

Malocclusions with transverse discrepancies also affect jaw-muscle properties: Lateral 
displacement of the mandible affects the orientation of the jaw muscles, which in turn 
seems to affect their activity and size. In subjects with mandibular laterognathism the 
masseter muscles are orientated more vertically and have significantly smaller lengths and 
volumes on the deviated side than in subjects with a normal occlusion (Goto et al., 2006). 
The lateral displacement of the mandible can explain the orientation differences (Fig. 2.4), 
but not the smaller muscle size. It seems that the muscles on the deviated side are not only 
smaller but also generate less myoelectric activity during functional use. For instance, 
during chewing and maximum contraction, the EMG amplitudes of the masseter and 
temporalis muscles in patients with unilateral crossbites or lateral forced bites differ 
between sides, with the activity levels being lower on the crossbite side than on the normal 
side (Ingervall and Thilander, 1975; Ferrario et al., 1999). The volume difference is 
possibly the physiologic result of the different level of bilateral activity. The treatment of 
the lateral displacement seems to eliminate the underlying reason for the different levels of 
activity as no bilateral differences in the thickness of the masseter muscles were found 
several years after successful correction of a unilateral crossbite (Kiliaridis et al., 2007). 
Lateral displacement of the mandible thus appears to initiate an adaptive process in the 
masticatory system, resulting in atrophy of the jaw muscles on the crossbite side. In 
addition to the apparent decrease in size of the muscles whose orientations are affected, 
which is most likely associated with a reduction in the cross-sectional area of the individual 
fibers, the fiber-type composition might shift towards a higher percentage of fast fibers.  

2    T
he adaptive response of jaw

 m
uscles to varying functional dem

ands 



 25 

 
 
Figure 2.4 Orientation of the masseter muscles in a control subject (A) and in a patient with lateral displacement 
of the mandible (B). Reconstruction of magnetic resonance images (upper panel) and coronal scans (lower panel) 
showing the lengths and the orientations of the masseter muscles. In the patient with lateral displacement of the 
mandible, the masseter muscle is orientated more vertically on the deviated side than on the non-deviated side 
(Courtesy of T.K. Goto).  
 
 
Occlusal guidance and contact situation 
 

Data on the effects of occlusal guidance on the jaw muscles are still contradictory. 
Although lower EMG activities of the masseter and temporalis muscles during clenching, 
grinding, and chewing have been reported for subjects with canine guidance than for those 
with group function (Shupe et al., 1984), a more recent study did not detect any differences 
(Borromeo et al., 1995).  

More information is available on how occlusal interferences affect jaw-muscle activity. 
Premature contacts alter the occlusal balance and cause reductions in the number of activity 
periods per hour (Michelotti et al., 2005) and the amplitude of muscle activity during 
clenching (Borromeo et al., 1995). Lower maximum activities in the jaw-closing muscles 
have been demonstrated in subjects with fewer occlusal contacts (Ferrario et al., 2002) and 
it has been suggested that reduced occlusal stability is associated with weak elevator muscle 
activity (Bakke and Michler, 1991). Accordingly, occlusal adjustment results in an 
immediate increase in myoelectric activity and contraction force of the jaw-closing muscles 
during maximum effort (Holmgren and Sheikholeslam, 1994). Up to now, no information is 
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available as to whether there is a relationship between the occlusal contact situation and the 
phenotype of jaw-muscle fibers.  

 
Dental status and tooth loss 
 

The loss of posterior teeth limits the chewing efficiency as a result of a reduced occlusal 
area and alterations in the occlusal loads (Fontijn-Tekamp et al., 2000). While the bite 
forces acting on the individual residual teeth increase, the overall bite force tends to 
decrease with shortening of the dental arch (Hattori et al., 2003). This shortening coincides 
with lower activation ratios of the jaw-closing muscles in comparison with those of fully 
dentate subjects (Hattori et al., 2003).  

Tooth loss also influences anatomical features of the jaw muscles. Computed 
tomography analysis revealed a reduction in radiodensity, resulting from an increased 
proportion of fat tissue (Raustia et al., 1996), and cross-sectional area (Newton et al., 2004) 
of the masseter and medial pterygoid muscles in subjects who had been edentulous for a 
long time. Although no studies have yet been performed that compared the fiber-type 
proportions of edentulous and dentate humans, it is likely that the muscle atrophy implied 
by these findings is also reflected in the MyHC composition of the jaw-muscle fibers. In 
rhesus monkeys, the long-term adaptive changes of the masseter and temporalis muscles 
following complete tooth removal included a relative increase in type IIB fibers and a 
relative decrease in type IIA and type I fibers (Maxwell et al., 1980). It is conceivable that 
the reduced ability to chew food, sensory feedback via gingival tissues in the absence of 
periodontal receptors, and associated reduced force production contributed to the disuse 
atrophy indicated by the change in fiber-type composition. 

The preservation of a residual dentition seems to prevent marked changes in jaw-
muscle properties (Tallgren et al., 1986). For instance, the cross-sectional areas of the 
masseter and medial pterygoid muscles in subjects wearing overdentures supported by a 
small number of teeth were comparable to those of subjects with a natural dentition 
(Newton et al., 2004). The retention of teeth thus appears to sustain the cross-sectional area 
of jaw-closing muscles and might therefore enhance masticatory ability. 

 
Muscle pain and CMD  
 

Subjects with jaw-muscle pain often show severe asymmetrical recruitment of these 
muscles in comparison with the more symmetrical recruitment seen in normal subjects 
(Nielsen et al., 1990). Pain, which is experimentally induced in the jaw muscles, causes a 
transient, but significant, increase in the EMG activities during rest (Svensson et al., 1998b, 
2004) and voluntary contraction, resulting in lower maximum bite forces (Svensson et al., 
1998a, 2004). The EMG changes are purely pain-related and can be abolished by local 
anesthesia (Yu et al., 1995).  
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Chronic jaw-muscle pain is a common symptom of CMD. Subjects with myogenous 
CMD show EMG changes similar to those reported after induction of experimental muscle 
pain (Buchner et al., 1992). In general, subjects with myogenous CMD try to avoid pain by 
minimizing both frequency and intensity of voluntary jaw-muscle activity. 

It has been suggested that the MyHC composition and cross-sectional area of jaw-
muscle fibers are maintained predominantly by powerful contractions exceeding 30% of the 
maximum EMG activity (van Wessel et al., 2005b). Since intense jaw-muscle activity is 
largely avoided by patients with chronic muscle pain, it is reasonable to assume that their 
jaw-closing muscles might undergo disuse atrophy, resulting in an increase in the 
percentage of fibers expressing fast MyHC types and a decrease in the cross-sectional area 
of slow-type fibers.  

 
Response to therapeutic interventions 
 

Jaw muscles modify their properties in accordance with a changing mechanical 
environment as they are constantly exposed to various stimuli in the orofacial system. Some 
of these stimuli are related to therapeutic interventions. On the basis of the approach, it is 
commonly differentiated between conservative, i.e., non-surgical, and surgical therapeutic 
interventions. The following section describes the changes in the function and properties of 
jaw muscles in response to these interventions, ranging from non-surgical procedures, 
which might change the mechanical environment more gradually or cause a rather mild 
response, to more invasive surgical procedures, which have the potential to introduce more 
drastic and sudden changes in the masticatory system.  

 
Oral splints 
 

Oral splints with partial or full coverage of the occlusal surfaces of the teeth in one arch are 
the most common treatment provided for CMD. It is intended to introduce an optimum 
functional occlusion that reorganizes the neuromuscular reflex activity, which in turn 
encourages more normal muscle function. The effect of these splints has been attributed to 
a reduction in jaw-closing muscle activity (e.g., Lobbezoo et al., 1993; Visser et al., 1995). 
It has been suggested that elongation of jaw-closing muscles to, or near, the vertical 
dimension of least EMG activity, the so-called “resting zone”, is most effective in 
producing neuromuscular relaxation (Manns et al., 1983). Although an immediate decrease 
in EMG activities of the jaw-closing muscles has been reported in numerous studies on oral 
splints of various vertical dimensions (e.g., Dahlström and Haraldson, 1985; Dahlström et 
al., 1985; Graham and Rugh, 1988; Visser et al., 1995), there is hitherto no evidence for the 
persistence of this effect in long-term use.  

The effects of occlusal splints may be transitory as it has been reported that, after 
therapy, the activity of the jaw-closing muscles during clenching on the splint was similar 
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to that measured without the splint (Holmgren et al., 1990; Naeije and Hansson, 1991). 
Furthermore, comparison of the situations before and after treatment with various types of 
oral splints yielded no difference in the activity of these muscles during posture and 
maximal biting in the intercuspal position (Dahlström and Haraldson, 1985; Canay et al., 
1998; Hersek et al., 1998). Considering the transience of the effects on muscle activity, it 
can be assumed that jaw muscles only change their fiber properties in response to treatment 
with oral splints if they were used to increase the vertical dimension long-term. 

 
Increase in the vertical dimension 
 

Permanent increases in the vertical dimension may be associated with several therapeutic 
procedures, such as prosthetic rehabilitation, orthodontic correction of malocclusions, or 
orthognathic surgery. The muscular response to an increase in the vertical dimension has 
been studied in numerous animal experiments, typically using bite-opened rats or guinea 
pigs as animal models.  

The initial response to bite-opening in the jaw-closing muscles of these species is an 
increase in their EMG activities (Yaffe et al., 1991). Approximately 1 week later, the 
muscles start to adapt by changes at the mRNA level (Ohnuki et al., 2000; Arai et al., 
2005). These changes are reflected at the protein level 2 weeks into the increase in the 
vertical dimension: The adaptation comprises an increase in MyHC-I and MyHC-IIA and a 
corresponding decrease in MyHC-IIB (Sfondrini et al., 1996; Muller et al., 2000). These 
changes indicate that the muscles respond to the increased stretch by shifting their fiber-
type composition towards a higher percentage of slow fibers. 

Although bite-opening stretches the jaw-closing muscles, the sarcomere length does not 
change permanently (Bresin et al., 2000), suggesting that the jaw muscles adapt to the new 
functional length by increasing the length of their fibers, which involves the production of 
more sarcomeres in series (Goldspink, 1998). 

 
Prosthetic rehabilitation with removable dentures 
 

Individuals wearing removable dentures generally generate less EMG activity of the jaw-
closing muscles during posture, masticatory motion, and clenching (Tallgren et al., 1980; 
Tallgren and Tryde, 1991), as well as less EMG activity of the jaw-opening muscles during 
maximum opening, than fully dentate subjects (Alajbeg et al., 2006). However, the muscle 
activity levels, expressed as percentages of the maximum EMG, required to perform 
mandibular movements are higher in edentulous subjects than in age-matched dentate 
subjects (Alajbeg et al., 2005, 2006).  

After the extraction of teeth and insertion of a full denture, the maximum EMG 
activities of the jaw-closing muscles initially decrease for up to 6 months (Tallgren et al., 
1986). Subsequently, the values increase for up to 2 years, but do not return to pre-
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extraction levels (Tallgren et al., 1986; Tallgren and Tryde, 1991). The reduced myoelectric 
output level of the jaw-closing muscles parallels a decreased bite force level. Since the 
maximum bite force is strongly correlated with chewing efficiency, this results in a 
significant reduction in masticatory function in denture wearers (Fontijn-Tekamp et al., 
2000). Although no data are yet available, it is thought that the reduced function leads to 
atrophic changes in the jaw muscles of denture wearers, which are also reflected in smaller 
cross-sectional areas and faster MyHC types of their fibers. 

 
Mandibular advancement 
 

In functional jaw orthopedics, the muscle action of the patient is utilized to produce 
orthodontic or orthopedic forces. Using functional appliances to advance the mandible, an 
attempt is made to treat skeletal malocclusions by altering the functional pattern of the 
orofacial musculature. As an immediate neuromuscular response to mandibular 
advancement, the EMG activities of the jaw-closing muscles decrease, while those of the 
jaw-opening muscles increase (Hiyama et al., 2000; Voudouris et al., 2003; Tabe et al., 
2005). The EMG activities remain altered only for a limited time; about 6 months into 
treatment they slowly return to the initial levels in both jaw-closing and jaw-opening 
muscles (Pancherz and Anehus-Pancherz, 1982; Aggarwal et al., 1999; Hiyama et al., 
2000).  

Changes in the fiber-type composition of jaw muscles after mandibular advancement 
have been studied in several animal experiments. Within a few weeks of mandibular 
advancement, the rat masseter, temporalis, and digastric muscles reduce their number of 
type IIB fibers in favor of the slower type IIA and type IIX fibers (Easton and Carlson, 
1990; Sfondrini et al., 1996). Pig masseter, temporalis, and medial pterygoid muscles adapt 
to mandibular advancement by a transformation of type II fibers into type I fibers 
(Gedrange et al., 2001b) and an increase in the cross-sectional areas of fibers containing 
MyHC-I (Gedrange et al., 2001a, 2002). The muscles thus match the altered functional 
demand by hypertrophy of slow fibers and changes in the fiber-type composition, with 
transitions mainly inside the fast fiber population, which render the muscles slower. 

 
Orthognathic surgery 
 

The surgical correction of skeletal malocclusions involves a variety of manipulations of the 
facial skeleton. Alteration of the sagittal, vertical, or transverse dimensions of the jaws 
inevitably involves shortening or lengthening of associated soft tissue structures. The 
nature, extent, and direction of the surgical jaw displacement largely determine the adaptive 
reactions in the jaw muscles.  

Mandibular repositioning surgery transiently decreases the electric activity and force 
output of the jaw-closing muscles. After surgery, the patients initially show reduced levels 
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of the maximum EMG activities of the temporalis and masseter muscles (Moss, 1985; 
Raustia and Oikarinen, 1994) and of maximum bite force (Hunt and Cunningham, 1997). 
These changes are most likely a result of the surgical trauma, the inactivity during 
intermaxillary fixation, and the anxiety of the patients to clench too hard (Ingervall et al., 
1979). In the post-retention phase of surgery, the EMG activities of masseter, temporalis, 
and lateral pterygoid muscles continuously increase to above pre-operative values with 
changes continuing to occur at least 1 year after surgery (Moss, 1985). The final values, 
however, remain lower than those of unoperated control subjects (Harper et al., 1997; 
Kobayashi et al., 2001; Nakata et al., 2007). The increase is more conspicuous in Class III 
than in Class II patients (Raustia and Oikarinen, 1994) and is associated with an increase in 
maximum bite forces (Ellis et al., 1996; Hunt and Cunningham, 1997), masticatory 
efficiency, and occlusal contact area (Kobayashi et al., 2001). The higher post-operative 
muscle activity and maximum bite force might thus be a consequence of the improved 
occlusion.  

The cross-sectional areas and volumes of the masseter and medial pterygoid muscles 
decrease after both mandibular advancement (Dicker et al., 2007) and mandibular setback 
surgery (Katsumata et al., 2004). In the masseter muscle, the decrease in muscle cross-
sectional area and volume parallels a decrease in mRNA encoding MyHC-I and an increase 
in mRNA encoding MyHC-IIA (Harzer et al., 2007), indicating a beginning shift towards a 
higher percentage of fast fibers. The tendency for recovery of the cross-sectional areas of 
the jaw-closing muscles (Katsumata et al., 2004) suggests that the changes are attributable 
to a transient post-surgical atrophy of these muscles. In the long term, however, jaw 
muscles that are lengthened during mandibular repositioning surgery, such as the digastric 
muscle during mandibular advancement, or the masseter and medial pterygoid muscles 
during mandibular setback, might undergo significant stretch-induced hypertrophy of their 
type I fibers (Carlson et al., 1989).  

Superior repositioning of the maxilla, performed to correct vertical maxillary excess, 
also transiently decreases the maximum EMG activities of the jaw-closing muscles. The 
activities during mastication, however, do not change (Wessberg et al., 1981). The bite 
forces are reduced initially after surgery, but steadily increase and approach normal values 
within 2 years (Zarrinkelk et al., 1995; Hunt and Cunningham, 1997). The majority of 
patients have greater than a 20% increase in occlusal force, which is a larger change than 
could be accounted for by the altered geometry (Proffit et al., 1989) and might be partially 
caused by the improved occlusion. The decrease in the mean fiber area and the shift 
towards a higher percentage of fast fibers in the masseter muscle following superior 
repositioning of the maxilla (Boyd et al., 1989) are transient and result mainly from disuse 
atrophy after extended intermaxillary fixation.  

Orthognathic surgery thus produces marked alterations in the electric activities, force 
output levels, volumes, fiber cross-sectional areas, and fiber-type compositions of the jaw-
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closing muscles with changes continuing to occur at least 1 year after surgery. Changes 
resulting from post-surgical disuse atrophy are transient and might be followed by stretch-
induced hypertrophy of muscles that are lengthened during surgery (Carlson et al., 1989).  

 
Distraction osteogenesis 
 

Distraction osteogenesis involves a gradual, controlled displacement of surgically created 
fractures, resulting in a simultaneous expansion of bone and soft tissue. Although this 
technique has been used for mandibular lengthening in patients with mandibular hypoplasia 
for more than a decade, information on the associated muscular changes is scarce and, at 
least in part, appears contradictory. The muscular changes following distraction of the 
mandible at a rate of 1 mm per day, which is considered optimal for osteogenesis, seem to 
be muscle-specific and include atrophy, hypertrophy, regeneration, and fibrosis (Tüz et al., 
2003). Histologic studies showed a decrease in the mean cross-sectional areas of digastric 
(Fisher et al., 1997) and masseter (Tüz et al., 2003) muscle fibers after distraction. This 
atrophy, however, is transient and is associated with pronounced cell proliferation in the 
stretched muscles, which documents their beginning regeneration (Castano et al., 2001; 
Sato et al., 2007). The rabbit digastric muscle is completely regenerated after 48 days 
(Fisher et al., 1997), the human medial pterygoid muscle after 6 months; the volume 
sometimes being greater than prior to the distraction (Mackool et al., 2003).  

The process thus seemingly involves various phases: an initial atrophy of the stretched 
muscles during and shortly after distraction, and a subsequent regeneration in the 
consolidation period. It has been suggested that any muscle in the same vector of distraction 
adapts to the elongation with a compensatory regeneration and hypertrophy, whereas 
muscles lying in a different vector show prolonged evidence of atrophy (Fisher et al., 
1997). It also appears that, beyond a certain rate of distraction, the regeneration is 
insufficient to replace the contractile material that has been damaged by overstretching. 
Distraction regimes exceeding rates of 2 mm per day, or distances larger than 20 mm, 
significantly increase the number of damaged sarcomeres (van der Meulen et al., 2005) and 
cause atrophy, reduced protein synthesis (Fisher et al., 1997), and fibrosis of the muscle 
(Tüz et al., 2003). The damaged fibers undergo degeneration without subsequent 
regeneration and are replaced by connective tissue.  

Fiber-type transformations in leg muscles following distraction osteogenesis resemble 
those observed in models of muscle overloading (De Deyne et al., 1999). Fibers transiently 
express MyHC-fetal indicating regeneration of damaged fibers (Yang et al., 1997). With 
higher distraction rates, fibers show more evidence of damage and a lower number of fibers 
expressing fetal myosin (De Deyne et al., 2002). This suggests that the damaged fibers are 
not regenerated but replaced by connective tissue. Information on changes in the MyHC 
composition of jaw muscles after mandibular distraction is limited to the rabbit digastric 
muscle, for which a gradual disappearance of type II fibers with distraction and their 
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reappearance during consolidation have been reported (Sato et al., 2007). It can, however, 
be assumed that fiber changes in jaw muscles following distraction osteogenesis, similar to 
those observed in leg muscles, depend on the rate, amount, and vector of distraction.  

 
Detachment of jaw muscles 
 

With regard to orthognathic surgery, the golden rule is that the pterygo-masseteric sling 
must not be stretched, otherwise relapse is likely to occur. Therefore, the masseter and 
medial pterygoid muscles are often temporarily detached during mandibular setback 
surgery in order to reduce post-operative relapse as a result of muscle pull. In primates, 
detachment with subsequent reattachment of jaw muscles results in a transient decrease in 
electric activity (Hohl, 1983), oxidative capacity, and cross-sectional area of type I fibers in 
these muscles. The capillary density and the fiber-type composition, however, do not 
change significantly (Maxwell et al., 1981).  

When a jaw muscle is detached from its bony insertion without subsequent 
reattachment, it immediately shortens and often spontaneously reattaches at a length shorter 
than the original (Yellich et al., 1981). The difference in fiber length is based on a reduction 
in the number of sarcomeres in series within each fiber (Carlson et al., 1989) to ensure the 
optimum overlap of the contractile proteins. Interestingly, detachment of muscles does not 
seem to induce morphologic or histologic changes (Song and Park, 1997), and there is no 
evidence of atrophy or change in fiber-type composition (Carlson et al., 1989). 

 
Surgical treatment of mandibular condylar fractures 
 

Both closed reduction and open reduction with wire osteosynthesis require extended 
periods of immobilization for satisfactory healing of mandibular condylar fractures. 
Sustained intermaxillary fixation leads to a reduction in EMG activity and fiber cross-
sectional area in the masseter and temporalis muscles (Ingervall and Lindahl, 1980). The 
ratio of type I and type II fibers, however, remains constant, indicating that atrophy affects 
overall recruitment of muscles and not just one fiber type (Mayo et al., 1988). 

In contrast, open reduction with rigid fixation of condylar fractures allows early 
mobilization. The surgical procedure is followed by a marked decrease in the EMG 
activities of jaw-closing muscles for several months, which usually return to pre-operative 
values after 1 year (Raustia et al., 1997). Bilateral condylar fractures are associated with 
significantly lower jaw-closing muscle activity during the closing phase (Throckmorton et 
al., 1999). The reduced bite forces persist for several years after treatment and might be 
caused by the alteration in craniofacial morphology associated with bilateral condylar 
fractures: reductions in posterior face height and moment arm lengths for the masseter and 
pterygoid muscles (Talwar et al., 1998). After unilateral condylar fractures, patients mainly 
chew on the contralateral side. The increased maximum EMG activities of the masseter and 
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temporalis muscles on this side suggest a partial compensation for the impairments after 
condylar fracture (Hjorth et al., 1997). One year after treatment, however, the muscle 
activities do not differ from those of controls. It is, therefore, unlikely that these muscles 
would alter their cross-sectional areas and fiber-type compositions in the long-term. 

 
Esthetic plastic surgery  
 

A square-face appearance with prominent mandibular angles and hypertrophic masseter 
muscles is considered unattractive, and its management is a common esthetic procedure in 
Pacific Asians. The bony prominence is often corrected by surgical resection and 
recontouring of the prominent mandibular angles, while the masseter hypertrophy is 
reduced by injection of Botulinum toxin A into the muscle (Kim et al., 2005).  

The surgical resection of the mandibular angle is followed by volume changes in the 
jaw muscles with the volumes of the masseter and medial pterygoid muscles decreasing up 
to 4 years post-surgery (Lo et al., 2005). In experiments on rabbits, the atrophy of the 
masseter was characterized by a loss of muscle mass, a decrease in the mean cross-sectional 
area of all fiber types, and a decrease in the proportion of type I fibers with a concomitant 
increase in the proportion of type IIA and IIB fibers (Song and Park, 1997).  

Injection of botulinum toxin A into the masseter muscle leads to a significant reduction 
in maximum EMG activity for up to 12 months (Lee et al., 2007) as the muscle becomes, at 
least in part, paralyzed (Westgaard and Lømo, 1988). This results in reductions in the 
functional and energetic capacities of the muscle (Gedrange et al., 2005c). In order to 
maintain chewing properties, the function of the paretic muscle is immediately taken over 
by synergetic jaw muscles, leading to a general increase in their EMG activities (Huang et 
al., 1993). While parts of the paretic muscle undergo inactivity atrophy (Kwon et al., 2007) 
and shift their fiber-type composition towards a larger proportion of fast-type fibers, it is 
conceivable that the parts of the muscles taking over its function adapt to the increased 
stress by hypertrophy and a shift in their fiber-type composition towards a larger proportion 
of slow-type fibers.  

 
Conclusions 
 

Jaw muscles are versatile entities capable of changing their size, cross-sectional area, and 
fiber properties to adapt to altered functional demands. The dynamic nature of muscle 
fibers allows them to change their phenotype to optimize contractile function and energy 
uptake. The changes in the phenotype of the fibers are reflected in differences in the 
contraction velocity and the maximum force generated by the muscle. Although the 
adaptive response of all muscles follows the same general concept, the changes occurring in 
the individual jaw muscles are not necessarily uniform and vary with the nature of the 
stimulus. The extent of the adaptations also depends on the quality, intensity, and duration 

2    T
he adaptive response of jaw

 m
uscles to varying functional dem

ands 



 

 34 

of the stimulus as, for instance, fiber-type transitions exhibit characteristics of a dose-
response relationship and only occur under long-term alterations in functional demands.  

In general, stretch, increased neuromuscular activity, and training result in hypertrophy, 
elicit increases in mitochondrial content, aerobic-oxidative potential, and cross-sectional 
area, and may change the fiber-type composition of the muscle towards a higher percentage 
of slow-type fibers. In contrast, changes in the opposite direction occur when 
neuromuscular activity is reduced, the muscle is immobilized in a shortened position, or 
paralyzed. This might help explain the variability in fiber-type proportions found between 
and among individuals, muscles, and muscle portions.  
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Chapter 

Circadian variation and  
intermuscular correlation of  
rabbit jaw-muscle activity 

 
 

 
 
 

Abstract 
 

The activation of jaw muscles varies with different tasks and must be coordinated to ensure 
proper function of the masticatory system. The activation patterns might differ among 
muscles or over the time course. In order to evaluate the activation patterns and the 
intermuscular correlation during normal daily activity, the electromyograms (EMG) of the 
superficial and deep masseter, medial pterygoid, and digastric muscles were continuously 
recorded in rabbits and related to activity levels. Muscle use was assessed as the relative 
time per hour (duty time) during which predefined levels of the peak-EMG of the day were 
exceeded. Pearson’s correlation of duty times was calculated for six muscle pairs at various 
activity levels. The duty times of the muscles differed significantly at levels exceeding 50% 
of the peak-EMG. The animals exhibited apparent intraday variations of duty times 
revealing a circadian covariant pattern of muscle use. These variations, however, were 
different in each animal. The activation of pairs of jaw-closing muscles was more highly 
correlated than that of pairs consisting of a jaw-closing and a jaw-opening muscle. The 
mutual dependence of hourly muscle activity among jaw closers and among jaw closers and 
jaw openers varied with the activity level suggesting that those muscle groups might be 
independently controlled during non-powerful and powerful motor behaviors. 
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Introduction 
 

Jaw muscles are used in a wide range of oral behavior patterns, and their activation largely 
determines mechanical force magnitude, which plays a crucial role in the skeletal (Burr, 
1997; Turner, 2000; Frost, 2001; Ferretti et al., 2003) and muscular tissue remodeling 
(Kernell, 1992; Pette and Staron, 1997; Pette and Vrbová, 1999). The activation of a muscle 
is reflected in its electromyogram (EMG, Basmajian and Stecko, 1962; Blanksma and van 
Eijden, 1995) and can be quantified by the number, magnitude, and duration of bursts. The 
relative duration of muscle activation during a specified period, the so-called “duty time”, is 
the cumulative length of all individual bursts, usually expressed as percentage of the length 
of this period (Hensbergen and Kernell, 1997, 1998), and can be regarded as measure for 
the overall neuromuscular activity (Monster et al., 1978). Differences in duty times 
between muscles or muscle groups provide information on differential neuromuscular 
activation by the central nervous system. Previously, duty times have been calculated 
mainly over the entire period of recording (Monster et al., 1978) or on a diurnal basis 
(Hensbergen and Kernell, 1997; Langenbach et al., 2002; van Wessel et al., 2005a). Muscle 
use, however, is not evenly distributed over the day as shown, for instance, for the leg 
muscles, which display significantly different levels of activation over prolonged time 
periods during any 24-hour period (Blewett and Elder, 1993; Hensbergen and Kernell, 
1998; Hodgson et al., 2001). It is assumed that muscles with predominantly postural 
activity are active during long periods of the day with little variation of activity, whereas 
muscles that predominantly contribute to locomotor activity exhibit large variation of 
activity (Hodgson et al., 2001). 

It is conceivable that jaw-opening muscles and jaw-closing muscles are responsible for 
both the postural and locomotor (i.e., oral motor) activities, and that they exhibit variable 
activity in relation to these tasks. To examine whether there are significant variations in 
jaw-muscle activity and to assess whether the potential variations are comparable in various 
muscles, it appears necessary to calculate the duty times on the basis of time spans 
sufficiently short to allow a comparison of multiple samples per day. Furthermore, detailed 
muscle characterization requires consideration of activity magnitudes. Characterization of 
duty times in relation to the activity magnitude helps discriminate between non-powerful 
motor behaviors, such as postural maintenance, lapping, and drinking, and powerful motor 
behaviors, such as chewing, gnawing, and biting. This way it might become possible to 
elucidate if the various muscles are used differently depending on the level of 
neuromuscular activation. 

Activation of jaw muscles requires close control to ensure their action in a strictly 
coordinated manner during the execution of the various types of motor tasks within the 
stomatognathic system. For example, during masticatory movements the activation of three 
functionally different muscle groups, i.e., the jaw closers, the jaw openers, and the posterior 
deep masseter, shows a high degree of correlation within the groups and the burst 
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magnitudes of these muscle groups have been shown to be independently controlled each 
by a single individual neural factor (Weijs et al., 1999). Characteristic motor tasks, such as 
mastication, however, account only for a small fraction of the daily muscle activity and are 
not necessarily representative of the entire normal daily activity. Up to now, it is unknown 
whether a similar groupwise activation exists for spontaneous daily behavior other than 
chewing. Understanding of the muscle coordination during the complete functional regime 
would require information on all motor tasks of these muscles. In order to obtain the latter, 
activation patterns should be studied over extended time periods, including the full range of 
functional demands. Previous investigations of habitual jaw-muscle activity over longer 
time periods (Miyamoto et al., 1996, 1999; Langenbach et al., 2004) were limited to the 
masseter muscle, and very little information is available on other muscles of mastication 
and their concerted functional use.  

The aims of this study were to characterize the hourly activation patterns of various jaw 
muscles, to reveal potential interindividual and intraindividual variations in duty time, and 
to assess correlations of muscle activation. For this purpose, the hourly duty times of the 
anterior superficial and posterior deep masseter, medial pterygoid, and digastric muscles of 
rabbits were determined during normal daily oral behavior and related to predefined 
activity levels. Since jaw muscles are functionally distinct, it was hypothesized that muscles 
differed in their duty times for the different activity levels and that the intermuscular 
correlation of duty times differed in various combinations of muscles, especially between 
muscle groups known to be independently controlled during mastication. 

 
Materials and Methods 
 

Animals 
 

Six healthy adult male New Zealand White rabbits (Oryctolagus cuniculus, Harlan, Horst, 
the Netherlands), aged 5 to 12 months, each weighing from 2,800 g to 5,000 g, were housed 
individually in metal cages (45 × 50 × 55 cm), fed a pelleted laboratory diet for rabbits and 
water ad libitum, kept in a climate controlled room with a 12-hour light-dark cycle with 
lights on at 7 a.m., and were allowed an acclimatization period of 2 weeks. None of the 
animals showed signs of an atypical dental or occlusal condition. Except for the daily care 
and examination, the animals were left undisturbed to minimize external influence. The 
experiment had been approved by the Animal Ethics Committee of the Medical School of 
the University of Amsterdam and was performed in accordance with the animal care and 
welfare guidelines of the National Institute of Health. 
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Telemetric recording system 
 

A telemetric system was used in this study, as described previously (Langenbach et al., 
2002, 2004). In brief, a fully implantable four-channel device for biopotential recording 
(F50-EEEE, Data Sciences International, St. Paul, MN, USA), accounting for 0.3%–0.5% 
of the body weight of the animals, was used to simultaneously register the activities of the 
anterior superficial and the posterior deep masseter, the medial pterygoid, and the digastric 
muscles. Muscle potentials were picked up by bipolar stainless steel wire electrodes, 
filtered (first-order low-pass filter, 158 Hz), and sampled (250 Hz) in the implant 
(21,600,000 samples/channel/day). The sampled potentials were transmitted to a receiver 
(RMC-1, Data Sciences International, St. Paul, MN, USA) above the cage and stored on a 
computer hard disk using a data acquisition system (DataQuest A.R.T. 2.3, Data Sciences 
International, St. Paul, MN, USA, Fig. 3.1 A).  

 

Surgical procedure 
 

The transmitter was placed subcutaneously in the shoulder area of the animals. The 
electrodes were subcutaneously led to an incision in the right submandibular region and 
inserted parallel to the fiber direction into predefined locations of the right anterior 
superficial and the posterior deep masseter, the medial pterygoid, and the digastric muscles 
(Fig. 3.1 B) using a longitudinally ground hypodermic needle (Nuijens et al., 1997). The 
leads were sutured at the muscle surfaces to prevent them from dislodging. All surgical 
procedures were performed with the animals under general anesthesia initiated by an 
intramuscular injection of fentanyl/fluanisone (Hypnorm, Janssen Pharmaceutica, Tilburg, 
the Netherlands), followed by an intravenous dose of midazolam (Dormicum, Roche 
Nederland, Mijdrecht, the Netherlands), and inhalation of an individually adjusted mixture 
of isoflurane and oxygen. Antibiotics, fluoroquinolones (Baytril, Bayer, Mijdrecht, the 
Netherlands), were administered on the 2 days preceding and following surgery. Analgesic, 
buprenorphine (Temgesic, Schering-Plough, Maarssen, the Netherlands), was provided 
immediately after surgery and, as necessary, 1 or 2 days following surgery. 

 

Data collection and analysis 
 

Muscle activities were continuously recorded for 8 days, starting 2 days after surgery when 
the animal had regained common feeding and locomotor activity. At the end of the 
experiment the animals were sedated and killed by an overdose of pentobarbital (Nembutal, 
Sanofi Sante, Maassluis, the Netherlands). After decease of the animal signals were 
sampled for another 5 minutes to determine the level of recorded noise. The locations of the 
electrodes were subsequently verified by dissection.  
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Figure 3.1 Method of data collection and analysis. (A) Implantation site of the telemetric device, cordless 
transmission to the receiver, and storage of the data. (B) Electrode locations in the examined jaw muscles. (C) 
Example of a processed and rectified EMG recording of the anterior superficial masseter. The broken lines in the 
bottom panel indicate 5% and 50% of the peak-EMG. Bursts with amplitudes exceeding 2%, 5%, 10%, 20%, 50%, 
and 90% of the peak-EMG were grouped to determine the duty times at these activity levels. Note that the 
depicted 5-minute period is not representative of the EMG recording of the entire day. 

 
 

For each animal, EMG recordings of the last 2 experimental days, more than 7 days 
after the surgical procedure, were selected for analysis to exclude potential confounding 
effects of the transmitter implantation (Barrett et al., 2001; Leon et al., 2004). The 
recordings were filtered (5 Hz high pass) to remove motion artifacts, rectified, and averaged 
over five samples (20 ms) to enable further analysis (Spike2, version 5.06, Cambridge 
Electronic Design Ltd., Cambridge, UK). Per day and for each muscle all EMG samples 

were indexed for their amplitude (steps of 1 V). The 0.001% samples with the largest 

EMG amplitudes (i.e., 43 samples) were excluded to eliminate potential artifacts. The 
largest amplitude of the remaining 99.999% of the samples was assessed per muscle during 
either 24-hour period. This amplitude was defined as the peak-EMG and indicated the 
maximum activity of this muscle for the respective day. Muscle activity levels were 
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expressed as percentages of this peak-EMG. The duty time was defined as the relative time 
per hour during which a muscle was active. Duty times were calculated for muscle 
activities exceeding 2%, 5%, 10%, 20%, 50%, and 90% of the peak-EMG (Fig. 3.1 C). 

Inaccurate electrode location at the time of dissection led to exclusion of the medial 
pterygoid muscle in two animals, and to exclusion of the posterior deep masseter muscle in 
another animal, so that the results are based on four and five samples of these muscles, 
respectively. EMGs of the anterior superficial masseter and the digastric muscles were 
sampled from all six animals. 

The recorded noise samples allowed for the estimation of the noise level ([y2 * n-1]0.5, 

y = sample amplitude, n = number of samples). In the 5-minute recording, the noise level 

for the examined muscles in the six animals varied from 0.08 V to 0.24 V. To determine 

the maximum noise level of the processed signals, the procedure of filtering, rectifying, and 
averaging was used similarly to the analysis of EMG signals but with a higher resolution 

(steps of 0.1 V). The indexed noise amplitudes had a maximum of 0.3 V–0.8 V. To 

ensure that no noise signal was included, activity levels that fell within 10 times the 
estimated noise level were excluded from the analysis. In two of the animals,  
the 1% activity level fell within this range. Therefore, the 2% activity level was the lowest 
level used for analysis in all animals. 

 
Statistical analysis 
 

Mean values, standard deviations, ranges, and coefficients of variation of duty times were 
calculated for each muscle per animal for both 24-hour periods at all examined activity 
levels. These mean values were subsequently used to calculate the mean values and 
standard deviations for each muscle per day. Differences between muscles and between 
days were tested for statistical significance using analysis of variance for repeated 
measurements. To assess whether jaw-muscle activity was mainly diurnal or nocturnal, the 
duty times of each jaw muscle were averaged separately over light and dark hours for each 
individual animal at the predefined activity levels. Differences between the activity 
durations during dark and light periods were tested for statistical significance using a  
paired t test with Bonferroni correction as adjustment for the multiple comparisons. To 
estimate whether activity was related to changes in lighting, the same procedure was carried 
out for periods including 3 hours before and after change of lighting, and for the remaining 
hours of the day. Pearson’s correlation of duty times was calculated for six pairs of muscles 
at all activity levels for both days. Statistical analyses were performed using SPSS 12.0.1 
for Windows (SPSS Inc., Chicago, IL, USA) with P-values of less than 0.05 considered 
statistically significant. 
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Results 
 

The animals showed some behavior modifications, such as less locomotion, reduced food 
intake, and decreased defecation only during the first 2 days after surgery. The water intake 
was, however, unaltered and the weight of the animals remained constant. These changes 
abated fully and the behavior of the animals during the recording session did not differ from 
the behavior during the acclimatization period.  
 
 

 
 
Figure 3.2 Duty times of all examined muscles and activity levels on 2 successive days. The panels display 
mean values and standard deviations of hourly duty times for activity levels exceeding 2% (A), 5% (B), 10% (C), 
20% (D), 50% (E), and 90% (F) of the peak-EMG on day 1 (solid) and day 2 (open). Each column comprises data 
from continuous EMG recording for 24 hours. Significant differences between muscles are indicated by single 
(P < 0.05) or double asterisks (P < 0.01). 
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Duty times calculated for all muscles during two successive 24-hour periods are shown in 
Figure 3.2. No significant differences were found between these periods. The mean duty 
times at the lowest activity level (2% of the peak-EMG), and hence including all bursts, 
also those present at higher activity levels, ranged from 12.6% (superficial masseter) 
to 18.8% (medial pterygoid), which corresponded to 451.83 and 675.95 seconds per hour, 
respectively. Assessment of the most intensive activities exceeding the 90% level resulted 
in duty times ranging from 0.002% (digastric) to 0.003% (superficial masseter), which 
corresponded to 0.06 and 0.11 seconds per hour, respectively. Differences in duty times 
were significant at the activity levels above 50% of the peak-EMG. The duty time of the 
superficial masseter was higher than that of the medial pterygoid at the 50% activity level 
and higher than that of the digastric at both the 50% and the 90% activity levels. 

Plotting the duty times against the time course of the experiment (Fig. 3.3) revealed 
that the animals used their jaw muscles mainly during some specific periods of the day. 
Five of the animals showed an apparent circadian pattern of the duty times. A similar 
pattern recurred on both days, although it was different in each individual animal. Some 
animals showed relatively longer activity periods during dark hours whereas others had 
longer duty times during light periods. These differences were, however, not significant, 
indicating that the jaw-muscle activity did neither occur primarily diurnal or nocturnal, nor 
predominantly during the hours around the change of lighting. 

The ranges of duty times and the coefficients of variation, as shown in Table 3.1, 
exemplify the large circadian variations of the muscle activity and the increase of the 
degree of these variations with rising activity level. The coefficients of variation did neither 
differ significantly between the muscles nor between the days. Thus, the variation of duty 
times was similar in all muscles of each animal and a positive covariance was found over 
the course of the day (Fig. 3.4).  

Pearson’s correlation coefficients calculated for six combinations of jaw muscles at 
various activity levels are shown in Figure 3.5. These data represent the intermuscular 
correlation found on either day. In the pairs consisting solely of jaw-closing muscles, the 
correlation coefficients generally increased from the 2% to the 10% activity level and 
continuously decreased thereafter. In all muscle combinations, in which the digastric 
muscle was included, the correlation of the duty times was highest at the 2% activity level. 
This correlation decreased, however, with the increasing level of activity. The muscle pairs 
consisting solely of jaw-closing muscles showed stronger correlation, which was highest in 
the combination of the superficial and deep masseter muscles. Noticeably lower 
correlations were calculated for pairs consisting of a jaw-closing muscle and the digastric 
muscle, of which the combination of the medial pterygoid and the digastric muscles had the 
lowest correlation. 
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Figure 3.3 Duty times of the posterior deep masseter muscle. The four panels show the duty time distribution of 
this muscle in animals #3 (A), #4 (B), #5 (C), and #6 (D) at the activity level exceeding 2% of the peak-EMG over 
the time course on 2 successive days of evaluation. The bars above the graphs reflect light (open) and dark (solid) 
periods. The figure is representative of all examined muscles per animal. 
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Table 3.1 Intramuscular variation of duty times on day 1 at activity levels exceeding 2% and 20% of the  
peak-EMG. 

 
 Duty time 

 Min. (%) Max. (%) CV (%) 

2%a 
 Superficial masseter 6.17 ± 3.52 23.39 ± 4.29 35.86 ± 12.92 
 Deep masseter 4.16 ± 1.46 27.56 ± 5.23 44.93 ± 8.54 
 Medial pterygoid 4.17 ± 1.45 26.12 ± 8.36 44.18 ± 10.81 
 Digastric 4.68 ± 3.56 29.57 ± 11.77 42.41 ± 13.04 
20%a 
 Superficial masseter 0.19 ± 0.23   3.69 ± 1.61 86.79 ± 9.30 
 Deep masseter 0.13 ± 0.11   3.16 ± 1.97 92.31 ± 27.32 
 Medial pterygoid 0.08 ± 0.05   2.63 ± 1.72   108.01 ± 15.74 

 Digastric 0.11 ± 0.18   1.42 ± 2.40 65.52 ± 15.49 

 
Results are mean values ± standard deviations. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 

 
 
 

 
 
Figure 3.4 Duty times of all examined muscles of animal #6. The two panels indicate the duty time distribution 
for all examined muscles at the activity level exceeding 2% of the peak-EMG over the time course on day 1 (A) 
and day 2 (B). The bars above the graphs reflect light (open) and dark (solid) periods. The figure exemplifies the 
covariance of the variations in duty times observed in all animals. 
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Figure 3.5 Intermuscular correlation calculated for six combinations of muscles at all examined EMG levels. 
The results are presented as mean values of Pearson’s correlation coefficients calculated for the duty times 
determined from continuous EMG recording for 24 hours. For clarity the findings of only 1 day are shown. 

 
 

Discussion 
 

Biotelemetry utilizing a fully-implantable transmitter enabled wireless continuous EMG 
recordings in the home environment of the animals and ensured that the recorded behavior 
was as natural as possible. The telemetric system and recording technique employed in the 
present investigation are well characterized (Langenbach et al., 2002) and have been 
previously used in studying daily jaw-muscle activity (Langenbach et al., 2004; van Wessel 
et al., 2005a, 2005d). Muscle potentials were picked up by means of electrodes inserted in 
the right jaw muscles. During powerful motor activities, such as chewing, higher EMG 
amplitudes are recorded in the jaw muscles of the working side than in those of the 
balancing side (Weijs and Dantuma, 1981). Although, like most animals, rabbits usually 
chew on one side at a time, they have no preference for a particular side and frequently 
change the chewing side (Morimoto et al., 1985), sometimes even in the middle of a 
sequence of mastication (Schwartz et al., 1989). Since the results of this study comprise 
data from continuous EMG recording for 48 hours and cover a broad range of normal daily 
activity besides chewing, it is inferred that the muscle activity recorded under the 
conditions employed in this study reasonably adequately represents the true muscle activity 
during powerful motor behaviors on either side.  
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To our knowledge, this is the first study that determined the duty times of four different 
jaw muscles on an hourly basis, which allowed the quantification and comparison of 
muscle activity during multiple periods over the course of the day. Previous studies were 
limited to the masseter muscle (Langenbach et al., 2004) or employed duty times calculated 
on a diurnal basis (van Wessel et al., 2005d) and revealed relatively consistent diurnal duty 
times of jaw muscles over the period of several days (Langenbach et al., 2004; van Wessel 
et al., 2005d). Duty times calculated for every hour of the day, however, showed large 
intraindividual variations over a 24-hour period. In general, the degree of these variations 
was closely comparable for all muscles examined. When the duty times were plotted 
against the time of the day, periods of high activity separated by periods of rest were 
obtained for each animal. The recurrence of these variations on both days assessed indicates 
an apparent circadian pattern of jaw-muscle activity. Diurnal rhythms have been 
demonstrated for a wide range of physiological and behavioral characteristics in rabbits 
(Jilge, 1991; Hudson, 1998; Jilge and Hudson, 2001) and are strongly influenced by the 
light-dark cycle (Hudson, 1998). Locomotor activity, for instance, shows peaks 
immediately after change of lighting (van Hof et al., 1963) whilst food uptake takes place 
mainly at the beginning and at the end of the light period (Horton et al., 1974; Bobbert and 
Bruinvels, 1986). In contrast, jaw-muscle activity observed in the present study had no 
apparent relationship to the lighting conditions. Most likely this disparity is based on the 
inclusion of a broad range of oral behaviors besides food intake in the present investigation. 
The interindividual variations of the circadian patterns suggest the existence of individually 
different circadian profiles of jaw-muscle activity similar to the interindividual variation in 
the exact timing of a number of behavioral functions, such as food intake, hard feces 
excretion, and locomotor activity (Horton et al., 1974; Jilge, 1991). 

In agreement with investigations of the diurnal duty times in the jaw muscles of 
juvenile rabbits (van Wessel et al., 2005d), the average duty times did not differ 
significantly between the muscles at activity levels of 2%–20% of the peak-EMG. The duty 
times calculated for these levels reflect a broad range of oral behavior, including both the 
non-powerful and the most powerful motor tasks (van Wessel et al., 2005a). The related 
tasks might be different for the various muscles as chewing hard food may involve 
powerful activation of the masseter muscle while yawning may involve powerful activation 
of the digastric muscle. At activity levels exceeding 20% of the peak-EMG a relative 
decrease of the duty times of medial pterygoid and digastric muscles occurred in contrast to 
the superficial masseter muscle. These findings suggest that the relative contribution of 
different muscles to various motor tasks depends to a considerable extent on the activity 
level. The marked differences of the diurnal duty times in the superficial and deep parts of 
the masseter muscle of adult (Langenbach et al., 2004) and juvenile rabbits (van Wessel et 
al., 2005d) have been attributed to the highly heterogeneous function of this muscle 
(Widmer et al., 2003) with large timing differences between muscle regions during 
chewing (Weijs and Dantuma, 1981) and sucking (Langenbach et al., 1992), and to the 
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regional differences in motor-unit properties (Turkawski and van Eijden, 2000). The 
present investigation, however, revealed no significant differences between the duty times 
of the parts of the masseter muscle at any activity level. Possible reasons for this disparity 
include the calculation of the duty time on the basis of different times, such as hourly vs. 
daily periods, and the age difference of the animals. The similar duty times and closely 
comparable degree of diurnal variations of all examined jaw muscles suggest that neither 
postural nor oral motor activity can be attributed to a particular of these muscles and 
corroborate the hypothesis that jaw-opening muscles and jaw-closing muscles are 
responsible for both the postural and oral motor activities.  

The concerted functional use of muscles during the execution of motor tasks makes it 
conceivable that the activation patterns of various jaw muscles have noticeable similarities. 
In the present investigation, the intermuscular relationship was determined by the 
calculation of Pearson’s correlation coefficients for the duty times of various pairs of jaw 
muscles at predefined activity levels. These duty times sum up all activity bursts during  
a 1-hour period. Therefore, equal duty times do not necessarily reflect synchronous muscle 
activity as the muscles might become activated at different times and during different 
behaviors within the 1-hour period. However, this approach was employed on the basis of 
the information that various jaw muscles are co-activated during mastication (Weijs et al., 
1999) and other brainstem-controlled rhythmic behaviors (Lund, 1991; Nakamura and 
Katakura, 1995). 

The correlation calculated at higher activity levels for pairs consisting of a jaw-closing 
muscle and the jaw-opening digastric muscle was relatively low. The considerably higher 
correlation at the 2% level, however, might be attributable to the general activity of the 
animal, as all jaw muscles participate in non-powerful motor behavior, such as the postural 
activity. In contrast, correlations calculated at the levels exceeding 5%–20% of the peak-
EMG for pairs consisting solely of jaw-closing muscles were very high. In terms of 
activation bursts, these muscles contribute almost equally to a wide range of oral motor 
tasks at different force levels, and become activated within the same time frame. Although 
the mean duty times of the superficial masseter and the medial pterygoid muscles differed 
at the 50% activity level, the correlation between their duty times was highest of all 
muscles at this level. Thus, the medial pterygoid muscle apparently contributes to the same 
behaviors as the superficial masseter, albeit for a shorter fraction of time. The highly 
coordinated activation of these muscles supports the hypothesis of a common central 
control mechanism of these muscles as suggested elsewhere (Weijs et al., 1999). 

The increasing correlation of the duty times in pairs of jaw-closing muscles could be a 
consequence of the restriction of the range of motor tasks included at higher activity levels. 
These more specific activities seem to involve jaw-closing muscles in a more uniform and 
closely coordinated manner, resulting in higher correlation coefficients calculated for these 
activity levels. This explanation, at first sight, appears to contrast with the finding of 
decreasing correlations at the activity levels exceeding 10% and 20% of the peak-EMG. 
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However, the activities at the highest levels include only the most powerful tasks, possibly 
representing extreme, unexpected, or even accidental motor tasks, which, when expressed 
in duration of muscle activation, on average add up to 29.1, 2.4, and 0.1 seconds per hour at 
the 20%, 50%, and 90% level, respectively. As these extreme activities might just include 
infrequent activities of single muscles or muscle groups, probably triggered by peripheral 
feedback, it is clear that the correlation of the duty times of various muscles declines as the 
percentage of the peak-EMG rises. Furthermore, the percentages of the peak-EMG, which 
in the present study defined the activity levels, are arbitrary and the intervals between them 
enlarge with increasing level of activity. These percentages acted as thresholds and 
activities not exceeding these thresholds were consequently not detected. This possibly 
prevented the detection of an existing activity correlation in a muscle pair if the EMG 
activity of one of the muscles in the pair exceeded the threshold whilst that of the other 
muscle remained below the detection level. The majority of jaw-muscle contractions during 
chewing reaches the activity level of 20% of the peak-EMG in adult rabbits (Langenbach et 
al., 2004) and it therefore appears reasonable that activity levels of similar magnitude 
would provide the best match in pairs of jaw-closing muscles.  

The apparent discrepancy between the correlation coefficients of the groups consisting 
solely of the jaw-closing muscles and the groups consisting of a jaw closing muscle in 
combination with the jaw-opening digastric muscle may be based on the behavioral 
components that contribute to the duty times at the different activity levels. For instance 
during chewing, it may require more muscle activation to break hard food than to break soft 
food but the activation necessary to open the jaw might be about the same. This would 
result in a lower correlation of the duty times of jaw-opening and jaw-closing muscles 
during specific behaviors. Comprising the entire daily activity, including all oral behaviors, 
however, and considering the differential changes in duty times of individual muscles with 
increasing activation levels (e.g., the reversal in the ratio of duty times of the masseter and 
digastric muscles), it appears more likely that this finding is based on a differential control 
of these muscle groups. During mastication, generating the opener and the closer 
motoneuron bursts are independent processes, which are carried out by different groups of 
cells (Lund, 1991). Based on principal component analysis of the changes in burst 
amplitude, it has been concluded that the motor control is further subclassified and that the 
jaw muscles can be divided into three independently controlled groups: 1) the jaw-closing 
muscles superficial masseter and medial pterygoid, 2) the jaw-opening muscels digastric 
and lateral pterygoid, and 3) the deep masseter (Weijs et al., 1999). The present data 
indicate that, when all behaviors are included, the deep masseter groups with the other jaw-
closing muscles and suggest that muscle control changes with the level of activation. These 
results support the conclusion that the activation of jaw muscles is not only independently 
controlled in jaw-opening and jaw-closing muscle groups, but might also be independently 
controlled during powerful and non-powerful motor behaviors. 
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Chapter 

Duty time of rabbit jaw muscles 
varies with the number 

of activity bursts 
 
 

 
 
 

Abstract 
 

The relative duration of muscle activity during a specified period (duty time) varies 
depending on activity level and time of the day. As both the number and the length of 
activity bursts contribute to the duty time, it was hypothesized that these variables would 
show intraday variations similar to those of the duty time. To test this, duty times, burst 
numbers, and burst lengths were determined per hour in relation to multiple activity levels 
in a 24-hour period of concurrent radio-telemetric long-term electromyograms of various 
rabbit jaw muscles. The marked intraday variation of the burst number resembled that of 
the duty time in all muscles and contrasted with the relatively invariable mean burst length. 
Furthermore, the duty time was more highly correlated with the number than with the 
length of bursts at all activity levels. Thus, the variation of the duty time in rabbit jaw 
muscles is caused mainly by changes in burst numbers. 
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Introduction 
 

The evaluation of long-term electromyograms (EMG), used for quantifying the functional 
use of muscles during normal daily activity, frequently includes the determination of the 
duty time as the relative duration of muscle activity during a specified period (Hensbergen 
and Kernell, 1997; Kern et al., 2001). The duty time is a valuable measure of 
neuromuscular activity and reflects the duration of mechanical loading of structures 
connected to the muscle. It is the summation of both postural and phasic muscle activities, 
and provides information on the force magnitude, which plays a crucial role in muscular 
(Kernell, 1992; Pette and Staron, 1997; Pette, 2002) and skeletal (Burr, 1997; Turner, 2000; 
Ferretti et al., 2003) tissue remodeling, only when related to various levels of muscle 
activity. The fiber-type composition of jaw muscles, for instance, has been shown to be 
related to their duty time only for activations exceeding 20% of the maximum activity (van 
Wessel et al., 2005c). Differences in the duty time, between muscles or muscle groups, 
reflect differential activation by the central nervous system and differential loading, which 
influences mass, architecture, and mechanical properties of mechano-sensitive tissues. The 
duty time in itself cannot discriminate how muscle activity is generated, since it is the 
cumulative length of all individual activity bursts during a specified period. Therefore, it 
has been suggested to differentiate between the number and the lengths of the bursts (Mork 
and Westgaard, 2005; van Wessel et al., 2005b, 2005d). Both the number (Turner et al., 
1994; Fritton et al., 2000; Robling et al., 2002) and the rate (Turner et al., 1995) of loading 
cycles influence bone adaptation, which is most efficient within a small range of loading 
frequencies (Warden and Turner, 2004). Muscle contractions contribute to bone loading, 
and additional information on the regularity and rhythmicity of the latter may be obtained 
by assessing the number and length of intervals between muscle activations. 

The duty time of a muscle varies depending on activity level (Langenbach et al., 2004) 
and time of the day (Hensbergen and Kernell, 1998; Grünheid et al., 2005). Since the duty 
time is related to both the number and the length of bursts, this intraday variation might 
result from a change in the burst number, an alteration in the burst length, or a combination 
of both. Up to now, the influences of these distinct variables have not been elucidated, and 
it is unknown whether they differ between muscles and, like the duty time, depend on the 
level of neuromuscular activation.  

The aims of this study were to compare the habitual activity of various jaw muscles by 
means of concurrent radio-telemetric long-term EMG recordings of rabbit masticatory 
muscles as an example of a multi-muscle system. Its further aims were to assess the 
intraday variation of multiple EMG variables, and to examine how variations in duty time 
are associated with burst numbers and burst lengths. Since both variables contribute to the 
duty time, it was hypothesized that they would show intraday variations similar to those of 
the duty time. 
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Materials and methods 
 

Animals 
 

Six healthy adult male New Zealand White rabbits (Oryctolagus cuniculus, Harlan, Horst, 
the Netherlands), aged 5 to 12 months, each weighing from 2,800 g to 5,000 g, were housed 
individually, fed a pelleted laboratory diet and water ad libitum, kept in a room with 
a 12-hour light-dark cycle beginning at 7 a.m., and were allowed an acclimatization period 
of 2 weeks. Except for daily care, the animals were left undisturbed to minimize external 
influence.  

 
Experimental procedure 
 

Experiments were approved by the institutional Animal Ethics Committee, and were 
performed according to the experimental procedure and with the telemetric system 
previously described in detail elsewhere (Langenbach et al., 2002, 2004; Grünheid et al., 
2005; van Wessel et al., 2005d). In brief, a four-channel transmitter device for biopotential 
recording (F50-EEEE, Data Sciences International, St. Paul, MN, USA) was placed 
subcutaneously in the shoulder area of each animal. Bipolar fine wire electrodes, each 
consisting of two silicone-insulated stainless steel wires (diameter 0.45 mm) with bared 
ends (length 5 mm), were used to record intramuscular EMGs. The electrodes were 
subcutaneously led to an incision in the right submandibular region, inserted by means of a 
hypodermic needle (Nuijens et al., 1997) and parallel to the fiber direction into predefined 
locations of the right anterior superficial and posterior deep masseter, the medial pterygoid, 
and the digastric muscles, and sutured at the muscle surfaces to prevent dislodging. Surgery 
was performed with the animals under general anesthesia.  

Muscle potentials were simultaneously sampled at 250 Hz, transmitted to a receiver 
(RMC-1, Data Sciences International, St. Paul, MN, USA), and stored on a computer hard 
disk for subsequent analysis using a data acquisition system (DataQuest A.R.T. 2.3, Data 
Sciences International, St. Paul, MN, USA). After continuous recording for 10 days, the 
animals were killed by an overdose of pentobarbital (Nembutal, Sanofi Sante, Maassluis, 
the Netherlands). The signals were sampled for another 5 minutes to determine the level of 
recorded noise for each muscle. Only signals with amplitudes 10 times higher than the 

estimated noise level (0.08 V–0.24 V) were processed further. Inaccurate electrode 

location at the time of dissection led to exclusion of the medial pterygoid muscle in two 
animals, and to exclusion of the posterior deep masseter muscle in another animal.  
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Data processing and analysis 
 

For each animal, continuous EMGs of a 24-hour period, recorded more than 7 days after the 
surgical procedure (Leon et al., 2004), were analyzed. EMG signals were filtered (5 Hz 
high pass), rectified, and averaged over 20 ms (Spike2 5.06, Cambridge Electronic Design 
Ltd., Cambridge, UK). All EMG samples were indexed for their amplitudes (steps of 1 μV), 
and the 0.001% samples with the largest EMG amplitudes (i.e., 43 samples) were excluded 
to eliminate potential artifacts (van Wessel et al., 2005d). The peak-EMG, defined as the 
largest amplitude of the remaining 99.999% of the samples, indicated the maximum activity 
for that day, and was used for EMG normalization (Knutson et al., 1994). Activity levels 
were expressed as percentages of this peak-EMG. Data were analyzed using automated 
custom-made codes within the Spike2 software, to quantify hourly burst numbers, burst 
lengths, burst interval numbers, burst interval lengths, and duty times. The rectified and 
averaged EMG of each muscle was scanned to locate all bursts exceeding activity levels  
of 2%, 5%, 10%, 20%, 50%, and 90% of the peak-EMG (Fig. 4.1). A burst was defined as a 
series of consecutive samples with amplitudes exceeding a specified activity level; a burst 
interval was defined as the time interval between two bursts. Duty time was defined as the 
relative time per hour during which a muscle was active, and was determined as the 
cumulative length of the EMG samples having amplitudes larger than the predefined 
activity levels.  

 
Statistical analysis 
 

The duty times were plotted against the corresponding burst numbers and mean burst 
lengths for the analyzed period, separately for each muscle, animal, and activity level. 
Coefficients of determination were calculated from partial correlations to identify the 
proportions of variance in duty time attributable to burst number and burst length. 
Subsequent averaging provided mean values and standard deviations of the coefficients of 
determination for all animals.  

Mean values and coefficients of variation (CV) of duty times, burst numbers, mean 
burst lengths, and burst interval lengths, obtained during the 24 consecutive hour-long 
periods, were calculated separately for each animal, muscle, and activity level. These 
values were subsequently averaged over all animals. Differences among muscles were 
tested for statistical significance, for each activity level separately, by analysis of variance 
for repeated measurements where data were normally distributed (Shapiro-Wilk test), and 
by the Friedman test with the Wilcoxon signed-ranks test as post hoc pairwise comparison 
procedure where data were not normally distributed. Statistical analyses were performed 
using SPSS 12.0.1 (SPSS Inc., Chicago, IL, USA) with P-values of less than 0.05 
considered statistically significant. 
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Figure 4.1 Example of an EMG recording and details for quantification of individual bursts. (A) Segment of a 
processed and rectified EMG recorded from the posterior deep masseter of animal #4 during normal daily oral 
behavior. (B) Expanded view at the location of the arrow shown in (A). The broken lines indicate activity levels, 
expressed as percentages of the maximum activity (peak-EMG) of this muscle for that day. EMG activity was 
based on the number and lengths of bursts with amplitudes exceeding 2%, 5%, 10%, 20%, 50%, and 90% of the 
peak-EMG. Bursts were grouped to determine the duty times at these activity levels.  

 
 

Results 
 

The hourly duty times, burst numbers, and burst lengths are summarized in Tables 4.1–4.3. 
At each activity level, the number of burst intervals was on par with the number of bursts. 
The mean burst rate at the lowest activity level, hence also including the bursts present at 
higher activity levels, was 1.899 bursts per second whereas at the 90% activity level it 
was 0.001 bursts per second. In hours with high duty times, the burst interval lengths had 
lower standard deviations than in hours with low duty times. This finding was most 
pronounced at 5%–10% of the peak-EMG. 
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Table 4.1 Hourly duty times of rabbit jaw muscles at various activity levels. 

 
 Duty time 

 Relative duration (%) CV (%) 

2%a 

 Superficial masseter 12.79 ± 3.38 35.86 ± 12.91 
 Deep masseter 13.53 ± 3.96 44.93 ± 8.54 
 Medial pterygoid 15.68 ± 6.60 44.18 ± 10.80 
 Digastric 16.10 ± 7.56 42.41 ± 13.04 
5%a 
 Superficial masseter 5.77 ± 1.73 50.82 ± 15.06 
 Deep masseter 6.15 ± 2.47 61.39 ± 17.61 
 Medial pterygoid 5.46 ± 2.48 66.71 ± 11.52 
 Digastric 6.65 ± 5.19 47.90 ± 15.93 
10%a 
 Superficial masseter 2.85 ± 0.82 67.52 ± 12.85 
 Deep masseter 2.96 ± 1.56 77.15 ± 27.24 
 Medial pterygoid 2.03 ± 0.74 86.30 ± 9.45 
 Digastric 2.36 ± 2.77 53.01 ± 15.60 
20%a 
 Superficial masseter 1.11 ± 0.42 86.79 ± 9.30 
 Deep masseter 0.95 ± 0.65 92.31 ± 27.31 
 Medial pterygoid 0.64 ± 0.27 108.01 ± 15.74 
 Digastric 0.55 ± 0.92 65.51 ± 15.49 
50%a 
 Superficial masseter 0.11 ± 0.05b, c 116.89 ± 15.63 
 Deep masseter 0.08 ± 0.06 126.91 ± 17.27 
 Medial pterygoid 0.06 ± 0.03b 137.18 ± 27.91 
 Digastric 0.03 ± 0.04c 141.32 ± 93.60 
90%a 
 Superficial masseter 0.0030 ± 0.0008d 151.21 ± 22.43 
 Deep masseter 0.0030 ± 0.0007 191.93 ± 60.59 
 Medial pterygoid 0.0023 ± 0.0007 184.25 ± 26.90 
 Digastric 0.0017 ± 0.0003d 194.87 ± 90.16 

 
Results are mean values ± standard deviations. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 
b, c, d Groups depicted by the same superscript are statistically significantly different, P < 0.05. 

 
 

Notwithstanding marked similarities, a few statistically significant differences among 
muscles were revealed: The duty time of the superficial masseter was higher than that of the 
medial pterygoid at the 50% activity level, and higher than that of the digastric at both 
the 50% and 90% activity levels. These differences were accompanied by larger numbers of 
bursts and burst intervals in the superficial masseter than in both medial pterygoid and 
digastric muscles at the 50% activity level. The mean burst lengths differed only between 
the superficial masseter and the digastric muscles at the 10% activity level.  
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Table 4.2 Hourly burst numbers of rabbit jaw muscles at various activity levels. 

 
 Burst number 

 Counts CV (%) 

2%a 

 Superficial masseter 7,385 ± 5,609 26.31 ± 14.32 
 Deep masseter 5,499 ± 1,701 35.61 ± 8.91 
 Medial pterygoid 8,601 ± 4,084 30.29 ± 13.30 
 Digastric 5,863 ± 1,487 34.88 ± 10.72 
5%a 
 Superficial masseter 3,311 ± 2,173 42.36 ± 14.52 
 Deep masseter 2,958 ± 921 50.84 ± 11.70 
 Medial pterygoid 3,125 ± 1,519 55.00 ± 16.89 
 Digastric 3,550 ± 1,485 46.46 ± 17.61 
10%a 
 Superficial masseter 1,640 ± 455 59.64 ± 13.37 
 Deep masseter 1,812 ± 792 71.18 ± 26.50 
 Medial pterygoid 1,354 ± 454 74.67 ± 11.74 
 Digastric 1,650 ± 1,521 52.34 ± 18.33 
20%a 
 Superficial masseter  823 ± 251 80.86 ± 9.38 
 Deep masseter  752 ± 477 90.30 ± 30.72 
 Medial pterygoid  520 ± 193 98.11 ± 16.85 
 Digastric  502 ± 794 59.07 ± 10.57 
50%a 
 Superficial masseter  121 ± 51b, c  111.34 ± 13.33 
 Deep masseter  91 ± 68  122.69 ± 24.57 
 Medial pterygoid  67 ± 37b  127.43 ± 26.55 
 Digastric  33 ± 59c  125.33 ± 83.10 
90%a 
 Superficial masseter 3.66 ± 2.27  187.18 ± 86.73 
 Deep masseter 4.60 ± 1.85  184.41 ± 52.95 
 Medial pterygoid 4.60 ± 3.14  187.04 ± 33.40 
 Digastric 2.30 ± 0.75  201.01 ± 91.30 

 
Results are mean values ± standard deviations. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 
b, c Groups depicted by the same superscript are statistically significantly different, P < 0.05. 
 
 

The CVs of the duty times and burst numbers document the considerable variation of 
these variables over the course of the day (Tables 4.1 and 4.2). In contrast, the mean burst 
lengths were markedly less variable over the time course (Table 4.3). The variance of all 
examined EMG variables did not differ significantly among the muscles, suggesting similar 
variation in all muscles. The degree of these variations increased, however, with rising 
activity level.  
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Table 4.3 Hourly burst lengths of rabbit jaw muscles at various activity levels. 

 
 Burst length 

 Duration (ms) CV (%) 

2%a 

 Superficial masseter 93.41 ± 5.35 11.61 ± 4.72 
 Deep masseter 97.22 ± 8.69 12.54 ± 2.92 
 Medial pterygoid 88.12 ± 12.36 19.57 ± 6.34 
 Digastric 112.16 ± 42.09 12.42 ± 4.14 
5%a 
 Superficial masseter 76.53 ± 8.66 13.26 ± 4.23 
 Deep masseter 76.63 ± 9.09 13.52 ± 4.05 
 Medial pterygoid 70.86 ± 8.52 13.54 ± 2.74 
 Digastric 69.54 ± 19.80   8.55 ± 2.95 
10%a 
 Superficial masseter 63.29 ± 6.63b 12.60 ± 4.56 
 Deep masseter 58.07 ± 4.53 11.73 ± 1.93 
 Medial pterygoid 55.92 ± 7.05 11.72 ± 0.30 
 Digastric 49.16 ± 10.11b   9.92 ± 2.59 
20%a 
 Superficial masseter 47.52 ± 4.23 12.69 ± 6.09 
 Deep masseter 46.00 ± 3.64 13.29 ± 3.80 
 Medial pterygoid 44.45 ± 5.95 14.47 ± 4.14 
 Digastric 39.28 ± 2.72 18.19 ± 20.52 
50%a 
 Superficial masseter 28.78 ± 2.66 26.01 ± 17.70 
 Deep masseter 33.03 ± 4.47 30.36 ± 21.45 
 Medial pterygoid 33.74 ± 2.80 58.21 ± 44.68 
 Digastric 31.11 ± 5.68 64.78 ± 48.40 

 
Results are mean values ± standard deviations. Burst lengths at the 90% activity level are not shown because they 
were partially below the measuring limit (20 ms) of the system used. CV, coefficient of variation. 
a Activity level, expressed as percentage of the peak-EMG. 
b Groups depicted by the same superscript are statistically significantly different, P < 0.05. 

 
 

Scatter plots of duty times against burst numbers and burst lengths (Fig. 4.2) revealed 
positive linear relationships between these variables in all examined muscles. The 
correlation between duty time and burst number was higher than that between duty time 
and burst length. The mean burst length of all examined muscles remained relatively 
constant over the time course in each individual animal. However, it differed significantly 
among the animals, indicating marked interindividual variation.  
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Figure 4.2 Correlated EMG activity of the examined jaw muscles. The scatter plots illustrate the relationships 
between the variables burst number, mean burst length and duty time at the activity level exceeding 5% of the 
peak-EMG. Panels consist of data obtained during continuous EMG recording for 24 hours with each data point 
representing 1 hour. Data from all animals are presented in the same graph to facilitate comparison. r = Partial 
correlation of the variables displayed in the panel, adjusted for the remaining variable (averaged over all samples; 
number of samples is shown below muscle name). 
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Table 4.4 Coefficients of determination calculated from partial correlations to identify the proportions of 
variance in duty time attributable to burst number and burst length of rabbit jaw muscles at various activity levels. 

 
 Coefficient of determination (r2) 

 Duty time - Burst number Duty time - Burst length 

2%a 

 Superficial masseter 0.8751 ± 0.2639 0.7918 ± 0.2015 
 Deep masseter 0.9661 ± 0.0313 0.8757 ± 0.0418 
 Medial pterygoid 0.6767 ± 0.4066 0.8487 ± 0.0819 
 Digastric 0.8383 ± 0.2857 0.7997 ± 0.1127 
5%a 
 Superficial masseter 0.9478 ± 0.0771 0.7563 ± 0.1465 
 Deep masseter 0.9785 ± 0.0107 0.7853 ± 0.0635 
 Medial pterygoid 0.9457 ± 0.0466 0.5811 ± 0.2482 
 Digastric 0.8914 ± 0.2280 0.6618 ± 0.1773 
10%a 
 Superficial masseter 0.9705 ± 0.0364 0.5935 ± 0.1379 
 Deep masseter 0.9920 ± 0.0084 0.7019 ± 0.0936 
 Medial pterygoid 0.9693 ± 0.0231 0.3191 ± 0.1815 
 Digastric 0.9365 ± 0.1156 0.5209 ± 0.2326 
20%a 
 Superficial masseter 0.9894 ± 0.0086 0.3902 ± 0.2549 
 Deep masseter 0.9932 ± 0.0030 0.3381 ± 0.1667 
 Medial pterygoid 0.9792 ± 0.0149 0.2386 ± 0.0733 
 Digastric 0.9105 ± 0.0857 0.3574 ± 0.2399 
50%a 
 Superficial masseter 0.9851 ± 0.0118 0.0892 ± 0.1369 
 Deep masseter 0.9846 ± 0.0246 0.1509 ± 0.1566 
 Medial pterygoid 0.8819 ± 0.2027 0.0802 ± 0.0457 
 Digastric 0.8223 ± 0.2801 0.0513 ± 0.0716 
90%a 
 Superficial masseter 0.7757 ± 0.3785 
 Deep masseter 0.9048 ± 0.1642 
 Medial pterygoid 0.6075 ± 0.3933 
 Digastric 0.7864 ± 0.3574 

 
Results are mean values ± standard deviations. Coefficients of determination based on burst lengths at the 90% 
activity level are not shown because the length of these bursts was partially below the measuring limit (20 ms) of 
the system used. 
a Activity level, expressed as percentage of the peak-EMG. 

 
 

The coefficients of determination (Table 4.4) of duty time and burst number increased 
with rising activity levels to values close to 1, indicating high amount of variability in duty 
time that could be accounted for by burst number. In contrast, the coefficients of 
determination calculated for duty time and burst length generally decreased with increasing 
levels of activity. 
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Discussion 
 

The EMG analysis performed in the present study provides a detailed and comprehensive 
description of the activity characteristics of various rabbit jaw muscles. In accordance with 
investigations of developing rabbit jaw muscles (van Wessel et al., 2005b), the duty times 
and the burst numbers differed significantly among the superficial masseter, medial 
pterygoid, and digastric muscles only at activity levels exceeding 50% of the peak-EMG. 
Differences in total activity duration reflect, to a great extent, differences in the postural 
role of muscles. Duty times are typically higher in muscles contributing predominantly to 
postural activity than in those contributing predominantly to phasic activity (Hensbergen 
and Kernell, 1997, 1998; Hodgson et al., 2001). Activities exceeding 50% of the peak-
EMG include only the most powerful tasks. This constitutes infrequent activation of 
muscles, which, in the present study, added up to, on average, only 2.42 seconds per hour. 
The vast majority of oral motor tasks, however, were reflected by activity levels below 50% 
of the peak-EMG. The absence of significant intermuscular differences at these activity 
levels showed that during concerted functional use the activation patterns of various jaw 
muscles have marked similarities and supports previous suggestions that jaw muscles are 
responsible for both postural and motor activities (Grünheid et al., 2005).  

Considering the scarceness of significant differences between the determined duty 
times, it can be assumed that the duration of mechanical loading by muscle forces is similar 
in the attachment areas of all examined muscles. The burst numbers obtained at the various 
activity levels suggest separation of the mechanical loading into thousands of short bouts at 
low activity levels, which contrast with the very few loading cycles at high activity levels. 
The high burst numbers and the low standard deviations of burst interval lengths in the 
hours with the highest duty times show that the mechanical loading occurred at a relatively 
high frequency and regularity, possibly caused by the execution of predominantly rhythmic 
motor tasks, such as licking, drinking, or chewing.  

A positive relationship between loading frequency and bone formation has been 
reported (Hsieh and Turner, 2001; Robling et al., 2002), with bone response to rhythmic 
loads of 0.5 Hz and above (Turner et al., 1994, 1995). The results of the present study 
suggest that only jaw-muscle activities up to 20% of the peak-EMG satisfy the conditions 
required to influence bone formation during normal daily activity, since only these 
activities generated loading above 0.5 Hz. This muscle activity might be a determinant of 
the morphogenesis of the craniofacial skeleton (Kiliaridis, 1995), which is believed to be a 
secondary adaptation to the interaction of functional structures (Moss and Salentijn, 1969), 
because, in daily life, masticatory muscle function takes place all day long and stimulates 
bone and dentition continuously (Miyamoto et al., 1996; Saifuddin et al., 2001).  

The degree of variation in duty times and burst numbers was similar in all examined 
muscles at each activity level. Plotting the duty times and the burst numbers against the 
time of the day revealed similar circadian variations for both variables in all muscles of 
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each animal. In contrast, the degree of variation in the mean burst length was markedly 
lower, and, in general, the mean burst lengths were relatively invariable over the course of 
the day. The relatively high CVs at the 50% activity level suggest increasing variation. 
However, this might also result from a decreasing precision of burst length estimation, 
which approached the measuring limit of 20 ms. The average burst lengths differed 
significantly among the animals. Hence, in some animals, the same duty time was 
generated by a higher number of, on average, shorter bursts, whereas in others it was 
generated by a lower number of longer bursts. These intraindividually consistent, but 
interindividually different, burst lengths may be based on variations in muscle innervation 
patterns, or might point to differences in the habitual control of the motor system (Mork 
and Westgaard, 2005).  

Although duty time is, by definition, related to both burst number and burst length, the 
present study revealed its stronger correlation with burst number. The high coefficients of 
determination indicated that the variability in burst numbers accounted for high percentages 
of the variance in duty times. In contrast to the considerable intraday variations in duty 
times and burst numbers, the mean burst length was relatively invariable with various duty 
times. Together, these results provide evidence that the intraday variation in duty time was 
associated mainly with a change in burst number. Alterations in the burst lengths seem to 
influence the duty time only at low activity levels. The increase in the coefficients of 
determination calculated for the duty time and burst number with rising activation level 
suggests that the interdependence between these variables depends on the level of 
neuromuscular activation. 
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Chapter 

Changes in rabbit jaw-muscle  
activity parameters in response  

to reduced masticatory load 
 
 

 
 
 

Abstract 
 

Mechanical food properties influence the neuromuscular activity of jaw muscles during 
mastication. It is, however, unknown how the activity profiles of the jaw muscles are 
influenced by long-term alterations in masticatory load. In order to elucidate the effect of 
reduced masticatory load on the daily habitual activity profiles of three functionally 
different jaw muscles, the electromyograms of the masseter, temporalis, and digastric 
muscles were recorded telemetrically in sixteen male rabbits between 7 and 20 weeks of 
age. Starting at 8 weeks of age the experimental animals were fed significantly softer 
pellets than the control animals. Daily muscle activity was quantified by the relative 
duration of muscle use (duty time), burst number, and burst length in relation to multiple 
activity levels. The daily duty time and burst number of the masseter muscle were 
significantly lower in the experimental group than in the control group at 5% and 10% of 
the maximum activity during the 2 weeks following the change in food hardness. In 
contrast, altered food hardness did not significantly influence the activity characteristics of 
the temporalis and the digastric muscles. The findings suggest that a reduction in 
masticatory load decreases the neuromuscular activity of the jaw-closing muscles that are 
primarily responsible for force generation during mastication. This decrease is most 
pronounced in the weeks immediately following the change in food hardness and is limited 
to the activity levels that reflect muscle contractions during chewing. These findings 
support the conclusion that the masticatory system manifests few diet-specific long-term 
changes in the activity profiles of jaw muscles. 
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Introduction 
 

The masticatory system is a complex musculoskeletal system, in which activity of jaw 
muscles, mechanical loading of muscles and bones, and phenotypic properties of these 
tissues are closely interrelated (Burr, 1997; Ferretti et al., 2003). If one of these factors 
changes as a result of intrinsic or extrinsic causes, it will affect all others. This evidently 
concerns the activity patterns of the jaw muscles adapting to a new environment, which 
may occur as a consequence of, for instance, craniofacial growth and development (van 
Wessel et al., 2006) or alteration of the functional load (He and Kiliaridis, 2003).  

At experimental level, it has been shown that the functional load of the jaw muscles 
can be altered reproducibly by changing the consistency of the available food during 
growth and development (Kiliaridis and Shyu, 1988; Liu et al., 1998). Employing this 
experimental design, a number of studies have observed changes in the phenotypic 
properties of the jaw muscles related to changes in masticatory function brought about by 
changing the ordinary hard diet to a soft one (Kitagawa et al., 2004; Taylor et al., 2006). It 
has been suggested that the changes in the jaw-muscle properties are signs of a structural 
adaptation caused by a reduction in the neuromuscular activity of the muscles involved 
(Miyata et al., 1993). However, the effect of altered masticatory functional loading, induced 
by feeding a diet of reduced hardness, on the neuromuscular activity of the jaw muscles has 
received very little attention. 

Neuromuscular activity is most commonly studied by electromyography, which is a 
recording of amplified motor unit action potentials of the muscles. The evaluation of long-
term electromyograms (EMG) frequently involves the determination of the duty time as the 
relative duration of muscle activity during the day (Hensbergen and Kernell, 1997) and the 
quantification of the number and duration of activity bursts (van Wessel et al., 2005c). 
Although these parameters are valuable measures of neuromuscular activity, they can only 
provide information on the intensity of muscle activation when related to the level of 
muscle activity. 

Several studies have demonstrated that altering the food hardness changes the 
neuromuscular activity of jaw-closing muscles during mastication (Agrawal et al., 1998; 
Peyron et al., 2002; Piancino et al., 2008). Up to now, however, it is unknown if these 
changes are also reflected in the daily activity profiles of the jaw muscles, if they are 
temporary or permanent, if they differ among the jaw muscles, or which of the jaw-muscle 
activity parameters, such as duty time, burst number, and burst length, change under 
conditions of altered masticatory functional load.  

The aim of this study was, therefore, to assess the daily habitual activity profiles of the 
jaw muscles under conditions of different masticatory loading. The effect of a reduction in 
the hardness of the diet on the daily activity of the masseter, temporalis, and digastric 
muscles was examined in growing rabbits over the time course from weaning to puberty. 
Since the jaw muscles are functionally distinct, it was hypothesized that they would be 
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differently affected by altered masticatory loading. Potential changes in the daily activity 
profiles in response to altered function were expected to be limited to activity levels that 
reflect mastication. Since changes in neuromuscular activity can be regarded as first signs 
of muscle adaptation, the changes were assumed to be most pronounced shortly after the 
introduction of the functional change. 

 
Materials and methods 
 

Animals 
 

Sixteen male juvenile New Zealand White rabbits (Harlan, Horst, the Netherlands) were 
used. When obtained, they were 6 weeks old and weighed 1,402 ± 189 g. The animals were 
housed individually in metal cages (87 × 75 × 38 cm) with perforated plastic floors, kept in 
a climate controlled room (22.0 ± 0.9°C, 57.8 ± 7.2% relative humidity) with a 12-hour 
light-dark cycle with lights on at 7 a.m., and fed a commercially manufactured pelleted diet 
(Arie Blok, Woerden, the Netherlands) and water ad libitum.  

 
Experimental design 
 

After an acclimatization period of 1 week, the animals were randomly assigned to either 
experimental or control group, and were each implanted with a three-channel transmitter 
device (F50-EEE, Data Sciences International, St. Paul, MN, USA) for telemetrical 
recording of intramuscular EMGs of the masseter, temporalis, and digastric muscles as 
detailed below. Between 8 and 20 weeks of age, the experimental animals (n = 8) were fed 
a diet of soft pellets requiring significantly reduced peak loadings (10 N/cm2), and thus 
level of jaw-muscle contractions, to break the pellet in comparison to the standard pellets 
(120 N/cm2) fed to controls (n = 8). The pellets did not differ in size or nutritional value. 
No environmental enrichment was provided in order to prevent the animals from gnawing. 
Except for daily care and weekly check of weight, health, and occlusal condition, the 
animals were left undisturbed to minimize external influence. The experiment had been 
approved by the Animal Ethics Committee of the Medical School of the University of 
Amsterdam, and was performed in accordance with the animal care and welfare guidelines 
of the National Institute of Health. 

 
Transmitter implantation and muscle activity recording 
 

The transmitters were implanted subcutaneously in the shoulder area of the animals. 
Bipolar fine wire electrodes, each consisting of two silicone-insulated stainless steel wires 
(diameter 0.45 mm), were used to pick up muscle potentials. Two electrodes were led 
subcutaneously to an incision in the submandibular region and from there inserted into the 
centers of the right superficial masseter and the digastric muscles. The third electrode was 
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led subcutaneously to a mediofrontal incision and from there inserted into the center of the 
right superficial temporalis muscle. The electrodes were placed parallel to the fiber 
direction by means of a longitudinally ground hypodermic needle (Nuijens et al., 1997) and 
sutured at the muscle surfaces to prevent them from dislodging. The effective electrode 
length was 7 mm with a distance of 2 mm between the tips of each bipolar electrode. 

All surgical procedures were performed under aseptic conditions and with the animals 
under general anesthesia induced by subcutaneous injection of 0.8 ml/kg body weight of 
a 1:3 mixture of xylazine (Sedazine, AST Farma, Oudewater, the Netherlands) and 
ketamine (Ketamine, Alfasan, Woerden, the Netherlands), followed by inhalation of an 
individually adjusted mixture of isoflurane (PCH Pharmachemie, Haarlem, the 
Netherlands) and oxygen. Local anesthesia in the areas of incision was achieved by 
subcutaneous injection of lidocaine (Lidocain 2%, Braun, Melsungen, Germany). 

Muscle activities were recorded during a 13-week period, starting 2 days after surgery 
when the animals had regained normal feeding and locomotor activity. Muscle potentials 
were simultaneously sampled at 250 Hz on the input of each channel (21,600,000 
samples/channel/day), filtered in the device (first-order low-pass filter, 158 Hz), transmitted 
to a group of four receivers (RMC-1, Data Sciences International, St. Paul, MN, USA) 
placed directly beneath the cage, and stored on a computer hard disk using a data 
acquisition system (DataQuest ART 2.3, Data Sciences International, St. Paul, MN, USA).  

At the end of the experiment, the animals were sedated by subcutaneous injection 
of 0.6 ml/kg body weight of a 1:3 mixture of xylazine and ketamine, and killed by an 
intravenous overdose of sodium pentobarbital (Euthesate, Ceva Sante Animale, Naaldwijk, 
the Netherlands). The signals were then sampled for another 5 minutes to determine the 
level of recorded noise for each muscle as previously described (Grünheid et al., 2005). 

Only signals with amplitudes exceeding the maximum noise amplitudes (5.6 V–24.3 V) 

were processed further. Inaccurate electrode location at the time of dissection led to 
exclusion of one superficial masseter muscle, one superficial temporalis muscle, and two 
digastric muscles in each experimental and control group.  

 
Data processing and analysis 
 

For each animal, the continuous EMG recordings of a predefined day per week were 
analyzed, as described in detail elsewhere (van Wessel et al., 2005a, 2005b). In brief, the 
recordings were filtered (5 Hz high pass), freed from artifacts, full-wave rectified, and 
averaged over 20 ms (Spike2 version 5.19, Cambridge Electronic Design, Cambridge, UK). 
Signal loss due to transmission problems and artifact removal accounted for 0.62 ± 1.94% 
of the total time. All EMG samples were indexed for their amplitudes (resolution 1 μV) and 
the 0.001% samples with the largest EMG amplitudes (i.e., 43 samples) were excluded to 
eliminate potentially remaining artifacts (van Wessel et al., 2005c). The largest amplitude 
of the remaining 99.999% of the samples was identified as peak-EMG. This peak-EMG 
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indicated the maximum activity of this muscle for that day and was used for EMG 
normalization (Kutson et al., 1994). Activity levels were expressed as percentages of the 
peak-EMG.  
 
 

 
 
Figure 5.1 Example of an EMG recording and details for quantification of individual bursts. (A) Segment of a 
processed and rectified EMG recorded from the superficial masseter muscle. (B) Expanded view at the location of 
the arrow shown in A. The broken lines indicate activity levels, expressed as percentages of the maximum activity 
(peak-EMG) of this muscle for that day. EMG activity was based on the number and lengths of bursts with 
amplitudes exceeding 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak-EMG. Bursts were 
grouped to quantify the duty times at these activity levels. Note that the depicted period is not representative of the 
EMG recording of the entire day. 
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The daily muscle activity was quantified by the duty time, total burst number, and 
average burst length. These parameters were determined using custom-made codes within 
the Spike2 software at activity levels of 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 
and 90% of the peak-EMG (Fig. 1). A burst was defined as a series of consecutive samples 
exceeding a specified activity level. Duty time was defined as the relative time per day 
during which a muscle was active and was calculated as the cumulative length of the EMG 
samples having amplitudes larger than the predefined activity levels (Grünheid et al., 
2006). For example, the duty time at the 5% activity level is the percentaged duration of all 
EMG samples with amplitudes larger than 5% of the peak-EMG of that day.  

 
Statistical analysis 
 

For each group of animals, mean values and standard deviations of duty times, burst 
numbers, and burst lengths were calculated separately for each muscle, experimental day, 
and activity level. Differences between experimental and control groups were tested for 
statistical significance, for each muscle and activity level separately, using Student’s t-test 
for normally distributed data (Kolmogorov-Smirnov test), and Mann-Whitney rank sum test 
for non-normally distributed data. Differences among experimental days were tested for 
statistical significance, for each group and activity level separately, using one way analysis 
of variance (ANOVA) with Holm-Sidak’s method as post hoc pairwise comparison 
procedure for normally distributed data, and Kruskal-Wallis one way ANOVA on ranks 
with Dunn’s method as post hoc pairwise comparison procedure for non-normally 
distributed data. Statistical analyses were performed using SigmaStat 3.5 (Systat Software 
Inc., Point Richmond, CA, USA) with P-values of less than 0.05 considered statistically 
significant. For data presentation, mean values and standard deviations of the parameters 
assessed were calculated for the period during which the animals were fed diets of different 
hardness. 

 
Results 
 

All animals grew continuously throughout the experimental period. Their body weight did 
not differ significantly between the groups at any time. The peak-EMG values were highest 
in the masseter muscles and lowest in the temporalis muscles in both groups of animals. 
They did neither differ significantly between the groups nor over the time course of the 
experiment.  

The mean daily duty times, burst numbers, and burst lengths of the masseter, 
temporalis, and digastric muscles at the various activity levels studied are summarized in 
Tables 5.1–5.3. Please note that these values were calculated for the entire period during 
which the animals were fed diets of different hardness. Statistical analysis of differences 
between groups was performed using data of each experimental day.  

5    C
hanges in rabbit jaw

-m
uscle activity param

eters in response to reduced m
asticatory load 



 67 

Table 5.1 Daily duty time of rabbit jaw muscles at various activity levels. 

 
 Duty time (%) 

 Masseter Temporalis Digastric 

 Experimental Control Experimental Control  Experimental Control 

5%a  7.5667 ± 0.5915 9.2707 ± 1.4248 10.0771 ± 3.7942 21.3237 ± 2.9645 11.1746 ± 1.4996 11.2094 ± 0.8773 
10%a  4.0039 ± 0.2836 4.6598 ± 0.9159 3.2153 ± 1.1683 5.7242 ± 0.7207 6.0685 ± 0.8037 6.6405 ± 0.6026 
20%a  1.6394 ± 0.1610 1.9081 ± 0.4103 1.0420 ± 0.2728 1.2340 ± 0.2250 2.2920 ± 0.4399 2.8123 ± 0.4747 
30%a  0.7226 ± 0.1088 0.8517 ± 0.1731 0.4561 ± 0.1176 0.4497 ± 0.1214 0.8658 ± 0.2205 1.1607 ± 0.2708 
40%a  0.3171 ± 0.0566 0.3747 ± 0.0689 0.2031 ± 0.0554 0.1867 ± 0.0565 0.3235 ± 0.0902 0.4604 ± 0.1281 
50%a  0.1348 ± 0.0253 0.1578 ± 0.0260 0.0884 ± 0.0239 0.0800 ± 0.0239 0.1222 ± 0.0326 0.1796 ± 0.0545 
60%a  0.0549 ± 0.0093 0.0640 ± 0.0090 0.0375 ± 0.0093 0.0333 ± 0.0083 0.0467 ± 0.0098 0.0697 ± 0.0201 
70%a  0.0217 ± 0.0032 0.0255 ± 0.0034 0.0157 ± 0.0037 0.0144 ± 0.0040 0.0187 ± 0.0028 0.0278 ± 0.0079 
80%a  0.0097 ± 0.0020 0.0131 ± 0.0034 0.0086 ± 0.0014 0.0056 ± 0.0014 0.0092 ± 0.0011 0.0127 ± 0.0075 

90%a  0.0007 ± 0.0020 0.0051 ± 0.0040 0.0007 ± 0.0009 0.0001 ± 0.0001 0.0018 ± 0.0018 0.0042 ± 0.0082 

 
Results are mean values ± standard deviations of the mean duty times calculated for the period from 8 to 20 weeks 
of age, during which groups were fed diets of different hardness.  
a Activity level, expressed as percentage of the peak-EMG. 
 
 

Feeding the animals pellets of lower physical consistency statistically significantly 
decreased the activity of the masseter muscle: In the 2 weeks following the change in food 
hardness both the duty times (Fig. 5.2) and the burst numbers (Fig. 5.3) were significantly 
lower in the experimental group than in the control group at the 5% and 10% activity levels. 
In contrast, these parameters did not differ significantly between groups in the temporalis 
and digastric muscles. The mean burst lengths did not differ significantly between the 
groups in any muscle or at any activity level examined. 
 
 
Table 5.2 Daily burst number of rabbit jaw muscles at various activity levels. 

 
 Burst number (counts) 

 Masseter Temporalis Digastric 

 Experimental Control Experimental Control  Experimental Control 

5%a 77,149 ± 8,080 93,372 ± 13,208 113,632 ± 31,059 206,054 ± 30,625 99,842 ± 12,393 103,176 ± 9,746 
10%a 50,520 ± 4,529 57,727 ± 9,690 44,149 ± 16,077 79,264 ± 9,394 73,290 ± 9,082 80,595 ± 8,191 
20%a 28,208 ± 2,715 31,459 ± 6,387 17,225 ± 4,474 21,842 ± 3,453 39,585 ± 7,214 49,333 ± 7,905 
30%a 15,423 ± 2,060 17,353 ± 3,623 9,068 ± 2,229 9,298 ± 2,373 18,317 ± 4,701 25,397 ± 6,118 
40%a 7,931 ± 1,315 8,915 ± 1,827 4,728 ± 1,272 4,412 ± 1,341 7,803 ± 2,306 11,601 ± 3,546 
50%a 3,790 ± 677 4,221 ± 818 2,324 ± 654 2,097 ± 666 3,236 ± 937 5,035 ± 1,670 
60%a 1,688 ± 297 1,867 ± 325 1,088 ± 289  970 ± 289 1,343 ± 324 2,124 ± 741 
70%a  710 ± 117  790 ± 92  487 ± 113  435 ± 111  563 ± 97  895 ± 299 
80%a  281 ± 41  316 ± 29  214 ± 39  189 ± 41  238 ± 27  360 ± 112 
90%a  104 ± 11  118 ± 11  89 ± 12  81 ± 13  100 ± 8  134 ± 46 

 
Results are mean values ± standard deviations of the mean burst numbers calculated for the period from 8 to 20 
weeks of age, during which groups were fed diets of different hardness.  
a Activity level, expressed as percentage of the peak-EMG. 
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Table 5.3 Daily burst length of rabbit jaw muscles at various activity levels. 

 
 Burst length (ms) 

 Masseter Temporalis Digastric 

 Experimental Control Experimental Control Experimental Control 

5%a  83.46 ± 1.20 86.63 ± 2.43  74.29 ± 5.12 84.43 ± 5.44  95.82 ± 3.29  94.37 ± 4.95 
10%a  67.21 ± 0.79 69.81 ± 2.30  64.97 ± 1.98 62.78 ± 1.86  70.97 ± 2.12  71.40 ± 4.17 
20%a  48.88 ± 1.15 51.25 ± 1.18  52.77 ± 1.56 48.18 ± 1.35  49.41 ± 1.06  48.84 ± 2.43 
30%a  39.24 ± 0.68 40.75 ± 0.75  42.58 ± 1.05 41.84 ± 1.54  39.89 ± 0.61  38.57 ± 1.15 
40%a  33.35 ± 0.29 34.27 ± 0.49  36.08 ± 0.70 37.97 ± 1.42  34.68 ± 0.75  33.35 ± 0.56 
50%a  29.38 ± 0.32 29.94 ± 0.64  32.00 ± 0.53 34.78 ± 1.51  31.24 ± 1.12  30.01 ± 0.74 
60%a  26.83 ± 0.85 26.96 ± 0.92  29.02 ± 0.84 31.96 ± 2.04  28.43 ± 1.10  27.37 ± 0.79 
70%a  24.47 ± 0.69 24.69 ± 1.08  26.86 ± 1.18 29.27 ± 1.35  26.20 ± 1.15  25.14 ± 0.90 

80%a  22.68 ± 0.80 23.08 ± 1.56  24.83 ± 1.25 27.31 ± 1.66  24.43 ± 1.06  22.89 ± 0.91 

 
Results are mean values ± standard deviations of the mean burst lengths calculated for the period from 8 to 20 
weeks of age, during which groups were fed diets of different hardness. Burst lengths at the 90% activity level are 
not shown because they were partially below the measuring limit (20 ms) of the system used. 
a Activity level, expressed as percentage of the peak-EMG. 

 
 

 
 
Figure 5.2 Mean values and standard deviations of the daily duty times of the masseter muscle at the 5%  
and 10% activity levels as a function of rabbit age. Significant differences (P < 0.05) between experimental and 
control groups are indicated by asterisks. Only activity levels with statistically significant differences are shown. 
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Figure 5.3 Mean values and standard deviations of the daily burst number of the masseter muscle at the 5%, 
10%, 20%, and 30% activity levels as a function of rabbit age. Significant differences (P < 0.05) between 
experimental and control groups are indicated by single asterisks; significant differences over the time course are 
indicated by double asterisks. Only activity levels with statistically significant differences are shown. 
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The muscles also showed some changes in their activity parameters with age. The burst 
numbers of the masseter muscles of the control animals at the 10%, 20%, and 30% activity 
levels (Fig. 5.3) and those of the digastric muscles of both experimental and control animals 
at the 5% activity level (Fig. 5.4) decreased significantly over the time course of the 
experiment. In contrast, the duty times and the mean burst lengths did not change 
significantly over time in any muscle studied.  
 
 

 

 
Figure 5.4 Mean values and standard deviations of the daily burst number of the digastric muscle at the 5% 
activity level as a function of rabbit age. Significant differences (P < 0.05) over the time course are indicated by 
double asterisks. Only activity levels with statistically significant differences are shown. 

 
 

Discussion 
 

The present study provides a comprehensive examination of the habitual activity patterns of 
the rabbit masseter, temporalis, and digastric muscles and is, to our knowledge, the first to 
investigate the effect of a reduction in masticatory load on the daily activity characteristics 
of these muscles over the time course from weaning to puberty. The results show that the 
reduction in dietary hardness caused a decrease in the duty times and burst numbers of the 
masseter muscle at low activity levels.  

A relationship has been demonstrated between the mechanical food properties and the 
neuromuscular activity of jaw-closing muscles during mastication (Agrawal et al., 1998). 
Typically, the electric activities are higher during chewing of hard food (Peyron et al., 
2002; Piancino et al., 2008). The present investigation shows that the hardness of the 
ingested food also has an effect on the daily activity profiles of jaw muscles. Statistically 
significant differences between the groups of animals that were fed pellets of different 
hardness were limited to the 5% and 10% activity levels. Muscle activity at these levels 
comprises a broad range of oral behavior (van Wessel et al., 2005a). However, it has been 
demonstrated that in rabbits jaw-muscle contractions during chewing rarely exceed 20% of 
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the peak-EMG (Langenbach et al., 2004). The significant differences in the daily activity 
patterns at the 5% and 10% activity levels are thus most likely attributable to differences in 
the neuromuscular activity during chewing. This assumption is corroborated by the finding 
that higher activity levels, which include only the most powerful tasks, such as grinding, 
gnawing, or clenching, were completely unaffected by the change in dietary hardness.  

The reduction in masticatory load had a differential effect on the jaw muscles studied. 
While the intake of soft pellets altered the daily activity profile of the masseter muscle, 
those of the temporalis and digastric muscles remained unchanged. This disparity is most 
likely based on the function of these muscles during mastication. The masseter muscle 
elevates the mandible and generates occlusal force during the power stroke (Widmer et al., 
2003), while the superficial temporalis and digastric muscles stabilize and open the jaw, 
respectively (Weijs et al., 1989). During chewing, less muscle activation is most probably 
required to break soft food than to break hard food whilst the activation necessary to 
stabilize or open the jaw is, in all likelihood, not influenced by the food hardness. 

Not all activity parameters, i.e., duty time, burst number, and burst length, of the 
masseter muscle were affected by the alteration in masticatory functional loading. The 
decrease in duty time and burst number in response to the change in food hardness 
contrasted with the constancy of the mean burst length. The mean burst lengths computed 
in the present study were very similar to those reported for both juvenile (van Wessel et al., 
2005b) and adult rabbits (Grünheid et al., 2006), and did not differ significantly between 
groups or over the time course of the experiment at any activity level. This finding is in 
accord with a previous study, which has shown that the burst lengths of rabbit jaw muscles 
are very stable during postnatal development (van Wessel et al., 2005b). Furthermore, in a 
study on nine genera of mammals, Ross et al. (2007) showed that bite force modulation 
during mastication is mainly achieved by modulating the rate at which force is generated 
within a chewing cycle, and less so by varying temporal parameters. These authors suggest 
that significant variation in chewing cycle time would be difficult to accommodate in the 
context of a central pattern generator producing rhythmic bursts of activity at a relatively 
constant frequency. It is therefore reasonable to conclude that, under physiologic 
conditions, the mean burst length of a muscle is largely unaffected by environmental 
changes and can be considered a relatively constant biological parameter. 

The alteration in the activity profile of the masseter muscle was most pronounced 
shortly after the reduction in masticatory load, with statistically significant differences 
between experimental and control groups limited to the 2 weeks after the change in food 
hardness. It appears that the softer pellets were easier to process for the experimental 
animals. Most likely, this resulted in a decrease in time necessary for food uptake, which is 
reflected in the decrease in masseter activity observed in this group of animals. The 
limitation of significant differences between the groups to the 2 weeks after the dietary 
change appears to imply that the effect of the dietary change was transient. However, this 
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apparent transience might be the result of the slowly decreasing duty time and burst number 
in the control group, which over the time course of the experiment approached the values in 
the experimental group. Most likely, the masseter muscles of the experimental animals also 
adapted to the functional change. This adaptation probably involved feedback from the 
muscle spindle systems, resulting in a sensitivity modification of the muscle with higher 
probability of action potential firing. It has been suggested that loading changes, even 
chronic ones, may lead to compensatory sensory inputs, without apparent changes in central 
circuitry (Carvalho and Gerstner, 2004). It is conceivable that the reduction in 
neuromuscular activity was paralleled by a structural adaptation of the masseter muscle. 
Skeletal muscle fibers can adapt to altered functional demands by changing from one fiber 
type into another and altering their cross-sectional areas (Adams et al., 1993; Pette and 
Staron, 1997). The changes in the phenotypic properties of muscle fibers might, in turn, 
have influenced the daily muscular activity. 

Rabbit jaw muscles undergo substantial functional and anatomical changes during 
maturation (Weijs et al., 1987; Bredman et al., 1992). The results of the present study 
suggest that these changes are accompanied by alterations in the daily activity profiles of 
the jaw muscles. Under conditions of unaltered masticatory function, the total burst 
numbers of the masseter and the digastric muscles decreased significantly over the time 
course. These changes might represent developmental changes in oral behavior or an 
increased efficiency with food handling. As the animals matured and their jaws, oral 
cavities, and jaw muscles got bigger, it may have become progressively easier for them to 
process pellets of a given size, resulting in fewer chews per bite. Neuromuscular activation 
patterns are typically established early in development (Bekoff and Lau, 1980; Cazalets et 
al., 1990), long before the anatomical changes in the muscles are completed. However, it is 
known that the execution of functional motor behavior is modified throughout development 
depending on factors such as muscular strength, peripheral feedback mechanisms, and 
effective synaptic input to the muscles (Navarrette and Vrbová, 1993). These latter 
modifications might also have contributed to the significant decrease in burst numbers over 
time observed in the present study. 

A few remarks need to be made about the methods used in the present study. 
Implantable radio-telemetry enabled continuous wireless EMG recording and ensured that 
the behavior of the animals was as natural as possible. The telemetric system, recording 
technique, and subsequent analysis are well characterized (Langenbach et al., 2002) and 
have been previously used in long-term studies of daily jaw-muscle activity (Langenbach et 
al., 2004; van Wessel et al., 2005a, 2005b; Kawai et al., 2007). The absence of significant 
changes in the peak-EMG values over the time course of the experiment indicates that the 
findings of the present study are not confounded by slow changes in equipment. However, 
it is recognized that the technique has limitations. The range of transmitted frequencies and 
the sampling frequency of the system render the signal not suitable for further 
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characterization, such as frequency analysis (Langenbach et al., 2002). In the present study, 
the low sampling frequency of the system affected the accuracy of the burst length 
calculation, which decreased with increasing percentage of short bursts approaching the 
duration of time resolution.  

In conclusion, the results of the present study show that a reduction in masticatory load 
may cause a decrease in the daily duty times and burst numbers of the jaw-closing muscles 
that are mainly responsible for the generation of occlusal force during mastication. The 
results suggest that this decrease is most pronounced in the weeks immediately following 
the change in food hardness and that it is limited to activity levels that reflect muscle 
contractions during chewing. It appears that the masticatory system is relatively rigid, 
manifesting few diet-specific long-term changes in the activity profiles of jaw muscles.
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Chapter 

Structural adaptation  
of rabbit jaw muscles to  
varying functional load 

 
 

 
 
 

Abstract 
 

Skeletal muscle fibers can change their myosin heavy chain (MyHC) isoform and cross-
sectional area, which determine their contraction velocity and maximum force generation, 
respectively, to adapt to varying functional load. In general, reduced muscle activity 
induces transition towards faster fibers and decrease in fiber cross-sectional area. In order 
to investigate the effect of a reduction in masticatory load on three functionally different 
jaw muscles, the MyHC composition and the corresponding cross-sectional area of fibers 
were determined in the superficial masseter, superficial temporalis, and digastric muscles of 
male juvenile rabbits that had been raised on a soft diet. The proportion and the cross-
sectional area of fibers co-expressing MyHC-I and MyHC-cardiac alpha were significantly 
smaller in the masseter muscles of animals that had been fed soft food than in those of 
controls. In contrast, the proportions and cross-sectional areas of the various fiber types in 
the temporalis and digastric muscles did not differ significantly between the groups. The 
results suggest that reducing the masticatory load during development affects the 
contraction velocity and the maximum force generation of the jaw-closing muscles that are 
primarily responsible for force generation during chewing. These muscles adapt structurally 
to the reduced functional load with changes in the MyHC composition and cross-sectional 
area mainly within their slow fiber compartment. 
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Introduction 
 

Skeletal muscles contain a mixture of fibers with different contractile properties, such as 
contraction velocity and maximum force generation. Muscle fibers have been classified on 
the basis of the myosin heavy chain (MyHC) isoforms they contain (Schiaffino and 
Reggiani, 1994). The MyHC isoform composition of muscle fibers determines their 
unloaded shortening velocity (Larsson and Moss, 1993), which increases in the sequence of 
fibers expressing MyHC-I, -cardiac alpha, -IIA, -IIX, and -IIB (Sciote and Kentish, 1996). 
The maximum force a muscle fiber can generate is proportional to its cross-sectional area. 
This area increases with the amount of resistance that is experienced during contraction 
(McCall et al., 1996).  

The dynamic nature of muscle fibers enables them to adapt to altered functional 
requirements by changing their MyHC isoform and cross-sectional area (Pette, 2002). 
Although these changes may occur under the influence of various factors and conditions, 
muscular activity plays an essential role in modulating the phenotypic properties of muscle 
fibers (Roy et al., 1991). Increased muscular activity elicits transition towards slower, more 
fatigue-resistant fiber types and enlargement of fiber cross-sectional area (Jarvis et al., 
1996), whereas reduced muscular activity induces transition towards faster, more fatigable 
fiber types and decrease in fiber cross-sectional area (Grossman et al., 1998).  

The activity of jaw muscles can be altered experimentally by changing the consistency 
of the available food. The continuous intake of a soft diet, which requires less masticatory 
effort, has been shown to reduce the functional capacity of jaw muscles (Kiliaridis and 
Shyu, 1988; Liu et al., 1998). Although this experimental approach has been widely used, 
information on the associated changes in MyHC composition and fiber cross-sectional area 
is scarce and, at least in part, appears contradictory. For instance, in studies on rats, which 
had been raised on diets of different hardness, Kiliaridis et al. (1988) found a significant 
influence of the dietary consistency on the MyHC composition and cross-sectional area of 
the fibers in the masseter but not on those in the digastric muscle, while Sfondrini et al. 
(1996) did not find any changes in the phenotypic properties of the fibers in the masseter 
but in those of the temporalis and digastric muscles after feeding the animals a diet of 
reduced consistency. Similar investigations on other species, such as the mouse (Maeda et 
al., 1987) and the rabbit (Negoro et al., 2001; Langenbach et al., 2003; Kitagawa et al., 
2004), were limited to the masseter muscle.  

The purpose of the present study was to investigate the effect of a reduction in dietary 
consistency on the MyHC composition and the fiber cross-sectional area of the rabbit 
masseter, temporalis, and digastric muscles. As these jaw muscles are functionally distinct, 
it was hypothesized that they would be affected differently by a change in masticatory 
functional load.  
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Materials and methods 
 

Animals 
 

Sixteen male juvenile New Zealand White rabbits (Oryctolagus cuniculus, Harlan, Horst, 
the Netherlands) were used. When obtained, they were 6 weeks old and had a body weight 
of 1,402 ± 189 g. The animals were housed individually in metal cages with perforated 
plastic floors, kept in a climate controlled room (22.0 ± 0.9°C) with a 12-hour light-dark 
cycle, and fed a commercially manufactured pelleted diet (Arie Blok, Woerden, the 
Netherlands) and water ad libitum. All animals were kept under identical conditions, before 
they were randomly divided into two equal-sized groups at the age of 8 weeks. 

 
Experimental design 
 

The experimental group was fed a diet of soft pellets requiring significantly reduced peak 
loadings (10 N/cm2), and thus level of jaw-muscle contractions, to break the pellet in 
comparison with the standard pellets (120 N/cm2) fed to the control group. The pellets did 
not differ in size or nutritional value. No environmental enrichment was provided in order 
to prevent the animals from gnawing. Body weight and physical condition were checked 
weekly to monitor growth and health of the animals. At the age of 20 weeks, the animals 
were sedated with 0.6 ml/kg body weight of a 1:3 mixture of xylazine (Sedazine, AST 
Farma, Oudewater, the Netherlands) and ketamine (Ketamine, Alfasan, Woerden, the 
Netherlands), and killed by an intravenous overdose of sodium pentobarbital (Euthesate, 
Ceva Sante Animale, Naaldwijk, the Netherlands). The experiment had been approved by 
the local Animal Ethics Committee and was performed in accordance with the animal care 
and welfare guidelines of the National Institute of Health.  

 
Analysis of muscle fibers 
 

The fibers of the superficial masseter, superficial temporalis, and digastric muscles were 
analyzed according to the procedure described in detail elsewhere (Korfage et al., 2006a). 
The muscles were cut from their attachment sites with the jaws of the animals closed to 
ensure that the muscles were not stretched. All muscles were obtained within 8 hours post 
mortem, rapidly frozen in liquid nitrogen-cooled isopentane, and stored at –80°C for further 
processing as below.  

Serial sections (10 µm) were cut perpendicular to the main fiber direction of the 
muscles in a cryomicrotome (CM 1850, Leica Microsystems, Nussloch, Germany), 
mounted on glass slides coated with 3-aminopropyltriethoxysilane, and fixated overnight in 
a mixture of methanol, acetone, acetic acid, and water (35:35:5:25) at –20°C. The sections 
were incubated with five monoclonal antibodies raised against different MyHC isoforms. 
Antibody 219-1D1 detected MyHC-I, antibody 249-5A4 detected MyHC-cardiac alpha, 
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antibody 333-7H1 detected MyHC-IIA, antibody 332-3D4 detected MyHC-IIA and  
MyHC-IIX, and antibody 340-3B5 detected MyHC-IIA, MyHC-IIX, and MyHC-IIB. The 
specificity of these antibodies has been confirmed previously (Sant’ana Pereira et al., 
1995). The binding of the antibodies was visualized using the indirect unconjugated 
immunoperoxidase (PAP) technique with nickel-diaminobenzidine as a substrate (Hancock, 
1986).  

The MyHC composition of muscle fibers was determined on five consecutive sections 
of each muscle per animal. The sections were evaluated at 100× magnification using a light 
microscope (Orthoplan, Leitz, Wetzlar, Germany). Depending on the cross-sectional area of 
the muscle, either two (temporalis and digastric) or six (masseter) areas of each section 
were evaluated. Every fiber that could clearly be identified in each of the five sections was 
classified according to its reaction with the various antibodies (Fig. 6.1). A total of 19,139 
fibers were analyzed.  
 
 

 
 
Figure 6.1 Example of an area of the superficial masseter muscle incubated with antibodies against myosin 
heavy chain (MyHC)-I (A), MyHC-cardiac alpha (B), MyHC-IIA (C), MyHC-IIA and -IIX (D), and MyHC-IIA,  
-IIX, and -IIB isoforms (E). The drawing (F) shows some of the fiber types: (1) MyHC type I + cardiac alpha, (2) 
MyHC type cardiac alpha, (3) MyHC type cardiac alpha + IIA, and (4) MyHC type IIA.  
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On the basis of their MyHC composition, and thus contraction velocity, the fibers were 
divided into three groups: Fibers containing MyHC-I, MyHC-cardiac alpha, or a 
combination of these MyHCs were considered slow fibers (Galler et al., 2002); fibers 
containing MyHC-IIA, MyHC-IIX, MyHC-IIB, or a combination of these MyHCs were 
considered fast fibers; fibers containing a combination of the MyHC types belonging to 
slow and fast groups were considered intermediate fibers (Pette and Staron, 2001).  

The cross-sectional areas of the muscle fibers, which had been classified on the basis of 
the MyHCs they expressed, were quantified by a custom-made computer program that 
converted the number of pixels into µm2, as described elsewhere (Korfage et al., 2006a). 

 
Statistical analysis 
 

Mean values and standard deviations of fiber-type proportions and fiber cross-sectional 
areas of the masseter, temporalis, and digastric muscles were calculated for each group of 
animals. Differences between experimental and control groups were tested for statistical 
significance, for each muscle separately, using Mann-Whitney rank sum test after the data 
had been tested for normality (Kolmogorov-Smirnov test). Statistical analyses were 
performed using SigmaStat 3.5 (Systat Software Inc., Point Richmond, CA, USA) with 
P-values of less than 0.05 considered statistically significant. 

 
Results 
 

All animals grew continuously throughout the experimental period. Their body weight did 
not differ significantly between the groups at any time. The animals in the experimental 
group did not show any change in their masticatory pattern in response to the reduction in 
food hardness. 

Mean values and standard deviations of the proportions and corresponding cross-
sectional areas of the various fiber types in the masseter, temporalis, and digastric muscles 
under conditions of varying functional load are shown in Tables 6.1 and 6.2. No fibers 
expressing MyHC-IIB were detected in any of the muscles studied.  

Statistical testing revealed significant differences in the population of slow fibers 
between the groups: The fibers co-expressing MyHC-I and MyHC-cardiac alpha accounted 
for a smaller proportion in the masseter muscles of the experimental animals than in those 
of the controls. These fibers had also smaller cross-sectional areas in the experimental 
group than in the control group. The proportions and cross-sectional areas of the various 
fiber types in the temporalis and digastric muscles did not differ significantly between 
experimental and control animals. The relatively large standard deviations indicate 
substantial interindividual variation in fiber-type composition and fiber cross-sectional area 
in both groups.  
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Table 6.1 Fiber-type proportions in rabbit masseter, temporalis, and digastric muscles under conditions of 
varying functional load. 

 
 Fiber-type proportion (%) 

 Masseter Temporalis Digastric 

 Experimental Control Experimental Control Experimental Control 

Slow fibers 
 Ia  0 ± 0 0.03 ± 0.09 0.04 ± 0.10 0.07 ± 0.13 5.76 ± 3.57 7.68 ± 4.80 
 a 9.70 ± 8.38 7.81 ± 5.61 0.43 ± 0.74 0.69 ± 1.26 0.08 ± 0.15 0.14 ± 0.20 
 I + a 10.29 ± 4.72* 17.58 ± 5.48* 3.56 ± 3.19 5.75 ± 6.60 24.19 ± 8.67  19.09 ± 6.08 
Intermediate fibers 
 I +  + IIAa 0.94 ± 1.00 0.50 ± 0.79 1.64 ± 1.35 2.35 ± 3.22 1.68 ± 1.13 2.06 ± 1.25 
 I +  + IIXa  0 ± 0  0 ± 0  0 ± 0  0 ± 0 0.99 ± 1.91 0.71 ± 0.62 
 I + IIAa 0.92 ± 1.65  0 ± 0 1.15 ± 2.99 0.67 ± 1.17 0.17 ± 0.38 0.21 ± 0.18 
 I + IIXa  0 ± 0  0 ± 0 0.03 ± 0.08  0 ± 0  0 ± 0  0 ± 0 
  + IIAa 17.81 ± 8.42 14.08 ± 4.63 1.78 ± 1.37 2.23 ± 1.81 1.32 ± 1.42 1.28 ± 0.83 
  + IIXa 0.04 ± 0.12 0.27 ± 0.52  0 ± 0 0.05 ± 0.15  0 ± 0  0 ± 0 
Fast fibers 
 IIAa 59.70 ± 9.05 57.28 ± 9.94 71.05 ± 15.61 72.18 ± 19.60 65.72 ± 8.45 67.47 ± 9.56 
 IIXa 0.60 ± 1.21 2.45 ± 3.13 20.32 ± 15.03 16.01 ± 14.57 0.09 ± 0.25 1.36 ± 3.70 

 
Results are mean values ± standard deviations. 
a Myosin heavy chain isoform. , cardiac alpha. 
* Statistically significant difference between groups, Mann-Whitney rank sum test P < 0.05. 

 
 

Discussion 
 

The results suggest that the reduction in dietary consistency in the present study induced 
changes in the phenotypic properties of fibers in the rabbit masseter muscle. The muscle 
adapted structurally to the reduced functional demands by decreasing the proportion and 
cross-sectional area of fibers in the slow fiber compartment. 

Animals are used within science as models for the study of biological responses. In the 
present investigation rabbits were used as, similar to humans, their jaw muscles contain 
fibers expressing MyHC-cardiac alpha and there is heterogeneous expression of myosin 
isoforms in some individual fibers (Bredman et al., 1991). The immunohistochemical 
determination of their MyHC composition allowed accurate characterization of the muscle 
fibers (Sant’ana Pereira et al., 1995). However, it should be noted that, with the antibody 
panel used in the present study, it was not possible to detect hybrid fibers that co-express 
MyHC-IIA and MyHC-IIX. These fibers might have been misclassified as type IIA fibers.  

The proportions and cross-sectional areas of the various fiber types in the masseter, 
temporalis, and digastric muscles, as determined in the present study, are in accord with 
those reported in previous investigations of developing rabbit jaw muscles (van Wessel et 
al., 2005c; Korfage et al., 2006a, 2006b, 2009). Similar to previous investigations, the 
present study did not find any fibers expressing MyHC-IIB, which is rarely found in rabbit 
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Table 6.2 Cross-sectional area of the various fiber types in rabbit masseter, temporalis, and digastric muscles 
under conditions of varying functional load. 

 
 Fiber cross-sectional area (µm²) 

 Masseter Temporalis Digastric 

 Experimental Control Experimental Control Experimental Control 

Slow fibers 
 Ia   231 ± 0  110 ± 0  221 ± 0 1,142 ± 210 1,104 ± 404 
 a 1,759 ± 263 1,624 ± 566  363 ± 114  438 ± 139  348 ± 13  500 ± 387 
 I + a 1,085 ± 90* 1,258 ± 289*  439 ± 268  566 ± 264 1,158 ± 231 1,111 ± 377 
Intermediate fibers 
 I +  + IIAa 1,856 ± 1,166 1,614 ± 623  765 ± 773  977 ± 665 1,125 ± 285 1,184 ± 399 
 I +  + IIXa     1,169 ± 135  920 ± 382 
 I + IIAa 3,677 ± 3,246   312 ± 280  723 ± 204  635 ± 120  923 ± 535 
 I + IIXa    488 ± 0 
  + IIAa 1,896 ± 485 2,019 ± 588  410 ± 228  592 ± 325 1,537 ± 365 1,220 ± 364 
  + IIXa 1,976 ± 0 2,342 ± 265   5,287 ± 0 
Fast fibers 
 IIAa 4,748 ± 615 4,775 ± 1,255 1,531 ± 692  1,853 ± 621 2,762 ± 516 2,474 ± 813 
 IIXa 6,116 ± 4,669 6,749 ± 809 3,141 ± 1,120  3,637 ± 1,218 3,976 ± 0 2,026 ± 6 

 
Results are mean values ± standard deviations. 
a Myosin heavy chain isoform. , cardiac alpha. 
* Statistically significant difference between groups, Mann-Whitney rank sum test P < 0.05. 

 
 
jaw muscles (Bredman et al., 1992). The degree of interindividual variation in fiber-type 
composition and fiber cross-sectional area was similar to that reported earlier (Korfage et 
al., 2006a, 2006b, 2009). A number of factors contribute to the large variability in fiber-
type composition that is typically found among individuals (Korfage et al., 2005b). As in 
the present study the animals were matched for age and sex in order to exclude influences 
of aging and sexual dimorphism (English et al., 1999), the interindividual variation was 
most likely the result of other factors influencing the phenotypic properties of jaw-muscle 
fibers, such as individually different masticatory patterns (Kemsley et al., 2003) or levels of 
testosterone (Reader et al., 2001).  

The reduction in dietary consistency induced changes in the MyHC composition and 
fiber cross-sectional area of the masseter muscle, while those of the temporalis and 
digastric muscles remained unchanged. This disparity is most likely based on the different 
function of these muscles during mastication. The masseter muscle elevates the mandible 
and generates occlusal force during the power stroke (Widmer et al., 2003). The superficial 
temporalis and digastric muscles stabilize and open the jaw, respectively (Weijs et al., 
1989). During chewing, it requires less muscle force to break soft food than to break hard 
food whilst the force necessary to stabilize or open the jaw is, in all likelihood, independent 
from the hardness of the ingested food. It appears that the reduction in dietary consistency 
altered only the functional load of the muscles that generate the force necessary to crush the 
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pellets. Therefore, only the masseter muscle adjusted its fiber-type composition and fiber 
cross-sectional area, while the temporalis and digastric muscles were unaffected by the 
change in dietary consistency. 

Of the various fiber types in the masseter muscle, the reduced masticatory function 
induced significant changes only in the slow fiber compartment, most likely as a 
consequence of the frequency of their recruitment during chewing. Following the so-called 
“size principle” (Henneman, 1981), the motor units of jaw muscles are recruited in a strict 
hierarchical order (Scutter and Türker, 1998). Small motor units with predominantly slow 
fibers are recruited at lower force threshold levels than the larger ones with faster fibers. 
Mastication of pellets requires comparatively low forces. It has been previously shown by 
means of electromyography that the majority of jaw-muscle contractions during chewing in 
rabbits generate only 20% of the maximum force (Langenbach et al., 2004). In order to 
generate this force level, predominantly small motor units are recruited, as their fibers are 
optimally suited for sustained contractions requiring relatively low force (Maxwell et al., 
1980). It can be assumed that especially fibers of these motor units change their MyHC 
composition and cross-sectional area as adaptive response to reduced masticatory load. 
Faster motor units, which are only used during larger efforts for brief periods of time, are 
not recruited during chewing and consequently not affected by an alteration in food 
hardness.  

The present findings are, on the whole, in agreement with those of other studies that 
investigated the effect of reduced function on the phenotypic properties of rabbit jaw 
muscles. For instance, the masseter muscles of rabbits fed a liquefied diet after puberty 
adapted to the reduced dietary consistency by decreasing the cross-sectional area of their 
slow fibers (Langenbach et al., 2003). When the animals were fed a powdered diet soon 
after weaning, the masseter muscles also responded with a decrease in the percentage of 
type I fibers and a concomitant increase in type IIA fibers (Negoro et al., 2001; Kitagawa et 
al., 2004), which indicates a shift in the fiber-type composition towards a higher proportion 
of fast fibers. The particular adaptive response thus seems to vary with the exact nature of 
the stimulus and the age at which it is introduced.  

The effect of reduced masticatory functional load on the temporalis and digastric 
muscles had hitherto not been investigated in rabbits. Studies on ferrets (He et al., 2004) 
and rats (Kiliaridis et al., 1988) found, in accord with the present investigation, no 
significant differences in the fiber-type composition of the temporalis and digastric muscles 
after the normal diet had been changed to a liquefied one. In contrast, when rats were fed by 
gastric gavage (Sfondrini et al., 1996), the population of IIB fibers in both the temporalis 
and the digastric muscles increased while the population of IIA and IIX fibers decreased. 
The complete elimination of masticatory movements might have led to disuse atrophy of 
these muscles. 
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The different experimental designs, species, and ages of the animals used in the various 
studies complicate a direct comparison of their results. The relative sizes, functions, and 
orientation of action lines of jaw muscles vary greatly among species (Herring, 2007) and 
with them do their phenotypic properties. For instance, the muscles of large animals 
generally contain a higher proportion of fibers expressing MyHC-I than those of small 
animals (Pellegrino et al., 2003). Furthermore, the ability of skeletal muscle to adapt to 
inactivity attenuates with age (Husom et al., 2005). Nevertheless, when taking the findings 
of the various studies together, it appears that a reduction in masticatory function, induced 
by reducing the dietary consistency, leads to selective disuse atrophy of the muscles that are 
less recruited as a consequence of the lower force level necessary to crush the food. The 
less recruited fibers decrease their cross-sectional area and start to express faster MyHC 
isoforms, resulting in a decrease in the proportion of slow fibers in the muscle.  

Changes in the phenotypic fiber properties, similar to those observed in the masseter 
muscle in the present study, are typically found during inactivation of skeletal muscles. For 
instance, hindlimb suspension, a common experimental model for chronically reduced 
neuromuscular activity, induces atrophic changes in the rat soleus muscle, which responds 
to the inactivity with a decrease in the proportion of type I fibers and a concomitant 
increase in that of IIA fibers (Oishi et al., 1998). Spinal cord isolation, which leads to 
complete neuromuscular inactivity of the hindlimb muscles, decreases the cross-sectional 
area of both type I and type II fibers in addition to the reduction in the proportion of slow 
fibers (Grossman et al., 1998).  

Considering the findings of the present and other studies, it is reasonable to assume that 
atrophic changes in the jaw muscles, such as decreases in the proportion and cross-sectional 
area of slow fibers, might also occur in humans under conditions during which muscular 
activity is chronically reduced, such as sustained intermaxillary fixation (Ingervall et al., 
1979), chronic muscle pain (Svensson et al., 2004), or complete tooth loss (Raustia et al., 
1996). 

In conclusion, the results of the present study suggest that long-term reduction in 
masticatory functional load contributes to selective disuse resulting in structural adaptation 
of the masseter muscle, reflected in decreases in the proportion and the cross-sectional area 
of its slow fibers.  
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Chapter 

Effect of varying masticatory functional  
load on the degree and distribution of  
mineralization in the rabbit mandible 

 
 

 
 
 

Abstract 
 

A reduction in mechanical loading of the mandible brought about by mastication of soft 
food is assumed to decrease the remodeling rate of bone, which, in turn, might increase the 
degree of bone mineralization. The effect of a reduction in masticatory functional load on 
the degree and distribution of mineralization of mandibular bone was investigated in 
juvenile rabbits, which had been fed pellets of different consistency from 8 to 20 weeks of 
age. The degree of mineralization of bone (DMB) was assessed at the attachment sites of 
various jaw muscles, the condylar head, and the alveolar process. The DMB did not differ 
significantly between experimental and control animals at any of the sites assessed. 
However, in the rabbits that had been fed soft pellets, both cortical bone at the attachment 
sites of the temporalis and digastric muscles and cortical bone in the alveolar process had a 
significantly higher DMB than the cortical bone at the attachment site of the masseter 
muscle, while there were no significant differences among these sites in the control 
animals. The results suggest that a moderate reduction in the masticatory functional load 
does not significantly affect the remodeling rate and DMB in areas of the mandible that are 
loaded during mastication, but might induce a more heterogeneous mineral distribution. 
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Introduction 
 

Bone is a dynamic tissue, which continuously undergoes adaptive remodeling, i.e., 
resorption and apposition, to meet the requirements of its functional environment. The 
remodeling rate is a major determinant of the degree of mineralization of bone (DMB, 
Boivin and Meunier, 2002). A higher remodeling rate decreases the time available for 
secondary mineralization, which results in bone with a lower DMB (Boivin et al., 2009).  

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 and less stiff than lesser loaded bone (Rubin and Lanyon, 1985; Cullen et 
al., 2001). Regional differences in the DMB of cortical bone have been reported for a 
number of species (Riggs et al., 1993; Loveridge et al., 2004; van Ruijven et al., 2007). 
This regionally heterogeneous organization of the bone mineral has been attributed to 
regional differences in the magnitude and mode of strain brought about by mechanical 
loading (Skedros et al., 1994).  

Under physiological conditions, intermittent mechanical loading of bone is caused 
predominantly by muscle contractions. The muscles thus provide an important mechanical 
stimulus for bone remodeling by inducing strains in the skeletal system (Turner, 2000). In 
the masticatory system, long-term alterations in the pattern of muscular strains can be 
enforced by changing the consistency of the available food (Yamada and Kimmel, 1991; 
Kiliaridis et al., 1996). For instance, the continuous intake of a soft diet during growth and 
development has been shown to reduce the functional capacity of jaw muscles (Kiliaridis 
and Shyu, 1988; Liu et al., 1998) and to influence morphology (Abed et al., 2007) and 
internal bone structure of the mandible (Bresin et al., 1999). The reduction in intermittent 
mechanical loading of the mandible during mastication of a soft diet might also decrease 
the rate of bone remodeling, which, in turn, would increase the DMB. As the mechanical 
loading during mastication is not evenly distributed over the mandible, this increase might 
be regionally different. For instance, changes in the DMB effectuated by the altered 
mechanical stimulation might be most pronounced in areas where muscle contractions load 
mandibular bone directly, such as the attachment sites of the jaw muscles, or in areas where 
muscle contractions create reaction forces, such as the alveolar process and the 
temporomandibular joint. 

The aim of the present study was to investigate the effect of changes in the masticatory 
load on the mineralization of mandibular bone. For this purpose, the degree and distribution 
of mineralization was assessed in mandibles of rabbits, which had been fed diets of 
different physical consistency during late postnatal development. Since the DMB is 
assumed to be related to the mechanical loading generated by muscle contractions, it was 
hypothesized that the DMB of mandibular bone would show region-specific changes, 
especially at the sites of muscle attachment, in response to the altered food hardness.  

7    E
ffect of varying m

asticatory functional load on the degree and distribution of m
ineralization in the rabbit m

andible 



 87 

Materials and Methods 
 

Animal experiment and tissue preparation 
 

Sixteen male juvenile New Zealand White rabbits (Oryctolagus cuniculus, Harlan, Horst, 
the Netherlands) were caged individually in a climate controlled room and fed a 
commercially manufactured pelleted diet (Arie Blok, Woerden, the Netherlands) and water 
ad libitum. When obtained, the animals were 6 weeks old and weighed 1,402 ± 189 g. At 
the age of 8 weeks, they were randomly divided into two equal-sized groups. The 
experimental group was fed a diet of soft pellets requiring significantly reduced peak 
loadings (10 N/cm2) to break the pellet in comparison with the standard pellets (120 N/cm2) 
fed to the control group. The pellets did not differ in size or nutritional value. No 
environmental enrichment was provided in order to prevent the animals from gnawing. 
Body weight, occlusion, and physical condition were checked weekly to monitor growth 
and health of the animals.  

At 20 weeks of age, the animals were sedated by subcutaneous injection of 0.6 ml/kg 
body weight of a 1:3 mixture of xylazine and ketamine (AST Farma, Oudewater, the 
Netherlands), and killed by intravenous injection of an overdose of sodium pentobarbital 
(Euthesate, Ceva Sante Animale, Naaldwijk, the Netherlands). The mandibles were 
dissected, carefully freed from soft tissues, and split in half at the symphysis. The tooth-
bearing fragments were separated from the ascending rami by vertical cuts carried out 
dorsal to the crowns of the molars. Care was taken not to cut the bone at the attachment 
sites of the masseter and medial pterygoid muscles. All bone samples were obtained 
within 8 hours post mortem and stored in methanol at 4°C before analysis. The experiment 
had been approved by the local Animal Ethics Committee and was performed in accordance 
with the animal care and welfare guidelines of the National Institute of Health. 

 
Degree and distribution of mineralization 
 

The right hemimandibles were scanned in a micro-computed tomography system (μCT 40, 
Scanco Medical AG, Brüttisellen, Switzerland) at an isotropic spatial resolution of 18 μm, 
as described in detail elsewhere (Mulder et al., 2004). The computed linear attenuation 
coefficient of the X-ray beam for each volume element (voxel) was represented by a gray 
value in the reconstruction. This attenuation coefficient is proportional to the local DMB 
(Nuzzo et al., 2002; Mulder et al., 2004). 

The DMB was determined in eight predefined volumes of interest (VOI) of each 
hemimandible as the mass of the mineralized bone tissue relative to the volume of bone. 
This parameter is independent from the total volume of the VOI, or the amount of bone 
present in it. 
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The VOIs were selected at the attachment sites of the superficial masseter (M1–M3, 
ventral to dorsal), superficial temporalis (T), medial pterygoid (P), and digastric (D) 
muscles, in the alveolar process adjacent to the second molar (A), and within the condylar 
head (C, Fig. 7.1). The VOIs contained only cortical bone except for the one selected at the 
condylar head, which contained both cortical and cancellous bone. 
 

 
 
Figure 7.1 Lateral (top) and medial (bottom) views of a reconstructed right hemimandible showing the volumes 
of interest. C: Condylar head. Selection cranial to the greatest medio-lateral extent and limited to the anterior 
fourth of the condylar process. M1–M3: Attachment site of the superficial masseter muscle. Selections are 
bounded by lines perpendicularly intersecting a reference line, which connects the notches ventro-caudal and 
cranio-dorsal to the mandibular angle, at 25%, 50%, 75%, and 100% of its length. T: Attachment site of the 
superficial temporalis muscle. A: Alveolar bone. Selection medial to the second molar and cranial to a reference 
line parallel to the lower border of the mandible at the height of the incisor alveolar process. D: Attachment site of 
the digastric muscle. Selection dorsal to the symphysis and between two reference lines being parallel to the lower 
border of the mandible at 50% and 100% of the distance between lower border of the mandible and most cranial 
part of the symphysis. P: Attachment site of the medial pterygoid muscle. Selection is bounded by lines 
perpendicularly intersecting a reference line, which connects the notches ventro-caudal and cranio-dorsal to the 
mandibular angle, at 33% and 66% of its length.  
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Three-dimensional reconstructions of the VOIs were segmented to discriminate bone from 
background. Optimum thresholds for the VOIs were visually determined in four scans by 
gradual variation and comparison of the outcome with the original scan (Renders et al., 
2006). The mean values were applied as fixed thresholds to the segmentation of all VOIs to 
allow comparison of the samples, as recommended elsewhere (Ding et al., 1999). This 
procedure was performed separately for the VOIs containing only cortical bone and those 
containing both cortical and cancellous bone. In a segmented image, only voxels with a 
linear attenuation value above the threshold, i.e., those representing bone, kept their original 
gray value, while voxels with a linear attenuation value below the threshold were made 
transparent. The two outermost voxel layers characterized as bone were disregarded as 
these layers were likely to be corrupted by partial volume effects. Each gray value was then 
converted into a DMB value, using reference measurements of a calibration phantom 
containing hydroxyapatite in concentrations of 0, 50, 200, 800, and 1200 mg/cm3 (QRM 
GmbH, Möhrendorf, Germany). The error of the method, determined as the relative 
difference between the measured and actual mineral density, was less than 3%.  

 
Statistical analysis 
 

Mean values, standard deviations, coefficients of variation, and frequency distributions of 
the DMB were calculated for each VOI. The width of the distribution curves was calculated 
as two times the value of the standard deviation. Differences between experimental and 
control groups were tested for statistical significance, for each VOI separately, using 
Student’s t-test, after the data had been tested for normality (Kolmogorov-Smirnov test). 
Differences among VOIs were tested for statistical significance, for each group of animals 
separately, using one way analysis of variance with Holm-Sidak’s method as post hoc 
pairwise comparison procedure. Statistical analyses were performed using SigmaStat 3.5 
(Systat Software Inc., Point Richmond, CA, USA) with P-values of less than 0.05 
considered statistically significant. 

 
Results 
 

All animals grew continuously throughout the experimental period. Their body weight 
increased from 1,930 ± 269 g at 8 weeks of age, when the change in dietary consistency 
was introduced, to 3,589 ± 375 g at 20 weeks of age in the experimental group, and  
from 1,901 ± 167 g at 8 weeks of age to 3,529 ± 183 g at 20 weeks of age in the control 
group. The body weight of the animals did not differ significantly between the groups at 
any time. 
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Table 7.1 Degree of mineralization of bone (DMB) in the volumes of interest studied.  

 
 Experimental* Control* 

 DMB (mg HA/cm3) CV (%) DMB (mg HA/cm3) CV (%) 

M1† 1,151.32 ± 122.44a  10.63 1,171.37 ± 80.53a 6.87 
M2† 1,093.10 ± 79.86b 7.30 1,116.08 ± 58.38b 5.23 
M3† 1,034.55 ± 67.88c, d, e 6.56 1,076.34 ± 46.31 4.30 
T† 1,175.62 ± 77.01c, f 6.55 1,154.27 ± 94.94c 8.22 
P† 1,150.04 ± 94.87g 8.24 1,183.04 ± 70.75d 5.98 
D† 1,236.83 ± 108.63d, h 8.78 1,195.46 ± 146.38e  12.24 
A† 1,277.96 ± 103.78b, e, i 8.12 1,212.80 ± 70.24f 5.79 

C†  987.60 ± 36.39a, f, g, h, i 3.68  996.62 ± 34.63a, b, c, d, e, f 3.47 

 
Results are mean values ± standard deviations. HA, hydroxyapatite; CV, coefficient of variation. 
† Volumes of interest selected at the attachment sites of the masseter (M1–M3, ventral to dorsal), temporalis (T), 
medial pterygoid (P), and digastric (D) muscles, in the alveolar process (A), and within the condylar head (C). For 
detailed explanation see Figure 1. 
* Statistically significant differences among volumes of interest, one way analysis of variance P < 0.05. 
a, b, c, d, e, f, g, h, i Within each column, groups depicted by the same superscript are statistically significantly different 
in post hoc pairwise comparison, Holm-Sidak’s method P < 0.05. 

 
 

Mean values, standard deviations, and coefficients of variation of the DMB in the VOIs 
studied are shown in Table 7.1. Statistical testing revealed no significant differences 
between experimental and control groups. However, in both experimental and control 
groups, there were statistically significant differences in DMB among the VOIs. In the 
experimental group, all VOIs containing only cortical bone, except for those in the mid 
(M2) and dorsal (M3) parts of the attachment site of the masseter muscle, had a higher 
DMB than the one selected within the condylar head (C). In addition, the attachment sites 
of the temporalis (T) and digastric (D) muscles, and the alveolar bone medial to the second 
molar (A) had a higher DMB than the dorsal part (M3) of the attachment site of the 
masseter muscle. The alveolar bone was also more highly mineralized than the mid part 
(M2) of the attachment site of the masseter muscle. In the control group, all VOIs 
containing only cortical bone, except for the one selected in the dorsal part (M3) of the 
attachment site of the masseter muscle, had a higher DMB than the VOI in the condylar 
head (C). These findings were similar to those in the experimental group. In contrast to the 
experimental group, there were no significant differences among the VOIs containing only 
cortical bone in the control group. 

The frequency distribution curves of the DMB (Fig. 7.2) did not differ significantly in 
width between the groups for any of the VOIs, suggesting that the degree of variation in 
DMB within the individual VOIs was similar in experimental and control animals. The 
difference in their relative positions, i.e., the wider spreading of the curves in the 
experimental group, indicates a greater heterogeneity in DMB among the sites studied in 
the experimental animals.  
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Figure 7.2 Mean distributions of the degree of mineralization of bone in the various volumes of interest studied 
in experimental (top) and control (bottom) groups. For legend see Figure 7.1. HA, hydroxyapatite. 

 
 

Discussion 
 

The present study investigated the effect of a masticatory functional change on the 
mineralization of mandibular bone. It was assumed that a reduction in intermittent 
mechanical loading during mastication of a soft diet would decrease the rate of bone 
remodeling and increase the DMB. The results showed that reduced food hardness did not 
cause significant changes in the DMB at the examined sites. These findings differ from the 
results of other studies, which have shown that feeding diets of different consistency to 
growing rats might lead to reduction in the rate of bone apposition (Yamada and Kimmel, 
1991), resulting in lower bone mass (Bresin et al., 1999) and alveolar bone density 
(Mavropoulos et al., 2004, 2005) as well as in higher degree of mineralization of 
mandibular bone (Tanaka et al., 2007).  
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There are a number of possible reasons for this difference. One possibility is that the 
experimental period in the present study might have been too short to induce significant 
changes in the DMB. However, in the present study the rabbits were fed diets of different 
consistency for 12 weeks, which, considering their average life span, was similar to the 
experimental periods of 4 to 6 weeks typically used in similar studies on rats (Bresin et al., 
1999; Maki et al., 2002; Mavropoulos et al., 2004, 2005). Furthermore, changes in 
mandibular morphology resulting from decreased masticatory function have been reported 
in rabbits as early as 40 days after a reduction in dietary consistency (Tuominen et al., 
1993). Taking these considerations together, the duration of diet change applied in the 
present study is considered sufficiently long to induce changes in mandibular bone 
properties. 

Another possible reason for the above difference in findings might be a greater 
interindividual difference, which would mask the changes produced by the alteration in 
masticatory load, particularly with regard to the very small differences in DMB between 
experimental and control groups reported elsewhere (Tanaka et al., 2007). This, however, is 
probably not the case because the interindividual variation in DMB (Table 7.1) was low, as 
shown by the low coefficients of variation, and was comparable to the results of an other 
study (Tanaka et al., 2007). This finding supports the hypothesis proposed by Reid and 
Boyde (1987) that under physiological conditions the rate of bone remodeling at a 
particular site can be considered a constant biological parameter. 

Similar to earlier studies, the present investigation was carried out on juvenile animals 
as functional alterations influence bone tissue most effectively in adolescence (Parfitt, 
1994). However, it has to be noted that changes in the properties of growing bones can, 
other than in a mature organism, not solely be attributed to adaptive remodeling, i.e., 
resorption and apposition, but may be influenced by modeling, i.e., bone deposition during 
growth. 

Most likely, the above disparity in results is based on the difference in food hardness 
used in various studies. Significant changes in mandibular bone properties in response to 
reduced food consistency have been reported for animals fed powdered (Maki et al., 2002; 
Tanaka et al., 2007) or liquefied food (Yamada and Kimmel, 1991; Bresin et al., 1999; 
Mavropoulos et al., 2004, 2005). Although this experimental approach imposes greater 
differences in masticatory functional loads on experimental and control animals, it alters 
more than just the dietary consistency, too. Powdered or liquefied food completely 
eliminates the need for mastication (Mavropoulos et al., 2004) and changes the pattern of 
food uptake from incising and chewing into licking and sucking (Kitagawa et al., 2004). In 
contrast to this experimental approach, the present study used purpose-made soft pellets, 
which did not change the feeding behavior of the experimental animals. With regard to the 
difference from the consistency of the standard pellets fed to control animals, these pellets 
mimic the tenfold difference in the compressive strength between hard and soft foods 
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normally eaten by humans (Yanagisawa et al., 1985). The continuous intake of these pellets 
did not induce a significant alteration in the DMB in the present study. This result is in 
accordance with the finding reported by Maki et al. (2002) who, comparing powdered and 
kneaded diets with pellets of normal hardness, found a significantly different mandibular 
DMB in the animals fed a powdered diet, but not in the animals fed a kneaded diet with the 
consistency similar to the soft pellets used in the present study. Considering these findings, 
it appears that the DMB tends to increase only as a result of dramatic reduction in 
masticatory activity induced by an extraordinarily soft diet, such as the powdered diet. 

The importance of bone remodeling in determining the average level of bone 
mineralization is generally accepted. In adult bone, the rate of remodeling is the major 
biological determinant of the DMB (Boivin et al., 2009). The DMB rises when bone 
formation is suppressed and falls when new bone formation is increased (Boivin and 
Meunier, 2002). The significantly higher DMB in the mandibles of rats that had been raised 
on a powdered diet has been attributed to a reduction in the strain stimulus for new bone 
formation (Tanaka et al., 2007). This reduction may have led to a preponderance of bone 
resorption as a result of disuse atrophy (Ferretti et al., 2003), which is always observed in 
periods of physical inactivity (Forsén et al., 1994). The findings of the present study 
suggest that the gentle loading during mastication of the softer pellets might have been 
sufficient exercise to prevent disuse atrophy. These considerations are in accordance with 
the finding that low-level mechanical signals can inhibit osteoclastic activity in the growing 
skeleton (Xie et al., 2006). 

Regional differences in the DMB have been reported for various bones and species 
(Riggs et al., 1993; Loveridge et al., 2004; van Ruijven et al., 2007). The present 
investigation revealed significant differences in the DMB among the mandibular sites 
studied. In both the experimental and control groups, the DMB in the condylar head was 
lower than the DMB at the cortical sites of the mandibular body, most probably because of 
the presence of cancellous bone in the condylar head. Differences in DMB between 
cancellous and cortical mandibular bone are well documented (Mulder et al., 2006; van 
Ruijven et al., 2007; Willems et al., 2007) and have been attributed to a higher remodeling 
rate in cancellous bone compared with cortical bone (Renders et al., 2006). Only in the 
experimental group, the DMB also differed significantly among cortical sites of the 
mandible. The attachment site of the masseter muscle was less highly mineralized than the 
attachment sites of the temporalis and digastric muscles and the alveolar bone site. These 
findings suggest a greater heterogeneity in the DMB in the mandibles of the experimental 
animals.  

Regional adaptations in material organization of bone reflect regional variations in 
strain magnitude (Skedros et al., 1994). It is plausible that the attachment site of the 
masseter muscle, which is the main generator of force during mastication (Weijs et al., 
1989), is more heavily loaded than the attachment sites of the digastric and temporalis 

7    E
ffect of varying m

asticatory functional load on the degree and distribution of m
ineralization in the rabbit m

andible 



 

 94 

muscles or the bone of the alveolar process. In the present study, a lower DMB was found 
at the attachment site of the masseter muscle, which most likely resulted from a higher 
remodeling rate. It has been suggested that any adaptive remodeling influences the material 
properties of bone so as to achieve some mechanical advantage or to minimize material 
while maintaining a constant safety factor between peak functional stress and appropriate 
yield stress (Lanyon et al., 1979). By rendering the bone more elastic, the lower DMB at 
the attachment site of the masseter muscle might constitute an advantage as it allows more 
bending of the bone during muscle contractions. The higher DMB at the attachment sites of 
the digastric and temporalis muscles and in the alveolar process might have been caused by 
suppression of bone formation relative to bone resorption. This might reflect the body’s 
endeavor to optimize energy use by minimizing the amount of material needed to withstand 
the altered loading. 

Bone mineralization is influenced by the strain distribution in cortical and cancellous 
bone (van Ruijven et al., 2007). The greater heterogeneity in the DMB in the experimental 
group might also have resulted from a relative strain distribution in the mandible, which 
was different from that in the control group. It is reasonable to assume that the intake of 
soft pellets led to less deformation of the mandible during mastication, and the local strains 
at the attachment sites of jaw muscles had, therefore, more influence on the DMB. 

In conclusion, the results of the present study suggest that a reduction in masticatory 
load within the range of physical consistency of foods eaten under normal life conditions 
does not strongly affect the degree of mineralization of mandibular bone in areas in which 
muscle contractions load mandibular bone directly or indirectly, but might induce a more 
heterogeneous mineral distribution. 
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Chapter 

General discussion 
 
 

 
 
 
All living organisms possess the inherent capacity to alter the functional and structural 
properties of their organ systems in accordance with the environmental conditions imposed 
on a particular system. The system studied in the present investigation was the masticatory 
system. A particular focus was the study of the function and the structure of the jaw 
muscles under varying functional conditions because it is believed that the muscles are the 
prime movers in promoting adaptation and that changes in the properties of bone are a 
secondary response to alterations in their function (van Limborgh, 1972; Moss, 1981). 

 
Jaw muscles 
 

The activity of the jaw muscles plays an important role in developing, maintaining, and 
modulating the properties of craniofacial muscular (Kernell, 1992; Pette and Staron, 1997) 
and skeletal (Burr, 1997; Turner, 2000) tissues. The first step in the present investigation 
was to obtain baseline functional data on the jaw muscles by studying their neuromuscular 
activity under unaltered steady-state conditions. 

 
Habitual activity profiles 
 

The electromyographic study of various jaw muscles in a rabbit model (Chapters 3 and 4) 
showed that their habitual activity profiles under steady-state conditions are very similar. 
Only few differences in duty time, i.e., relative duration of neuromuscular activity, were 
found among the muscles. These differences were related to the level of muscle activity and 
were present exclusively at activity levels exceeding 50% of the maximum activity. At 
activity levels below 50% of the maximum activity, the duty times did not differ 
significantly among the jaw muscles. Differences in the activity duration reflect, to a great 
extent, differences in the postural role of muscles. The duty times of muscles contributing 
predominantly to postural activity are typically higher than those of muscles contributing 
predominantly to phasic activity (Hensbergen and Kernell, 1997; Hodgson et al., 2001). 
The duty times of the jaw muscles at activity levels below 50% of the maximum activity 
reflect the vast majority of oral motor tasks. The absence of significant intermuscular 
differences at these levels suggests that neither antigravity function nor oral motor function 
can be attributed to one or a few particular of these muscles and corroborate the hypothesis 
that the jaw muscles are responsible for both the postural and the phasic activity. 
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Significant differences in the duty time among the jaw muscles were determined only 
at activity levels exceeding 50% of the maximum activity. Activities at these levels include 
only the most powerful tasks, possibly representing extreme, unexpected, or even 
accidental motor tasks, which, in the present study, added up to less than 1 minute per day. 
The limitation of differences to these levels indicates that the jaw muscles differ only in the 
duration of their contribution to the most powerful tasks. These findings support the 
conclusion that the relative contribution of the various jaw muscles to a number of motor 
tasks depends on the activity level.  

The characterization of the jaw-muscle activity by the number of activity bursts 
(Chapter 4) revealed that, in every jaw muscle studied, the neuromuscular activity was the 
result of numerous individual activations. The thousands of short activations at low activity 
levels contrasted with the very few activations at high activity levels. Similar to the duty 
times, the number of activity bursts differed significantly among the jaw muscles only at 
activity levels exceeding 50% of the maximum activity. The mean burst lengths were very 
similar in all muscles and at all activity levels. Taking these findings together, it can be 
inferred that the jaw muscles are neither activated predominantly phasically in contractions 
of brief duration nor predominantly tonically in contractions of prolonged duration. 

 
Variation of activity over time 
 

Skeletal muscle activity is not necessarily evenly distributed over time as shown, for 
instance, for the leg muscles (Blewett and Elder, 1993; Hensbergen and Kernell, 1998; 
Hodgson et al., 2001). When in the present investigation the hourly duty times were 
determined for consecutive hour-long periods (Chapter 3), it was found that this applies to 
jaw-muscle activity, too. Large variations in activity were found over the course of the day. 
The same variations recurred on several consecutive days, indicating a circadian pattern of 
jaw-muscle activity. Interestingly, this pattern differed among the animals. Diurnal rhythms 
have been demonstrated for a wide range of physiological and behavioral characteristics in 
rabbits, such as food uptake and locomotor activity (Hudson, 1998; Jilge and Hudson, 
2001). The interindividual differences in the recurring patterns of jaw-muscle activity 
suggest the existence of individually different diurnal rhythms of jaw-muscle use. 
Interindividual variations in the timing have been reported for a number of behavioral 
functions, such as food intake, hard feces excretion, and locomotor activity (Horton et al., 
1974; Jilge, 1991). These observations, taken together with the finding of individually 
different circadian patterns of jaw-muscle activity in the present investigation, make it 
conceivable that in rabbits, similar to humans, different chronotypes exist. An individual’s 
chronotype, i.e., the totality of factors that determine if an individual is most alert or active 
during an early or late part of the day, influences diurnal rhythms in the excitability of the 
motor cortex (Tamm et al., 2009), which has implications for the performance of various 
motor tasks (Carrier and Monk, 2000). 
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The existence of circadian variations in the duty time raised the question as to how 
these variations are associated with burst numbers and burst lengths. As the duty time is 
related to both the number and the length of activity bursts, the reason for the variation 
might be either a change in the burst number, or a change in the burst length, or possibly a 
combination of both. When these activity parameters were quantified at multiple activity 
levels and related to the duty time (Chapter 4), it was found that the duty time was more 
highly correlated with the number than with the length of bursts at all activity levels. 
Furthermore, the marked variation in burst number, which showed the same circadian 
pattern as that of the duty time in all muscles, contrasted with the constancy of the burst 
lengths. These results suggest that the intraday variation in the duty time is caused mainly 
by a change in the number of bursts. A change in their length seems to influence the duty 
time only at low activity levels. The varying correlation between the activity parameters – 
the correlation between the burst number and the duty time increased with rising activation 
level while that between the burst length and the duty time decreased – suggests that the 
interdependence between these parameters depends on the level of neuromuscular 
activation.  

Based on the finding that both the duty time and the burst number varied significantly 
during the day, it was decided for further studies to determine the activity parameters duty 
time, burst number, and burst length on a diurnal basis in order to ensure the inclusion of 
the full range of motor tasks executed during the day. 

It is known that the rabbit jaw muscles undergo substantial anatomical changes during 
postnatal development (Weijs et al., 1987; Bredman et al., 1992). On the basis of this 
knowledge it was hypothesized that their activity patterns would change over the course of 
this period, too. The decrease in the daily burst number of the masseter and digastric 
muscles from weaning to puberty observed in the present study (Chapter 5) provides 
evidence that the anatomical changes, which occur in these muscles during postnatal 
development, are accompanied by alterations in the daily activity profiles. These alterations 
might represent an increased efficiency with food handling or developmental changes in 
oral behavior. Neuromuscular activation patterns are established early during development 
(Bekoff and Lau, 1980; Cazalets et al., 1990), long before the anatomical changes in the 
muscles are completed. However, it is known that the execution of functional motor 
behavior is constantly modified depending on factors such as muscular strength, peripheral 
feedback mechanisms, and effective synaptic input to the muscles (Navarrette and Vrbová, 
1993). These modifications might have contributed to the decreasing daily burst number 
observed in the present investigation. In addition, the daily activity profiles might have 
been influenced by the neuromuscular changes known to occur during maturation, such as 
decreasing dendritic input to the motoneuron pool of the muscles (Kernell, 1998), which 
increase the efficiency in timing and coordination of all musculoskeletal systems (Westerga 
and Gramsbergen, 1993; Muir, 2000). 
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Adaptation to altered masticatory function 
 

In the present study, the functional conditions of the masticatory system were varied by 
altering the masticatory load during growth and development. Altering the hardness of the 
available food in laboratory animals has been shown to reproducibly alter the functional 
load of jaw muscles (Kiliaridis and Shyu, 1988; Liu et al., 1998) and to induce changes in 
the demands of bite force and masticatory activity (Thomas and Peyton, 1983; Gorniak, 
1986). In addition to being more humane than other methods that have previously been 
used to modify masticatory function, such as denervating or resecting jaw muscles and 
extracting or grinding functioning teeth, this method has the advantage that effects of an 
altered function can be studied in an intact masticatory system (Kiliaridis, 1995). 

 
Activity profiles of jaw muscles 
 

Altering the food hardness has been demonstrated to change the neuromuscular activity of 
the jaw muscles during mastication (Agrawal et al., 1998; Peyron et al., 2002; Piancino et 
al., 2008). The electromyograpic study of the jaw muscles under different masticatory load 
described in Chapter 5 showed that the hardness of the ingested food has also an effect on 
the daily activity profiles of these muscles. Reducing the hardness of the diet caused a 
decrease in the duty times and burst numbers of the masseter muscle at low activity levels 
in the weeks after the change in food hardness. In contrast, the duty times and burst 
numbers of the temporalis and digastric muscles remained unchanged.  

These results suggest that the jaw muscles differ in the modification of their activity 
profiles in response to a reduction in masticatory load. This difference is most likely based 
on the function of these muscles during mastication. The masseter muscle elevates the 
mandible and generates occlusal force during the power stroke (Widmer et al., 2003) while 
the temporalis and digastric muscles stabilize and open the jaw, respectively (Weijs et al., 
1989). It appears that the experimental reduction in food hardness, and therewith the 
decrease in the force level necessary to crush the food, altered only the recruitment of the 
masseter muscle sufficiently to induce an adaptive response while leaving the recruitment 
of the temporalis and digastric muscles nearly unaltered. 

Not all activity parameters, i.e., duty time, burst number, and burst length, of the 
masseter muscle were affected by the alteration in masticatory functional load. The 
decrease in duty time and burst number in response to the reduction in food hardness 
contrasted with the constancy of the burst lengths. The burst lengths of rabbit jaw muscles 
have also been found invariable during postnatal development (van Wessel et al., 2006), 
despite the substantial anatomical changes occurring in these muscle in this period. 
Furthermore, in a study on nine genera of mammals, Ross et al. (2007) found that bite force 
modulation during mastication is mainly achieved by modulating the rate at which force is 
generated within a chewing cycle, and less so by varying temporal parameters. From these 
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findings it appears that, under physiologic conditions, the mean burst length of a muscle is 
largely unaffected by environmental changes and can be considered a relatively constant 
biological parameter.  

The alteration in the activity profile of the masseter muscle was most pronounced 
shortly after the reduction in masticatory load. The limitation of significant differences 
between the groups to the 2 weeks after the dietary change appears to imply that the effect 
of the dietary change was transient. However, this apparent transience might be the result of 
the slowly decreasing duty time and burst number in the control group, which over the time 
course of the experiment approached the values in the experimental group. Most likely, the 
neuromuscular system of the experimental animals also adapted to the functional change. 
This adaptation probably involved feedback from the muscle spindle systems, resulting in a 
sensitivity modification of the muscle with higher probability of action potential firing. In 
favor of this idea are studies suggesting that loading changes, even chronic ones, may lead 
to compensatory sensory inputs, without apparent changes in central circuitry (Carvalho 
and Gerstner, 2004).  

Changes in neuromuscular activity, similar to those found in the present investigation, 
have been observed after experimental inactivation of skeletal muscles. For example, there 
is a significant decrease in the daily activity levels in the extensor muscles when the 
hindlimbs of rats are unloaded (Alford et al., 1987; Ohira et al., 2002). Drastically reduced 
activity is a major factor in the atrophic response of muscles to immobilization (Fischbach 
and Robbins, 1969). A number of experimental studies have shown that reduced muscular 
activity can induce atrophic changes in the anatomical properties, such as transition towards 
faster, more fatigable fiber types and decrease in fiber cross-sectional area, in the affected 
muscles (Pette and Staron, 1997; Grossman et al., 1998). On the basis of this knowledge, it 
was hypothesized that the decrease in duty time and burst number of the masseter muscle 
had implications for the anatomical properties of this muscle. 

 
Phenotypic properties of muscle fibers 
 

In order to test the above hypothesis, the anatomical properties of the masseter, temporalis, 
and digastric muscles were studied by determining the myosin heavy chain (MyHC) 
composition and the corresponding cross-sectional area of their fibers (Chapter 6). The 
results of this study showed that the masseter muscle contained a high proportion of fibers 
expressing the MyHC isoform cardiac alpha in combination with either MyHC-I or  
MyHC-IIA. The functional significance of these hybrid fibers is based on their contractile 
properties, which lie between those of pure fibers (Larsson and Moss, 1993; Widrick et al., 
1996). For example, hybrid fibers co-expressing the MyHC isoforms I and cardiac alpha are 
faster than pure type I fibers but slower than pure type cardiac alpha fibers. It has been 
suggested that high proportions of hybrid fibers in muscles under steady-state conditions 
match specific functional demands (Korfage et al., 2005b). The greater the number of 
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different hybrid fibers, the more a continuum exists in contractile properties. In the 
masseter muscle, this continuum in contractile properties might contribute to a more precise 
modulation of mandibular position and occlusal force. Furthermore, the proportion of 
hybrid fibers is considered to be a reflection of the adaptive potential of a muscle because 
co-expression of MyHC isoforms is also a characteristic of fibers in transition from one 
pure fiber type to another (Stephenson, 2001; Pette, 2002). The high proportion of hybrid 
fibers in the rabbit masseter muscle under steady-state conditions might, therefore, be an 
indication of the large adaptive potential of this muscle, too. 

The experimental reduction in masticatory load caused significant changes in the 
MyHC composition and the cross-sectional area of some fibers in the masseter muscle, 
while leaving those of the temporalis and digastric muscles unchanged. These results 
suggest intermuscular differences in the adaptive response of the jaw muscles to the altered 
functional conditions. It appears that, despite a concerted use of muscles in the masticatory 
system, a particular experimental stimulus does not affect all jaw muscles in the same way. 
The disparity is most likely based on the different functions of the evaluated muscles during 
mastication as outlined above.  

In addition to the intermuscular differences in the adaptive response, the present 
investigation revealed differences in the adaptive response among the various fiber types in 
the masseter muscle. The reduction in masticatory functional load induced a significant 
decrease in the proportion and the cross-sectional area of fibers in the slow fiber 
compartment, most likely as a consequence of the frequency of their recruitment during 
chewing. Following the size principle (Henneman, 1981), small motor units with 
predominantly slow fibers are recruited at lower force threshold levels than the larger ones 
with faster fibers (Scutter and Türker, 1998). During mastication, which requires 
comparatively low forces (Langenbach et al., 2004), predominantly small motor units are 
recruited as their fibers are optimally suited for sustained generation of low force levels 
(Maxwell et al., 1980). It can be assumed that mainly the fibers of these motor units 
adapted their MyHC composition and cross-sectional area to the reduced masticatory 
functional load. 

These results support the conclusion that long-term decrease in masticatory function, as 
effected by reducing the dietary consistency, leads to selective disuse atrophy of the 
muscles that are less recruited as a consequence of the lower force level necessary to crush 
the food. It appears that these muscles adapt structurally to the reduced functional load with 
changes in the MyHC composition and cross-sectional area mainly within their slow fiber 
compartment. The less recruited fibers decrease their cross-sectional area and express faster 
MyHC isoforms, resulting in a decrease in the proportion of slow fibers in the muscle.  

Changes in the phenotypic fiber properties, similar to those observed in the present 
study, are typically found during experimental inactivation of skeletal muscles (Grossman 
et al., 1998; Oishi et al., 1998). These findings suggest that the changes in the MyHC 
composition and the cross-sectional area of the masseter muscle fibers in the present study 
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were related to the reduction in neuromuscular activity, too. It is conceivable that decreases 
in the proportion and the cross-sectional area of slow fibers might also occur in the jaw 
muscles of humans under conditions during which these muscles are inactivated or their 
activity is chronically reduced, such as sustained intermaxillary fixation (Ingervall et al., 
1979), chronic muscle pain (Svensson et al., 2004), or complete tooth loss (Raustia et al., 
1996). 

 
Neuromuscular activity and fiber-type composition 
 

It is generally accepted that neuromuscular activity is an important factor in modulating the 
phenotype of skeletal muscles. By employing experimental designs to perturb normal 
activity, such as chronic electrical stimulation, denervation, and immobilization, a number 
of studies have shown that altering the activity of a muscle can modulate its fiber-type 
composition (Hennig and Lømo, 1987; Ausoni et al., 1990; Pierotti et al., 1991; Roy et al., 
1991; Lewis et al., 1997; Grossman et al., 1998; Windsich et al., 1998). Yet, despite the 
consensus in this general point, the precise nature of the neuromuscular activity that 
induces changes in the fiber properties of skeletal muscles is not well understood. Based on 
studies relating the normal activity of human and feline limb muscles to their fiber-type 
composition (Monster et al., 1978; Kernell et al., 1998), it has been suggested that the 
relative duration of neuromuscular activity plays a critical role in modulating the 
phenotypic properties of muscle fibers. The proportion of slow fibers in rabbit jaw muscles 
was found positively correlated with the activity duration only for activations 
exceeding 30% of the maximum activity (van Wessel et al., 2005c). This observation has 
been used to argue that the activation above a threshold largely defines the phenotypic 
properties of muscle fibers and that only a few activations, which exceed this threshold, are 
responsible for maintaining or modulating the fiber-type composition of skeletal muscles. 

The experimental reduction in masticatory functional load in the present investigation 
caused a decrease in the relative duration of neuromuscular activity only at the lowest 
activity levels, while the relative duration at levels exceeding 20% of the maximum activity 
remained unchanged. The decrease in neuromuscular activity was paralleled by a decrease 
in the proportion and the cross-sectional area of slow-type fibers in the affected muscles. 
These results suggest that changes in the neuromuscular activity at low levels, too, can 
effectuate changes in the phenotypic fiber properties. Therefore, it is reasonable to assume 
that not only a few activations at a high level of activity are exclusively responsible for 
maintaining or modulating the fiber-type composition of skeletal muscles. Future 
experimental work, in which the fiber-type composition of the jaw muscles will be 
correlated to various parameters of neuromuscular activity, such as duty time, burst 
number, and burst length, at multiple levels of activation, may help corroborate this 
assumption and might provide a better insight into the influence of the neuromuscular 
activity on the phenotypic properties of skeletal muscles. 
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Degree and distribution of mineralization in the mandible 
 

Muscular contractions are the largest contributor to mechanical loading of bone (Lu et al., 
1997). The significance of muscle-generated bone loading is illustrated by the effect on the 
skeleton under conditions of increased or decreased muscle activity. For example, the loss 
of the normal physiologic loading after spinal cord injury causes rapid, severe bone loss in 
the paralyzed extremities of affected individuals, which can be counteracted by long-term 
electrical stimulation of muscles (Dudley-Javoroski and Shields, 2008). Further, 
intermittent mechanical loading generated by muscle contractions influences the degree of 
mineralization of bone (DMB, Lisková and Hert, 1971; Turner, 1998), which is mainly 
determined by the bone’s remodeling rate (Boivin and Meunier, 2002; Boivin et al., 2009). 
In general, more heavily loaded bone has a higher remodeling rate and is therefore less 
mineralized (Rubin and Lanyon, 1985; Cullen et al., 2001).  

Changing the functional activity of muscles alters the loading pattern of the bones to 
which they are attached. Experimentally changing the functional activity of the jaw muscles 
by reducing the hardness of the available food in the present study had no significant 
influence on the DMB of the mandible in areas that are loaded directly or indirectly by jaw-
muscle contractions (Chapter 7). These results differ from those of studies that completely 
eliminated the need for mastication (Kitagawa et al., 2004; Mavropoulos et al., 2004). 
Using this experimental approach, it has been shown that the drastic reduction in the 
mechanical loading of the mandible caused by this procedure can lead to disuse atrophy 
characterized by reduced rate of bone apposition (Yamada and Kimmel, 1991), lower bone 
mass (Bresin et al., 1999), lower alveolar bone density (Mavropoulos et al., 2004), and 
higher DMB in the mandible (Tanaka et al., 2007).  

The absence of significant changes in the DMB in response to reduced masticatory load 
in the present investigation suggests that the gentle loading of the mandible during 
mastication of food, which mimicked the compressive strength of soft foods normally eaten 
by humans (Yanagisawa et al., 1985), was sufficient exercise to prevent disuse atrophy. 
This is supported by the finding of another study (Xie et al., 2006) showing that low-level 
mechanical signals can inhibit osteoclastic activity in the growing skeleton. Although 
activities producing large strains in bone seem to be more anabolic than activities producing 
smaller strains (Lanyon, 1992; Fritton et al., 2000), it is accepted that low-magnitude 
strains can induce an osteogenic response, too (Cullen et al., 2001; Chen et al., 2008). 
Muscle contractions during normal activities load the relevant bones thousands of times per 
day. The strains generated by this loading, which consists mainly of numerous low-
amplitude events, are sufficient to develop and maintain a well-adapted skeletal structure 
with mechanical properties optimal for the required loading configuration (Fritton et al., 
2000; Rubin et al., 2002).  

Although the experimental reduction in functional loading did not significantly alter the 
DMB, it caused a more heterogeneous mineral distribution in cortical mandibular bone. 

8    G
eneral discussion 



 103 

Regional differences in the DMB of cortical bone have been reported for a number of 
species (Riggs et al., 1993; Loveridge et al., 2004; van Ruijven et al., 2007). This 
heterogeneous bone mineral organization has been attributed to regional differences in the 
magnitude and mode of strain brought about by mechanical loading (Skedros et al., 1994). 
The DMB largely determines the material properties of bone tissue, such as stiffness and 
strength. Any adaptive remodeling is thought to influence the bone tissue so as to achieve 
some mechanical advantage or to minimize material while maintaining a constant safety 
factor between peak functional stress and appropriate yield stress (Lanyon et al., 1979). 
Decreasing the DMB and thereby rendering the bone more elastic in some areas, such as 
the attachment sites of large muscles, might constitute an adaptive advantage as it allows 
more bending of the bone during muscle contractions. A higher DMB might be 
advantageous in areas that are mainly exposed to compressive forces as it renders bone 
stiffer, albeit more brittle. A higher mean DMB might also be found in areas in which the 
rate of bone formation is presently suppressed relative to the rate of bone resorption, 
reflecting the body’s endeavor to offer maximum mechanical resistance with a minimum of 
material needed to withstand the altered loading. 

Adaptive responses depend on timing, duration, and intensity of a given stimulus. In 
the present investigation, the experimental stimulus, i.e., the reduction in masticatory load, 
induced significant changes in the phenotypic properties of the less recruited jaw muscles, 
but did not cause significant changes in the DMB of the less loaded mandibular bone. 
Studies using similar experimental stimuli have shown that reducing the mechanical 
loading of the mandible during growth and development can be effective in increasing the 
DMB in the mandible (Tanaka et al., 2007). It seems, therefore, unlikely that the timing or 
the duration of the stimulus were ineligible to induce an adaptive change in the DMB of 
mandibular bone. However, it is possible that the stimulus was not sufficiently intensive to 
effectuate significant changes in the mandibular DMB. The remodeling rate of mandibular 
bone, which is the main determinant of its DMB, might be under stronger genetic control 
and less easily influenced by environmental factors than the phenotypic properties of the 
jaw muscles. For this reason, a more intensive stimulus might be required to induce 
changes in the DMB of the mandible. Taken together, these considerations lend support to 
the idea that different intensities of a given stimulus might be necessary to modify the 
properties of muscular and skeletal craniofacial tissues. 
 
Clinical implications 
 

It is recognized that results from animal studies must be interpreted with due caution and 
may not be uncritically extrapolated to the human situation. Nevertheless, the mechanisms 
controlling the phenotypic properties of muscular and skeletal tissues in animals and 
humans are very similar, which entails that genetically determined tissue properties are 
modified by environmental factors. The present investigation has shown that altering the 
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functional environment of the masticatory system can induce adaptive responses in the 
system’s muscular and skeletal compartments. 

In clinical dentistry, the functional environment of the masticatory system is altered in 
various ways, for example by extraction of teeth, prosthetic rehabilitation, and orthodontic 
correction of malocclusions. The extraction of teeth is known to decrease the 
neuromuscular activity of jaw muscles (Tallgren et al., 1986; Tallgren and Tryde, 1991), 
bite force level, and chewing efficiency, resulting in a significant reduction in masticatory 
function (Fontijn-Tekamp et al., 2000). The results of the present study suggest that this 
reduction in masticatory function might cause atrophic changes in the anatomical properties 
of the less recruited jaw muscles, such as smaller cross-sectional areas and faster MyHC 
types of their fibers. This idea is supported by the finding of another study (Maxwell et al., 
1980) showing that the long-term adaptive changes following complete tooth removal in 
rhesus monkeys included a shift in the fiber-type composition of their jaw-closing muscles 
towards a higher proportion of fast fibers.  

The preservation of a residual dentition seems to prevent marked changes in the 
anatomical properties of the jaw muscles (Tallgren et al., 1986). It has been shown that the 
cross-sectional areas of the jaw-closing muscles in subjects wearing dentures supported by 
a small number of teeth were comparable to those of subjects with a natural dentition 
(Newton et al., 2004). The retention of teeth and sufficient prosthetic rehabilitation, and 
therewith the preservation of normal masticatory function, appear to prevent atrophic 
changes in the jaw muscles.  

Orthodontic correction of malocclusions, too, may influence the function and structure 
of tissues in the masticatory system. For example, the masseter muscles of subjects with 
mandibular laterognathism are smaller (Goto et al., 2006) and generate less myoelectric 
activity during functional use (Ingervall and Thilander, 1975; Ferrario et al., 1999) on the 
deviated side than on the non-deviated side. The size difference is thought to be the 
physiologic result of the different level of bilateral activity (Kiliaridis et al., 2007). The 
orthodontic correction of the lateral displacement of the mandible seems to eliminate the 
underlying reason for the different levels of activity as no bilateral differences in the 
thickness of the masseter muscles were found several years after successful correction of 
the laterognathism (Kiliaridis et al., 2007). It appears that the associated normalization of 
the masticatory function initiates an adaptive process in the masticatory system, resulting in 
an increase in neuromuscular activity and thickness of the masseter muscles on the formerly 
deviated side. On the basis of the results of the present investigation, which suggest that 
changes in the neuromuscular activity, even at low levels, can effectuate changes in the 
phenotypic fiber properties, it is reasonable to assume that the adaptive response of the 
masseter muscles includes an increase in the proportion and cross-sectional area of their 
slow-type fibers, too. Considering the relatively high protein turnover rate in skeletal 
muscles (Baldwin and Haddad, 2002), the adaptive changes in the phenotypic fiber 
properties might be completed within a few months after the normalization of the 
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masticatory function. Moreover, the results of the present study provide reason to believe 
that the effect of the so altered muscle function on the DMB of mandibular bone, if any, 
will be minimal. 

In summary, the above suggests that clinical interventions in dentistry, which alter the 
masticatory function, may influence the physiological and anatomical properties of the 
tissues in the masticatory system, especially those of the jaw muscles. Interventions 
associated with reduced masticatory function may cause selective disuse atrophy in the 
affected muscles while interventions recovering masticatory function may increase 
neuromuscular activity, fiber cross-sectional area, and proportion of slow fiber types in the 
muscles involved. It appears that the phenotypic properties of the jaw muscles are more 
easily influenced by environmental factors than those of mandibular bone, which seems to 
manifest changes only in response to more drastic alterations in masticatory function. 

 
Conclusions and outlook 
 

The results of the present investigation support the conclusion that long-term reduction in 
masticatory functional load contributes to selective disuse of the jaw muscles that are 
primarily responsible for occlusal force generation during mastication. The less recruited 
muscles seem to adapt to the altered mechanical environment by reducing their daily 
neuromuscular activity and decreasing both the proportion and the cross-sectional area of 
their slow fibers. The associated alteration in the loading pattern during mastication may 
not strongly influence the DMB of the mandible in areas in which muscle contractions load 
mandibular bone directly or indirectly; it might, however, induce a more heterogeneous 
mineral distribution.  

The studies described here warrant further detailed work on the adaptation of muscular 
and skeletal tissues in the masticatory system to altered functional conditions. A particular 
aspect of interest is the investigation of the effect of long-term reduction in masticatory 
functional load on the anatomical properties of other jaw muscles, such as the medial and 
lateral pterygoid muscles. Furthermore, it would be interesting to explore other 
characteristics of mandibular bone, such as cell kinetics and remodeling rate, in response to 
altered masticatory function. The results of these investigations may further extend 
available knowledge on the structure-function relationship of craniofacial muscular and 
skeletal systems. 

8    G
eneral discussion 



 

 



 107 

Chapter 

Summary 
 
 

 
 
 
The ability of the masticatory system to adapt to varying functional requirements enables its 
normal function under changing environmental conditions. The purpose of this work was to 
study the function and properties of jaw muscles under varying functional conditions, and 
to investigate the consequences of their actions on osseous components of the masticatory 
system.  

As demonstrated by long-term intramuscular electromyography in a rabbit model, the 
habitual activity profiles of various jaw muscles differed significantly only during 
activations exceeding 50% of the maximum activity, suggesting that jaw-opening muscles 
and jaw-closing muscles contribute to a similar extent to postural and phasic activities. The 
duty time, i.e., the relative duration of activity, of all jaw muscles studied varied over the 
course of the day, indicating a circadian pattern of muscle use. The diurnal variation of the 
duty time was caused mainly by changes in the number of activity bursts. Altering the 
functional load of the masticatory system by reducing the hardness of the available food 
significantly decreased the daily duty time and burst number of the masseter muscle at 
activity levels that reflect muscle contractions during chewing. This decrease was most 
pronounced in the 2 weeks following the change in food hardness. By contrast, the mean 
burst length remained unchanged. Immunohistochemistry revealed that the changes in 
neuromuscular activity were accompanied by a decrease in proportion and cross-sectional 
area of fibers co-expressing the myosin heavy chain isoforms I and cardiac alpha. In 
contrast, altered food hardness did not significantly influence the activity profiles or fiber 
properties of the superficial temporalis and digastric muscles. The degree of mineralization 
of mandibular bone, as assessed by micro-computed tomography in areas that are loaded 
directly or indirectly by jaw-muscle contractions, did not differ between experimental and 
control animals. However, it differed significantly among the areas evaluated in the animals 
that had been fed a soft diet. 

The results are consistent with the concept that long-term reduction in masticatory 
functional load contributes to selective disuse resulting in functional and structural 
adaptation of the jaw-closing muscles that are primarily responsible for force generation 
during mastication. This adaptation is reflected in decreased neuromuscular activity, fiber 
cross-sectional area, and percentage of slow fibers. The associated alteration in the loading 
pattern during mastication may not strongly influence the degree of mineralization of 
mandibular bone, but might induce a more heterogeneous mineral distribution. 
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Samenvatting 
 
 

 
 
 
Het vermogen van het kauwstelsel om zich aan verschillende functionele belastingen aan te 
passen stelt het in staat om normaal te functioneren onder veranderende omstandigheden. 
Het doel van dit onderzoek was om de werking en de eigenschappen van de kauwspieren 
onder variërende functionele omstandigheden te bestuderen en te onderzoeken wat het 
effect van verschillende spieractiviteiten is op het kaakbot.  

Elektromyografische metingen van de kauwspieractiviteit bij konijnen toonden aan dat 
de habituele activiteitenpatronen van de kauwspieren alleen significant verschilden op 
niveaus hoger dan 50% van de maximale activiteit. Dit suggereert dat de kaakopenende en 
de kaaksluitende spieren in gelijke mate bijdragen aan houdingsactiviteiten en gefaseerde 
activiteiten. De “duty time”, ofwel de relatieve duur van de activiteit, varieerde bij alle 
bestudeerde spieren in de loop van de dag. Dit wijst op een circadiaans patroon in 
spiergebruik. De variatie in “duty time” werd voornamelijk veroorzaakt door veranderingen 
in het aantal pieken van spieractiviteit. Verandering van de functionele belastingen door het 
aanbieden van zachter voedsel leidde in de twee daaropvolgende weken bij de m. masseter 
tot een significante afname van de dagelijkse “duty time” en van het aantal activiteitspieken 
op niveaus die passen bij kauwen. De gemiddelde duur van de activiteitspieken bleef echter 
onveranderd. Immunohistochemie wees uit dat de veranderingen in de neuromusculaire 
activiteit gepaard gingen met een afname van het aandeel en van de dwarsdoorsnede van 
spiervezels die de zware myosine ketens I en cardiac alpha bevatten. Zachter voedsel bleek 
daarentegen de activiteitenpatronen en de vezeleigenschappen van de m. temporalis 
superficialis en de m. digastricus niet significant te beïnvloeden. Met behulp van micro-
computertomografie werd aangetoond dat de mineralisatiegraad van het onderkaakbot, 
gemeten in gebieden die direct of indirect worden belast door contracties van kauwspieren, 
niet verschilde tussen de experimentele en controlegroep. In de groep van dieren die zacht 
voedsel hadden gekregen werden echter wel significante verschillen in mineralisatiegraad 
tussen de geëvalueerde gebieden aangetoond. 

De resultaten steunen het concept dat langdurige belastingsvermindering in het 
kauwstelsel bijdraagt aan selectieve inactiviteit, leidend tot functionele en structurele 
aanpassing van de kaaksluitende spieren die de belangrijkste bijdrage leveren aan de 
kauwkracht. Deze aanpassing komt tot uiting in afgenomen neuromusculaire activiteit, een 
lager percentage en kleinere dwarsdoorsnede van trage spiervezels. Het hieraan gepaard 
gaande veranderde belastingspatroon kan de mineralisatiegraad van de onderkaak niet sterk 
beïnvloeden maar zou kunnen leiden tot een meer heterogene mineralisatieverdeling. 
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