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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. 
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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. 
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