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Abstract

Abstract
Masseter muscle structure and function have been implicated in the development of 

extremes of vertical facial form (VFF), Long Face Syndrome (LFS) and Short Face 

Syndrome (SFS). The overall aims of this project were to investigate the 

relationship between masseter muscle structure and VFF and to establish whether 

certain structural features related to an adaptive response in the muscle.

Masseter muscle biopsies were collected from 38 consenting adults and categorised 

into LFS (n=13), Normal VFF (n=15) and SFS (n=10), according to an objective 

cephalometric assessment developed using machine-learning techniques. The 

mRNA and protein expression of six myosin heavy chain (MyHC) isoforms were 

analysed quantitatively using Northern and Western analyses. Protein expression 

was analysed qualitatively using immunohistochemistry. The dental occlusion was 

analysed and the number of occlusal contacts was totalled. Statistical analysis of the 

data was performed using multivariate multilevel modelling (MLwiN). The 

promoter region of the perinatal MyHC gene was investigated using the pSEAP2 

reporter vector transfected into C2C12 cells.

The statistical modelling demonstrated that the most important determinant of 

masseter muscle structure was the occlusion. The VFF of a subject appeared to alter 

the adaptive response of the masseter muscle to changes in the occlusion, with the 

SFS individuals reacting differently from the LFS and Normal VFF individuals. The 

perinatal MyHC demonstrated a strong inverse relationship with the occlusion. The 

promoter region of the perinatal MyHC gene resided in a 2kb segment upstream of 

the start of the 5’ coding region. This region contained a consensus myogenin 

binding site.

In conclusion, the occlusion is a major determinant of masseter muscle structure, 

although the VFF of an individual has a strong effect on the adaptive response of the 

muscle. The MyHC isoform most associated with the occlusion was the perinatal 

MyHC, one of the main activators of which is myogenin.
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Chapter 1: Literature Review

The facial form of an adult human is determined by the pattern and extent of facial 

growth during development. An understanding of facial growth is imperative for 

orthodontists as deviations from an ideal growth pattern not only affect facial form, 

but also prevent the development of a normal dentition. The pioneer of modem 

orthodontics, Edward Angle, believed that facial deformity and malocclusion were a 

reflection of improper jaw function. Jaw function is determined by the muscles of 

mastication. Muscle function and, more recently, muscle structure have been 

investigated with respect to their relationship to facial form. However, a definitive 

association has not been proven reliably and further research in this field is 

necessary before the role of the muscles of mastication in facial growth and the 

development of facial form can be established.

Facial Growth

Facial growth occurs in three planes, anteroposterior (AP), vertical and transverse, 

and it is this that determines the facial shape and characteristics (facial form) of an 

individual. Facial form is of great importance in every day human interactions as it 

allows easy recognition, portrays feelings and emotion and is often an important 

feature in the attraction of a suitable mate. Unfortunately, people whose facial and 

dental appearance differs significantly from the average for the particular ethnic 

group and sex suffer in terms of other peoples’ perceptions. It has been well 

documented that individuals with prominent chins are viewed as aggressive, where 

as individuals with prominent front teeth are often portrayed as being of below 

average intelligence, as are individuals with elongated faces which prevent the lips 

from coming together at rest (Shaw et al, 1980; Shaw, 1981; Shaw et aL, 1985). 

One of the main questions that has occupied the thoughts of researchers into facial 

growth for many years relates to whether the major determinant of facial growth is 

genetic inheritance or the environment. For clinicians treating subjects with 

problems related to aberrant facial growth, it is essential, in terms of being able to 

predict treatment outcome, to have an answer to this question. However, as yet, an 

unequivocal answer remains elusive.
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Chapter 1: Literature Review

Many studies into the heritability of facial and dental characteristics have used 

comparisons between monozygotic twins, dizygotic twins and ordinary siblings. 

However, studies of this nature are problematical, not only because it can be difficult 

to establish zygosity, but it may also be difficult to establish that both halves of a 

twin pair were subjected to exactly the same environmental conditions. A summary 

of a number of twin studies concluded that approximately 40% of dental and facial 

variation may be attributed to hereditary factors, with anteroposterior facial form 

having a higher level of inheritance than vertical facial form (VFF) (Lundstrom,

1984). However, a separate research group have argued that, once unsuspected 

environmental differences between twin pairs have been accounted for, the 

heritability of some dental characteristics is almost zero (Corruccini and Potter, 

1980). A longitudinal analysis on same-sex siblings, who participated in a growth 

study, indicated that craniofacial form was inherited and the degree of inheritance 

increased with age whereas the inheritance of dental features decreased with age and 

was almost zero in adulthood (Harris and Johnson, 1991). However, no difference in 

the extent of heritability between AP and VFF was noted. The authors also 

emphasised the possibility of overestimating the affect of genetics in sibling studies 

due to the effects of the shared environment during childhood (Corruccini and 

Potter, 1980). One facial characteristic that does show a particularly high level of 

inheritance is that of mandibular prognathism. In one study, 33% of a group of 

children who presented with a severe Class III malocclusion had a parent with the 

same problem and 16% had an affected sibling (Litton et aL, 1970).

Comparisons of the craniofacial and dental features between modem populations 

and populations that lived hundreds of years ago, and also between populations that 

live in industrialised countries and those living in underdeveloped countries, indicate 

that malocclusion is a feature of modem society. However, much of this increase in 

malocclusion is due to dental rather than skeletal factors (Corruccini, 1984). In 

those studies that have concentrated on facial shape, most of the differences between 

populations are seen in the ramus of the mandible (Humphrey et aL, 1999; Luther, 

1993; Varrela, 1992) with older and less urbanised populations having significantly 

broader and taller rami and, hence, increases in posterior face height. These 

differences have been attributed to differences in masticatory function due to a 

change from a coarse diet in older and mral populations to the softer diet of modem
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industrialised society (Corruccini, 1984; Corruccini and Whitley, 1981). 

Interestingly, it is also the mandible and posterior face heights (ramus height) that 

have been noted as being the most variable feature in studies on the genetic 

inheritance of facial form (Lobb, 1987; Lundstrom and McWilliam, 1987; 

Lundstrom and McWilliam, 1988).

Differential growth in anterior and posterior face heights is significant because of the 

association with a particular aspect of facial growth patterning, mandibular growth 

rotations (Bjdrk, 1969; Houston, 1988). Mandibular growth rotations were first 

described by Bjork (1955), following his pioneering implant studies, as a 

phenomenon of normal facial growth. In 80% of individuals the rotation is directed 

in an upward and forwards direction - anterior growth rotation. In the remaining 

20% of individuals the rotation is directed in a downward and backward direction - 

posterior growth rotation (Bjork and Skieller, 1972). The amount of anterior growth 

rotation that occurs between the ages of 4 years and adulthood is approximately 15° 

(Bjork and Skieller, 1972) and is thought to arise due to there being a slightly greater 

increase in posterior face height over anterior face height during this time (Bjork, 

1969; Houston, 1988). In some individuals, there is an extreme forward rotation as a 

consequence of there being significantly more growth of the posterior face height 

than the anterior face height. However, the reverse is true in posterior rotators where 

the growth of the posterior face height is less than the anterior (Bjork, 1969; 

Houston, 1988). Extremes of growth rotation have been established as playing an 

aetiological role in the development of extremes of vertical facial form, but they also 

make a large contribution to the AP facial form (Bjork, 1969; Sassouni, 1969).

Vertical Facial Growth

The implant studies and the concomitant discovery of mandibular growth rotations 

dramatically enhanced the interest in vertical facial growth and vertical facial form 

(VFF). A number of different researchers analysed the typical facial and 

cephalometric characteristics of the two extremes of VFF, each one being described 

via a number of specific characteristics (Bishara and Augspurger, 1975; Isaacson et 

aL, 1971; Nahoum, 1971; Sassouni, 1969; Sassouni and Nanda, 1964; Schendel et 

aL, 1976; Schudy, 1964; Subtelny and Sakuda, 1964; Wylie and Johnson, 1952; 

Opdebeeck and Bell, 1978). The terms Long Face Syndrome (LFS) (Schendel et aL,
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1976) and Short Face Syndrome (SFS) (Opdebeeck and Bell, 1978) were introduced 

to categorise subjects who displayed a number of these specific characteristics, 

although some researchers had previously commented that it would be erroneous or 

extremely difficult to “facial type” or categorise individuals in this manner (Bishara 

and Augspurger, 1975; Nahoum, 1971). The specific characteristics for each 

extreme of VFF are:

Long Face Syndrome

• Long, narrow face

• Large anterior face height due to increase in lower anterior face height

• Short mandibular ramus and posterior face height

• Divergent mandibular, occlusal and maxillary planes

• Excessive show of upper anterior teeth and a “gummy” smile

• Increased maxillary and mandibular dental heights

• Reduced overbite or anterior open bite

• Posterior growth rotation of the mandible

Short Face Syndrome

• Short, broad face

• Small anterior face height due to decrease in lower anterior face height

• Long mandibular ramus and posterior face height

• Almost parallel mandibular, occlusal and maxillary planes

• Decreased show of upper anterior teeth and a “toothless” smile

• Decreased maxillary and mandibular dental heights

• Deep overbite

• Extreme forward growth rotation of the mandible 

The above characteristics are demonstrated in Figure 1.
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Antero-posterior Dimension

Vertical
Dimension

1. Maxillary plane

2. Mandibular plane

3. Ramus height

4. Posterior face height

5. Gonial angle

6. Overbite

7. Lower anterior face height

8. Anterior face height

9. Anterior growth rotation

10. Posterior growth rotation

Figure 1: Clinical and radiographic characteristics used in the description of facial form
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There have been a number of different theories on the aetiology of mandibular 

growth rotations and, hence, the cause of extremes of VFF, encompassing both 

genetic and environmental aetiology. Research interest has concentrated on the role 

of chronic airway obstruction and/or mouth breathing and the function/structure of 

the masticatory musculature.

Chronic airway obstruction has undergone extensive research with respect to the 

development of LFS (Linder-Aronson, 1970; Linder-Aronson, 1979; Ricketts, 1968; 

Fields et al., 1991; McNamara, 1981). It was postulated that, in order to breathe 

with a nasal obstruction such as enlarged adenoids, allergic rhinitis or a deviated 

nasal septum, the mouth is held in an open position with no contact between the 

teeth and a lowering of tongue position. Therefore, the teeth have little impedance 

to eruption. This allows dentoalveolar structures to grow more than the ramus 

causing a backward rotation of the mandible and increasing the lower anterior face 

height. However, the size of the nasal airway has been reported to not differ 

significantly between subjects with normal VFF and LFS, despite the LFS exhibiting 

a reduced component of nasal breathing (Fields et al., 1991). Alleviation of chronic 

nasal obstruction by adenoidectomy in subjects with LFS resulted in the “majority” 

of patients returning to a more normal vertical form over a period of time (Linder- 

Aronson, 1979; McNamara, 1981). However, only 26% of the mouth-breathers 

exhibited features of LFS initially (Linder-Aronson, 1979). Unfortunately, the 

majority of the work in this area suffers from the lack of suitable control groups and 

no comparisons have been made with an unoperated control group with increased 

vertical dimensions. Therefore, it is not possible to say whether the changes in VFF 

were a feature of normal development or were a consequence of nasal obstruction 

removal.

Head posture, in relation to the cervical vertebrae, has also been thought to 

contribute to posterior mandibular growth rotations (Solow et al., 1984; Solow and 

Kreiborg, 1977; Solow and Siersbaek-Nielsen, 1986; Solow and Siersbaek-Nielsen, 

1992; Solow and Tallgren, 1976). It has been shown that subjects who carried their 

heads in an extended position relative to the cervical vertebrae exhibited many of the 

features of LFS and had a small bony nasopharyngeal space. It was thought that a 

small nasopharyngeal space could lead to difficulty in breathing through the nose, 

the head being extended to maximise nasal breathing. However, as mentioned
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above, differences in bony nasopharynx size between LFS and SFS individuals have 

not been demonstrated convincingly (Fields et al., 1991). Increased extension of the 

head caused stretching of the soft tissues of the neck, many of which attach to the 

mandible. The stretched soft tissues rotated the mandible downwards and 

backwards, initiating the features of LFS. However, although all the above studies 

exhibited some association between VFF, growth rotation and head posture, by the 

authors’ own admission, the correlation coefficients fell in the “low - moderate” 

range with values of 0.3 to 0.6 for only eight out of 36 structural points measured on 

lateral skull radiographs (Solow and Siersbaek-Nielsen, 1992).

The above theories may help to explain the development of LFS, but do not resolve 

the issue with repect to SFS. Therefore, the emphasis has turned towards the role of 

the facial musculature and, in particular, the muscles of mastication, in the 

development of mandibular rotations and vertical facial form.

Specific interest in the role of the masticatory musculature in the development of 

VFF was first initiated by the demonstration of differences in electromyographic 

(EMG) activity of the masseter muscles between patients with differing VFF 

(Ahlgren, 1966) and significant differences in bite force (Sassouni, 1969). The 

influence of muscle structure and function on the form of the muscle’s bony 

attachments had been known for many years and the original ideas of Wolff were 

developed in relation to craniofacial growth to form the “Functional Matrix Theory” 

(Moss, 1964; Moss and Rankow, 1968; Moss and Young, 1960). This theory was 

that the form of the cranial vault and facial bones are related to their functions, and 

the size and shape of the bones are reflections of extrinsic environmental factors. 

Each bone in the skull could be divided into several functional units consisting of the 

skeletal unit (bones) and the functional matrix (tissues, organs and spaces) 

associated with it. The functional matrices themselves could be divided into 

periosteal and capsular matrices. The periosteal matrix (muscles) was responsible 

for transformation in size and shape whilst the capsular matrix (brain, orbital 

structures, oral, nasal and pharyngeal cavities) caused translation of the bone in 

space. Although the “Functional Matrix Theory” is valid in relation to the growth of 

the cranial vault (brain) and orbit (eye), and is also valid to some extent in the 

mandible (muscular and dento-alveolar processes), it is difficult to reconcile this

26



Chapter 1: Literature Review

theory with the growth of the maxilla (Johnston, 1976) as the increase in size of the 

oral and nasal cavities was reported to be the capsular matrix for the maxilla. 

However, in terms of VFF, many researchers have stated that the differences in 

facial form between LFS, SFS and Normal VFF are concentrated below the 

maxillary plane and mainly involve the position, size and shape of the mandible 

(Schudy, 1964; Subtelny and Sakuda, 1964; Wylie and Johnson, 1952). As stated 

previously, this is also where the differences in facial shape between different 

populations are manifested (Humphrey et a l, 1999; Varrela, 1992).

Cases with considerable muscle activity, as measured by EMG, were characterised 

by a rectangular shape of the face and a small lower anterior face height with 

parallel jaw bases (Ingervall and Thilander, 1974). These findings were confirmed 

when two groups of adults were studied, one group having double the bite force of 

the other (Ingervall and Helkimo, 1978). It was noted that those subjects with a 

strong bite force had an anterior inclination of the mandible, a smaller anterior face 

height and larger posterior face height, a small gonial angle and parallelism between 

the occlusal plane and the mandibular plane (Ingervall and Helkimo, 1978). They 

also exhibited a much more homogenous facial morphology than the subjects with 

weak masticatory musculature (Ingervall and Helkimo, 1978). Subjects with LFS 

have been demonstrated to have maximum bite forces that are two to three times less 

than those generated in controls (Houston, 1988; Profflt et a i, 1983). It was 

postulated that one of the reasons for this was that weak muscles led to decreased 

occlusal forces that, in turn, allowed the teeth to erupt further, causing the mandible 

to rotate backwards. However, when differences in maximum bite force were 

investigated in normal and LFS children no significant differences were found 

(Profflt and Fields, 1983). As the bite forces in the children were similar to those in 

LFS adults, the authors concluded that children who develop the LFS pattern stop 

gaining strength in the mandibular elevator muscles whilst children with normal 

vertical dimensions develop considerably more strength in their muscles as they 

mature. They argued that, as features of LFS were present before the development 

of differences in occlusal forces, the decreased bite force must be secondary to the 

development of LFS and not the cause of it.

However, studies on rats and humans that investigated the affect of dietary 

consistency on bite force and mandibular and facial growth have indicated that
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changes in muscle function can influence facial growth (Ingervall and Bitsanis, 

1987; Kiliaridis et al., 1985; Kiliaridis et al, 1995; Kiliaridis and Shyu, 1988). In 

growing rats fed a soft diet, there was an increase in lower anterior face height, an 

increase in occlusal/mandibular planes angle and decreased apposition of bone at the 

gonial angle compared to a control group fed the usual hard diet (Kiliaridis et al.,

1985). These changes were attributed to the observed decrease in masseter muscle 

tension in the experimental group (Kiliaridis and Shyu, 1988). In the reverse of this 

rat study, a group of nine year old children developing LFS were asked to chew a 

tough type of gum (Mastix) for two hours per day for one year (Ingervall and 

Bitsanis, 1987). During that time a gradual increase in bite force was recorded. 

There was also a significant decrease in the anterior cranial base to mandibular plane 

angle and the maxillary to mandibular planes angle. A significant increase in 

overbite was noted and 75% showed an anterior growth rotation of 2.5° compared to 

an average of 1° in controls. The authors concluded that the marked anterior growth 

rotation was due to the increase in muscle strength as demonstrated by the increase 

in bite force. A further study using Mastix gum indicated that the masticatory 

muscles could be trained in order to increase the bite force in a very short period of 

time. The gum was chewed for one hour per day and a significant increase in bite 

force was observed after only two weeks and continued to increase until the end of 

the experimental period at four weeks (Kiliaridis et al., 1995). Interestingly, the 

subjects with the weakest initial bite force had the largest increase in bite force 

during the experiment. It has been argued that, because there is a much greater 

uniformity of facial form between SFS subjects than between either Normal VFF or 

LFS subjects (Ingervall and Helkimo, 1978), there needs to be a specific level of 

muscle activity in order for there to be an epigenetic effect on facial form. If these 

thresholds are not reached, then facial form is much more variable (Kiliaridis, 1995).

Research also was undertaken on the effect of the different orientations of the 

muscles of mastication that were seen in subjects with differing VFF. A two- 

dimensional lever model of the mandible was devised in order to calculate the 

mechanical advantage of the masseter and temporalis muscles (Throckmorton et al., 

1980). The authors’ calculations showed that SFS subjects had a significantly 

increased mechanical advantage of the masseter muscle over LFS subjects and it was 

postulated that impacting the maxilla during orthognathic surgical procedures would
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increase the mechanical advantage of the masticatory muscle in LFS subjects. 

However, studies that have investigated the change in mechanical advantage that 

occurs following surgery have indicated that these are small and do not relate to 

changes in bite force (Profflt et al, 1989). Also, more recently, differences in size 

(masticatory muscles have smaller cross sectional areas (CSAs) in LFS subjects) and 

moment arms of the masticatory muscles between Normal VFF and LFS were 

shown to not fully explain the observed differences in bite force between these two 

groups (van Spronsen et al, 1992; van Spronsen et a l, 1996). It was suggested, 

therefore, that LFS subjects had an intrinsic muscle weakness (van Spronsen et al,

1996).

In all of the above research linking VFF with muscle activity, it is difficult to 

separate cause from effect. However, this is not so in subjects suffering from 

muscular pathology, where the associated muscle weakness is the primary event. 

Interest has centred around the facial form seen in subjects with one of the muscular 

dystrophies or myotonic dystrophy. Despite differences in pathogenesis between 

these different diseases, the sufferers develop an extreme form of LFS (Eckardt and 

Harzer, 1996; Houston et al, 1994; Kiliaridis et a l, 1989; Kiliaridis and Katsaros, 

1998; Kreiborg et al, 1978; Profflt et al, 1968). Muscular dystrophies are a group 

of genetically determined, painless, degenerative myopathies marked by muscular 

weakness and atrophy without nervous system involvement. Myotonic dystrophy is 

also genetically determined and is a rare, slowly progressive disease marked by tonic 

spasm of the muscles followed by muscular atrophy. It can have a relatively late 

onset, with the face and neck muscles being particularly affected, and, because of 

this, myotonic dystrophy is extremely interesting in terms of VFF. The features of 

LFS are more extreme in subjects with early onset of the disease and LFS features 

may be the first sign of the disease in late-onset cases (Kiliaridis et a l, 1989).

Therefore, evidence has accumulated to suggest an association between weak 

masticatory musculature and the development of LFS, and strong masticatory 

musculature and the development of SFS, in otherwise healthy individuals. 

However, it is the confirmation from the study of pathological cases that has 

highlighted the potential significance of the structure and function of skeletal 

musculature in the development of extremes of VFF.
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Skeletal Muscle

Skeletal muscle forms the largest organ in the body and its structure and function are 

intimately associated. It is a highly adaptable tissue, the adaptation operating 

through the modification of existing cells rather than the generation of new cells. As 

with VFF, the role of genetic influence and the environment in the determination of 

muscle structure is an area of very active research.

Structure of skeletal muscle

The basic structural unit of every striated muscle is the multinucleated muscle fibre 

consisting of numerous different proteins, both contractile and non-contractile. The 

contractile proteins are arranged in a precise manner, forming striated myofibrils 

from repeated units, the sarcomeres, arranged in series. Four contractile proteins 

make up the thin and thick filaments of the myofibril; actin, tropomyosin and 

troponin form the thin filament and myosin forms the thick filament. Associated 

with the contractile proteins are a number of other proteins that act to support the 

contractile proteins and anchor them in a specific position. Each contractile protein 

belongs to a multigene family and exists as a number of different isoforms, each of 

which can be a product of a single gene (myosin heavy chain) or may be products of 

the same gene formed by alternative splicing (troponin sub units). Muscle 

contraction is instigated by the thick filaments sliding over the thin filaments, so 

shortening the length of the sarcomeres and, hence, the muscle fibre. The energy 

required for muscle contraction is derived from the breakdown of ATP and the 

ATPase enzyme that catalyses this reaction is located on the myosin molecule near 

to the actin binding site (reviewed in Pette and Staron, 1997; Schiaffmo and

Reggiani, 1994; Schiafflno and Reggiani, 1996).

Myosin is a hexameric molecule comprising two myosin heavy chains (MyHC) 

(molecular mass 220kd), and two pairs of myosin light chains (MyLC) (molecular 

mass 17-23kd) (Schiaffmo and Reggiani, 1994). X-ray crystallography has allowed 

the structure of myosin to be determined (reviewed in (Ruppel et ah, 1995). The

MyHC consists of an NH% terminal globular head region, a flexible neck region

consisting of an a-helical coil to which the MyLCs are attached and the rod region 

which consists of an a-helical coiled coil. The two MyHC are wound together in
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the rod region, but are separated in the neck and head region. It is the head region 

that contains the ATP cleavage site and the actin binding site in close proximity to 

each other and transduces the chemical energy of ATP hydrolysis into the 

mechanical energy which powers muscle contraction. It has been shown that one of 

the two surface loops in the head region, that shows significant divergence in amino 

acid sequence between mammalian sarcomeric MyHCs, is important for determining 

the ATPase activity and the velocity of shortening (Uyeda et a l, 1994).

The MyLCs consist of two pairs, the essential or alkali MyLCs and the regulatory 

MyLCs, and there are a number of different genes and, hence, isoforms for each 

type, although only one of the genes is alternatively spliced (reviewed in (Schiaffmo 

and Reggiani, 1994). It has been known for many years that the speed of muscle 

contraction is dependent upon the activity of the ATPase enzyme (Bârâny, 1967) 

and originally it was thought that the MyLCs had no effect on contraction speed. 

However, when the effect of different combinations of MyHCs and MyLCs on 

contraction speed was investigated it became apparent that the shortening velocity, 

under certain conditions, was influenced by the MyLCs, especially the 

essential/alkali MyLC isoform found in the fastest contracting fibres (MyLC 3f) 

(Reiser et al., 1985). When it was realised that MyLC phosphorylation and cation 

binding caused conformational change of the MyLC/MyHC interaction (Sweeney 

and Stull, 1990) it was postulated that the essential MyLCs may take part in the 

myosin interaction with actin and that the sensitivity to cation binding and 

phosphorylation may act as a fine modulator of muscle performance. However, 

although the MyLC content of a fibre appeared to influence fibre maximum 

shortening velocity at zero load, it did not affect maximum power output, isometric 

force generation and shortening velocity at greater than zero load (Bottinelli and 

Reggiani, 1995).

Therefore, as myosin constitutes approximately 60% of skeletal muscle contractile 

proteins (Lowey, 1985 cited in Dunn and Michel, 1999), and the MyHC contains 

both the actin binding site and the myosin ATPase site and is the major determinant 

of fibre contraction speed and force generation, isoforms of myosin heavy chain 

have figured prominently in studies of determinants of contractile properties in 

muscle.
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Typically, skeletal muscle fibres have been categorised as fast or slow on the basis 

of contractile speed, acid or alkaline sensitivity of myosin ATPase activity, myosin 

isoform composition (as determined by gel electrophoresis or by immunoreactivity 

to antibodies specific for MyHC isoforms), mitochondrial and glycolytic enzyme 

activity or combinations of these methods (reviewed in Pette and Staron, 1990). 

While it is possible to generally classify fibres as either slow or fast based on 

contractile speed, and fibres correspondingly have appropriate distributions of 

myosin isoforms (Gauthier and Lowey, 1979), it is now recognised that several 

myosin isoforms may be expressed in a given fibre simultaneously (Reiser et al, 

1985; Staron and Pette, 1986). Therefore, the currently held opinion is that muscle 

fibres form a continuum with respect to contractile speed and expression of MyHCs 

and that fibres containing purely one type of myosin isoform are simply a part of this 

continuum (Moss et al., 1995).

However, in order to appreciate the terminology that is still in use to describe muscle 

fibres, and to have some understanding of how the investigations into fibre structural 

and functional diversity have evolved, it is useful to have an historical perspective.

Originally, three main types of fibre were described based on contraction speed, 

fatigue resistance and metabolism (Brooke and Kaiser, 1970):

Type I: slow contracting, very fatigue resistant, oxidative metabolism

Type Ila: fast contracting, fatigue resistant, oxidative/glycolytic metabolism

Type lib: fast contracting, fatigues easily, glycolytic metabolism.

The contraction speed relates to the time taken to reach maximum tension following 

stimulation and is dependent on the activity of the ATPase enzyme (Bârâny, 1967). 

Fatigue sensitivity is assessed by the ability of the fibre to continue to achieve 

maximum tension after repeated stimulation (Burke et al., 1971). It is related to the 

type of fibre metabolism. A fibre with an oxidative metabolism has a large number 

of surrounding capillaries and is able to continue to oxidase substrate to produce 

energy. Therefore, oxidative fibres are relatively fatigue resistant. However, once 

the glycogen stores have been depleted in a fibre with a glycolytic metabolism, no
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further energy sources are available, due to the lack of surrounding capillaries, 

(Burke et a l, 1971) and the fibre is fatigued quickly.

The force that a fibre can generate during contraction is determined by both its size 

or cross sectional area (CSA) and the MyHC content of the fibre. The greater the 

CSA of a given fibre type, the greater the force generation during contraction (Saltin 

and Gollnick, 1983). Type I fibres produce less force per unit area than do the type 

II fibres, both Ila and Ilb, the force levels being 0.6, 2.2 and 2.5 kg/cm^ respectively 

(Burke et a l, 1973). The fibre CSA that is seen in the adult animal is determined by 

the work load of the muscle, the nutrition and the particular breed of animal, 

indicating a genetic influence in the determination of fibre CSA.

The number and type of fibres involved in a contraction depend upon the demand 

placed on a particular muscle, with Type I fibres recruited for slow continuous 

contractions such as maintenance of posture and Type II fibres recruited for 

contractions of short duration. All the fibres of a particular motor unit are of the 

same type (Nemeth et al., 1981) with there being a specific order of motor unit 

recruitment during muscle contraction. Motor units containing Type I fibres are 

recruited initially with motor units containing Type II fibres being activated as the 

force requirements of the muscle contraction increase (Tansey and Botterman,

1996).

More recently, some important modifications have been made to the classification of 

Brooke and Kaiser regarding Type II fibres. The existence of a third major fast fibre 

was initially proposed after it was discovered that of the two fast contracting fibres 

found in canine skeletal muscle, one was Ila and the other was neither Ila nor lib, 

both having an oxidative/glycolytic metabolism (Snow et al., 1982). Further work 

by other researchers (Bar and Pette, 1988; Schiaffmo et al., 1988; Schiaffmo et al., 

1989) has confirmed the presence of a third Type II fibre, with properties 

intermediate between those of Ila and lib. This fibre type has been termed IIx 

(Schiaffmo et al, 1989). In human skeletal musculature, it has recently been shown 

that the predominant fibre types are I, Ila and IIx, the lib fibre not being detected 

(Ennion et al., 1995; Smerdu et al., 1994).
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Using the ATPase method of fibre classification, two minor subsets of fibres were 

demonstrated (Brooke and Kaiser, 1970). The lie fibre has properties between those 

of type I and type II fibres, but more closely associated with Ila. The intermediate 

(IM) fibre also has staining properties between those of type I and II fibres but was 

thought to be rarely seen in human skeletal muscle. However, another major change 

in the thinking on muscle fibre typing is the realisation that lie and IM fibres are 

commonly seen in the fibres of muscles that have undergone a change in the 

functional demands such as endurance training or limb immobilisation. This is 

important, as one of the original reasons that the masseter muscle generated interest 

amongst muscle researchers was the fact that the lie and IM fibres were almost 

always present in this muscle. It is now apparent that the masseter is in no way 

unique with regard to the presence of lie and IM fibres (see Chapter 3). However, 

histochemical staining methods are only able to demonstrate the average fibre types 

or sum of activity at a particular pH (Billeter et al., 1981; Staron, 1991) and 

significant advances in the understanding of the role of these fibres types were made 

with the advent of investigations into the myosin heavy chains (MyHCs).

Myosin heavy chain isoforms

The speed at which a fibre (muscle) contracts is directly proportional to the activity 

of the myosin ATPase enzyme (Bârâny, 1967) and it was apparent that more than 

one isoform of myosin was present in each muscle, each isoform having a different 

ATPase activity (Gauthier and Lowey, 1977; Gauthier and Lowey, 1979). 

Furthermore, it was demonstrated that the ATPase reaction was determined by the 

MyHC component (Billeter et al, 1981) and that the shortening velocity of a fibre 

was highly correlated with the MyHC composition (Reiser et al., 1985). Also, it 

was discovered that muscle fibres were not homogenous with respect to the 

constituent MyHC isoforms (Billeter et al., 1980) and that the expression of the 

MyHC isoforms varied along the length of the fibre (Staron, 1991).

The generation of antibodies raised against MyHC isoforms has enhanced the 

understanding of fibre type composition and a combination of techniques have 

revealed the presence of at least ten different MyHC isoforms in mammalian skeletal 

muscle (Table 1).
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The late identification of the IIx MyHC compared to the other isoforms has caused 

confusion with respect to which MyHC isoform is actually expressed in the 

particular fast fibres. However, it has now been established that in small mammals, 

e.g. mice and rats, the lib isoform is the main MyHC in the lib fibres, with IIx in the 

IIx fibres, Ila in the Ila fibres and p-cardiac in the type I fibres. In larger mammals, 

e.g. cows and humans, the expression of lib MyHC isoform has never been detected 

and what were originally designated as lib fibres contain the IIx MyHC isoform 

(Ennion et al., 1995; Smerdu et al., 1994). It was postulated that, because of the 

much larger size of humans in comparison with rats and rabbits, there is no necessity 

for an isoform with a contraction speed as great as that of the lib isoform and, 

therefore, it is not expressed (Ennion et al, 1995). Unfortunately, the original 

terminology still persists and many papers continue to refer to Ila and lib fibres in 

human muscle. Another complication in correctly identifying MyHCs is that certain 

antibodies raised against various MyHCs react differently against the same MyHC in 

different species (Lucas et al., 2000). This has led to misidentification in the past, 

especially of the adult fast isoforms.

The expression of the a-cardiac MyHC was originally considered to be limited to 

cardiac muscle (Lompré et al., 1984). However, improvements in the sensitivity of 

detection techniques have revealed that the expression of the a-cardiac isoform, at 

least at the mRNA level, is regularly seen in muscle undergoing phenotypic 

transition (Peuker et al., 1998; Peuker and Pette, 1995). It has been postulated that 

this isoform is expressed during muscle adaptation as fibres change from expressing 

Ila MyHC to p-cardiac MyHC and vice versa. One skeletal muscle that has been 

reported to regularly express the a-cardiac MyHC protein is the masseter muscle 

(see Chapter 3) (Bredman et al., 1991; Pedrosa et al., 1992; Sciote et al., 1994; Stâl 

et al., 1994). Possible explanations for the high incidence of expression in the 

masseter were given as the difference in embryological origin (branchial arch as 

opposed to somites) and innervation (cranial compared with spinal) from somitic 

skeletal muscles (Bredman et al., 1991). This isoform is not expressed in the 

masseter muscle pre-natally (Pedrosa et al., 1992).

Another isoform that has a wider range of expression than was originally thought is 

the perinatal MyHC. Although this is the predominant isoform expressed in foetal
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and neonatal muscle, in humans the expression of this isoform decreases post partum 

until it becomes undetectable in somitic muscle from between two weeks to six 

months after birth (Fitzsimons and Hoh, 1981; Sartore et aL, 1982; Soussi- 

Yanicostas et al, 1990; Webster et al., 1988). However, it is re-expressed in 

degenerating and regenerating muscle fibres (Fitzsimons and Hoh, 1981; Sartore et 

aL, 1982; Webster et aL, 1988), in fibres undergoing disuse atrophy following 

unweighting of a limb or space flight (Dunn and Michel, 1997) and also in fibres 

that have been subjected to stretch (Loughna et aL, 1990; Morgan and Loughna, 

1989). The perinatal MyHC isoform is frequently expressed in the masseter muscle 

of healthy adult subjects, leading to the suggestion that the maturation of the 

masseter muscle was retarded in comparison with somitic skeletal muscle (Butler- 

Browne et aL, 1988; Soussi-Yanicostas et aL, 1990) (see Chapter 3).

Both the a-cardiac and the perinatal MyHC isoforms are expressed in the so-called 

IM fibres and, occasionally, in the lie fibres (Stâl et aL, 1994). It is possible that 

there are also small amounts of these isoforms present in other fibre types although 

their presence is undetectable using ATPase staining (Butler-Browne et aL, 1988). 

The presence, routinely, of both of these isoforms in the adult human masseter 

generated much discussion as to the “uniqueness” of the masseter compared to other 

skeletal muscles. The more recent discoveries of a more widespread expression of 

both the a-cardiac and perinatal MyHC isoforms in transforming skeletal muscle 

would indicate that the masseter muscle, rather than differing inherently from other 

muscle, is actually subject to very varying functional demands that keep it in a state 

of perpetual isoform transition (see Chapter 3).
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MyHC isoform Expression Properties Initially detected by References

a-cardiac atria (large mammals)
ventricles and atria (small mammals) intermediate contraction speed PAGE

PAGE
Hoh et al., 1978; Schwartz et 
al, 1981

P-cardiac
ventricles (large mammals) 
embryonic heart 
slow skeletal muscle

slow contractile speed, fatigue 
resistant, oxidative metabolism

PAGE

ISH

Lompré et a l, 1984; Schwartz et 
al, 1981

embryonic embryonic muscle fast contracting, but slower than 
adult fast isoforms

IHC
PAGE

Whalen et a l, 1979; Whalen et 
al, 1981

perinatal foetal and neonatal muscle, 
regenerating and degenerating fibres

fast contracting, but slower than 
adult fast isoforms

IHC, PAGE
PAGE. immunofluorescence, 
ATPase

Fitzsimons and Hoh, 1981; 
Sartôre et a l, 1982; Whalen et 
al, 1979; Whalen er a/., 1981

lia mature muscle, fast fibres fast contracting, fatigue 
resistant, mixed metabolism

ATPase staining 
PAGE Billeter e/a/., 1981

IIx mature muscle, fast fibres faster contracting, less fatigue 
resistant, mixed metabolism

PAGE, IHC, 

ISH, RTPCR

Bar and Pette, 1988; Ennion et 
al, 1995; Schiaffmo et a l, 
1988; Smerdu e/a/., 1994

lib mature muscle, fast fibres (small mammals) 
NOT detected in large mammals

fastest contracting, fatigue 
sensitive, glycolytic metabolism

ATPase staining, IHC, 
PAGE

Billeter e/a/., 1981

extra-ocular extra-ocular and laryngeal muscles extremely fast contracting PAGE Wieczorek et a l, 1985

super-fast masseter muscle of carnivores and primates very fast contraction speed. ATPase, IHC Rowlerson e/a/., 1983

slow-tonic muscle spindles, amphibians and birds slow, sustained contraction Immunofluorescence Bormioli et a l, 1980

Table 1: Mammalian MyHC isoforms: expression patterns, physical properties, and detection

(PAGE -  polyacrylamide gel electrophoresis, ISH -  in situ hybridisation, IHC -  immunohistochemistry, RTPCR -  reverse transcriptase polymerase chain reaction
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MyHC isoform variation arises from the existence of multiple MyHC genes. These 

genes form two multigene clusters located on two different chromosomes, 

chromosomes 14 and 17 in the human (Leinwand et aL, 1983; Nguyen et aL, 1982); 

(Saez et aL, 1987; Smerdu et aL, 1994; Weiss et aL, 1999; Yoon et aL, 1992). The 

first human MyHC genes to be located and sequenced were the two cardiac MyHC 

isoforms on chromosome 14 (Mahdavi et aL, 1982; Saez et aL, 1987; Yamauchi- 

Takihara et aL, 1989) from which it became apparent that the p-cardiac MyHC 

expressed in cardiac muscle and the slow skeletal MyHC were products of the same 

gene (Lompré et aL, 1984; Saez et aL, 1987; Yamauchi-Takihara et aL, 1989). 

Further work has identified and sequenced the human genes for embryonic (Eller et 

aL, 1989; Karsch-Mizrachi et aL, 1989), perinatal (Feghali and Leinwand, 1989; 

Karsch-Mizrachi et aL, 1990), Ila (Ennion et aL, 1995), IIx (DeNardi et aL, 1993; 

Smerdu et aL, 1994), extra-ocular (Wieczorek et aL, 1985), and lib (Weiss et aL, 

1999). These six genes are located on chromosome 17, although a product of the lib 

gene has yet to be detected in human skeletal muscle. Genes for the superfast 

MyHC found in the masseter of carnivores and primates (Rowlerson et aL, 1983) 

and for the slow tonic MyHC found in amphibian and bird muscles have not been 

identified in humans, although a slow tonic like MyHC has been identified in human 

muscle spindles (Bormioli et aL, 1980).

It is thought that the gene clusters arise from a single ancestral MyHC gene and have 

evolved from this. Some genes, the embryonic, p-cardiac and extra-ocular are 

thought to have arisen significantly earlier than the others. There is a high level of 

conservation in the nucleic acid sequence between different genes and between 

different species with the highest degree of conservation seen in the exons with more 

diversity in the introns and 3’ untranslated region (Nguyen et aL, 1982). The 

homology between the same MyHC genes in different species is greater than the 

homology between different MyHC genes in the same species (Saez and Leinwand, 

1986; Weiss and Leinwand, 1996).

Although the other contractile proteins expressed in skeletal muscle do not form 

multigene clusters, they do exhibit a large degree of alternative splicing to produce a 

number of different products from the same gene. Originally, the MyHC genes were 

not thought to undergo alternative splicing, but the a-cardiac gene has been reported
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to have two products differing by 5 amino-acids at the 3’ end (Lompré et a l, 1984). 

Also, the extra-ocular MyHC gene has two products that differ at the 5’ end (Briggs 

and Schachat, 2000). Three different p-cardiac gene products have been reported in 

a number of species during development, but only one product is seen in the mature 

animal. These different products are thought to arise due to post-translational 

modification (Chen et aL, 1997; Hughes et aL, 1993; Maggs et aL, 2000).

Muscle development

The muscular system develops from the paraxial mesoderm lying alongside the 

developing notochord, via the somites, and from the mesoderm lying alongside the 

developing mid and hind brain (for branchial arch derived musculature). The 

muscle precursor cells, the myoblasts, migrate towards the sites of future muscle 

formation. Once at these sites, they proliferate and then differentiate by aligning and 

fusing to form multinucleated myotubes which form the future muscle fibres.

The muscle precursor cells can be separated into three distinct groups; embryonic 

and foetal myoblasts and satellite cells (Vivarelli et aL, 1988). Muscle fibres form 

in two phases related to the embryonic and foetal myoblasts, namely primary fibres 

and secondary fibres respectively (Ashmore et aL, 1972; Kelly and Zacks, 1969). 

Although it was originally thought that primary fibre formation was nerve 

independent whilst secondary fibre formation was nerve dependent (Harris et aL,

1989), it has since been shown that limited secondary fibre formation may occur in 

the absence of innervation (Condon et aL, 1990). More recent work has 

demonstrated that, once primary fibres have formed, many proliferating cells 

surround them and, hence, it was postulated that the primary fibres are a source of 

mitogens for undifferentiated myoblasts, stimulating them to differentiate into 

secondary fibres (Cusella-de Angelis et aL, 1994). Once the muscle fibres have 

been formed, there is no increase in fibre number during growth and the muscle size 

increases as body size increases by hypertrophy of the existing fibres (Goldspink, 

1983; Saltin and Gollnick, 1983).

Embryonic and foetal myoblasts are not present in the mature animal and the only 

myogenic precursor cells found in adult muscle are the satellite cells. These cells 

are situated at the periphery of the muscle fibres, below the basal lamina, and remain
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quiescent until stimulated to proliferate. They then fuse with existing fibres to 

increase fibre CSA during post-natal growth or regenerate new fibres following 

muscle injury (Edom et aL, 1994). In adult muscle, satellite cells are reported to 

make up 4% +/- 2% of the total nuclei (Schmalbruch and Hellhammer, 1976). The 

addition of satellite cells to muscle fibres undergoing hypertrophy is thought to 

maintain the nuclear/cytoplasmic ratio (Saltin and Gollnick, 1983). Very recently, a 

fourth population of myoblasts has been reported in humans (Edom-Vovard et aL, 

1999). These are present and are most numerous at 7 weeks in utero. They 

differentiate, as indicated by their expression of myogenin (see Chapter 6) and 

embryonic MyHC, but they do not fuse. Their precise role in muscle development 

has not been identified.

Much of the experimental work performed to determine the developmental sequence 

of MyHC expression in the primary and secondary fibres has used laboratory rats. 

In these animals, all newly formed primary myotubes express slow and embryonic 

MyHCs (Harris et aL, 1989). Soon after, except for the myotubes in predominantly 

slow muscles, the primary myotubes begin to express perinatal MyHC. 

Subsequently, they express fast or slow MyHCs depending on their position in the 

muscle. In the deep region of the muscle, in close association with the skeletal 

elements, the fibres are more involved with maintenance of posture and, therefore, 

they continue to express slow MyHC isoforms (Ashmore et aL, 1972; Hughes and 

Blau, 1992). The secondary myotubes initially express embryonic and perinatal 

MyHCs, but not slow MyHC, with subsequent expression of fast isoforms. In slow 

muscles the secondary myotubes start to express slow MyHC within a few days 

(Harris et aL, 1989). These results confirmed the earlier work of Butler-Browne and 

Whalen (Butler-Browne and Whalen, 1984) who had postulated the following 

MyHC developmental sequence for secondary fibres:

Slow Slow Slow

/  /Embryonic ----------- ► Perinatal ----------- ► Fast

This sequence of MyHC expression during myogenesis and muscle development has 

also been recorded in humans (Cho et aL, 1993).
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Determination of fibre type

What actually determines the specific fibre profile in the mature muscle has been, 

and still is, the subject of much debate and scientific investigation. Two main 

hypotheses have been proposed:

1. Fibre type is determined by the specific lineage of myoblasts which fuse to form 

the fibre (intrinsic or genetic control)

2. Fibre type is determined by factors outside the fibre, viz., innervation, hormones 

and/or muscle activity (extrinsic or environmental control).

In vitro experiments using satellite cells from chicken muscle have demonstrated the 

presence of heterogeneous populations of myoblasts (Miller and Stockdale, 1986; 

Miller and Stockdale, 1989). Each separate population was responsible for forming 

a specific type of fibre - the myogenic lineage theory (intrinsic control). 

Transplantation of myoblasts from cat masseter, which expresses the superfast 

MyHC, into another muscle, which does not normally express this isoform, 

demonstrated that the transplanted myoblasts continue to express a program 

characteristic of their muscle of origin, thereby supporting the lineage theory (Hoh et 

al, 1988). However, early in vitro work on mouse and rat models did not support 

this theory. In these animals, embryonic and foetal myoblasts appeared homogenous 

in their expression of MyHCs (Vivarelli et al, 1988) and transplanted myoblasts in 

rats, marked by retroviruses, contribute progeny to all fibre types (Hughes and Blau,

1992). However, more recent work would indicate that heterogeneity of satellite 

cells does exist in the mouse (Rosenblatt et aL, 1996) and that late foetal myoblasts 

are intrinsically committed to producing fast fibres (Sutherland et aL, \99\). To 

date there is no evidence for different satellite cell lineages in humans (Mouly et aL,

1993).

Initial investigation into the role of extrinsic control involved cross-innervation 

experiments. These have demonstrated that innervating a slow muscle with a fast 

motor neurone produced a fast phenotype and vice versa (Duller et aL, 1960). Motor 

neurones to a predominantly slow muscle have a sustained low frequency activity 

(tonic), whereas those to a predominantly fast muscle have intermittant bursts of
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more intense activity (phasic). If the nerves to a slow muscle were damaged, the 

phenotype took on the features of a fast muscle (Buller et aL, 1960). To rule out the 

influence of trophic factors from the nerves, chronic stimulation experiments were 

conducted on denervated muscle (Salmons and Sreter, 1976). Chronic low 

frequency stimulation converted a fast muscle into one with the characteristics of a 

slow muscle. Therefore, muscle fibre type was thought to be determined by the type 

of nerve by which it was innervated. However, work on the role of innervation has 

found that both primary and secondary fibres are able to generate in anneural 

muscles, indicating that fibre genesis per se is not nerve dependent (Condon et aL,

1990). It was suggested that, rather than being the determinants of fibre type, the 

motor neurones selectively innervate compatible fibre types during development 

(Condon et aL, 1990; Hughes and Blau, 1992).

There is evidence that innervation is necessary for the maturation of slow muscles 

(Bandman, 1985) and the initial expression and maintenance of expression of the 

slow (p-cardiac) MyHC (Gunning and Hardeman, 1991; Miller and Stockdale, 

1986). Investigations into the regeneration of innervated and non-innervated 

muscles in the rat have indicated that, although the p-cardiac mRNA was 

upregulated as the slow soleus muscle began to regenerate, in the non-innervated 

muscles the mRNA was not translated into protein and the muscle developed a fast 

profile (Sutherland et aL, 1993). More recent work (discussed further in Chapter 6) 

has further elucidated the role of innervation in determination of fibre type with the 

intracellular calcium levels that are regulated by the specific type of neuronal 

activity playing an important role (Dunn and Michel, 1999; Esser et aL, 1999); 

(Delling et aL, 2000). There are also binding sequences for specific proteins found 

in the promoter regions of the genes coding for slow contractile proteins that are not 

found in the genes of fast contracting proteins. These DNA sequences bind proteins 

that are activated by signalling cascades induced by the sustained low levels of 

calcium that are a response to tonic neuronal activation or chronic low frequency 

stimulation (Chin et aL, 1998; Delling et aL, 2000; Dunn and Michel, 1999; Esser et 

aL, 1999).

Postnatal MyHC transitions from slow to fast have been associated with an increase 

in circulating levels of the thyroid hormone, tri-iodothyronine (T3). A
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pathologically or experimentally induced increase in the circulating levels of T3 

causes a precocious transition from developmental to adult MyHC isoform 

expression that is independent of innervation (d'Albis and Butler-Browne, 1993; 

Izumo et aL, 1986; Russell et aL, 1988). The expression of the fast MyHC isoforms 

is increased in both cardiac muscle, where there is a shift of expression from p- 

cardiac to a-cardiac MyHC, and skeletal muscle, although the effects vary between 

different isoforms and between different muscles (Izumo et aL, 1986; Lompré et aL, 

1984; Russell et aL, 1988). These events are reversed if levels of circulating T3 are 

reduced to below normal with a shift towards an increased expression of the slower 

MyHC isoforms and a delay in muscle maturation during development. Therefore, 

although each MyHC gene responds to variations in T3 levels, the overall response 

is tissue specific (Izumo et aL, 1986). These findings are indicative of extrinsic 

regulation of MyHC expression and recent developments have shown that the 

isoform specific response to T3 is determined by the presence of thyroid hormone 

response elements (TRE) in the promoter regions of the MyHC genes (Lee et aL,

1997) and by differential expression of thyroid hormone receptors (White and 

Dauncey, 1999; Yu et aL, 2000) (See Chapter 6 for further discussion).

As the research on the determination of fibre type has progressed, it has become 

increasingly apparent that the intrinsic and extrinsic theories are not mutually 

exclusive. A large number of different research teams have now commented on the 

likelihood that there is specific range of fibre types and MyHC expression for each 

muscle type within a certain species and that this has been determined by the initial 

predisposition of myoblasts. However, this expression can be modified by the 

environment (Cho et aL, 1993; DiMario et aL, 1993; Gunning and Hardeman, 1991; 

Hoh et aL, 1988; Madgwick et aL, 1995; Rosenblatt et aL, 1996; DiMario and 

Stockdale, 1997; Dunglison et aL, 1999; Hughes, 1999; Robson and Hughes, 1999). 

It is now thought that slow MyHC expression in primary fibres is intrinsically 

controlled, as is the expression of embryonic, perinatal and fast MyHC expression in 

the secondary fibres. However, the expression of slow MyHC in secondary fibres is 

determined by environmental influences (Cho et aL, 1993). Two completely 

separate, but very similar, studies undertaken with retroviral cell markers in the rat 

in vivo found that embryonic myoblasts contributed to primary fibres which 

expressed slow MyHC whereas both foetal and adult myoblasts contributed to fibres
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that expressed both slow and fast MyHCs (Dunglison et aL, 1999; Hughes, 1999). It 

was considered that myoblasts that form fibres of a specific type in vitro may signify 

the “default” expression prior to modification by extrinsic factors (Dunglison et aL,

1999) or that certain myoblasts or “founder” myoblasts determine the fibre type and 

then influence the MyHC expression of those myoblasts that fuse to the fibre at a 

later stage (Hughes, 1999). Further work on this latter theory, using mouse 

myoblast clones which expressed the slow MyHC placed into chick developing limb 

buds, has shown that the mouse myoblasts merged with either slow or fast fibres and 

then changed their MyHC expression accordingly. However, the myoblast MyHC 

expression sometimes changed prior to fusion with the fibres, indicating that local 

signals, distinct from those acting within the specific fibre, had caused the change 

(Robson and Hughes, 1999).

Muscle adaptation

The ability of the muscle fibre to be modified by extrinsic factors allows skeletal 

muscle to adapt to a wide range of differing functional and metabolic requirements. 

Although slow muscles, by definition, have slower contraction speeds than fast 

muscles, there are no differences in isometric tension in mice between slow and fast 

twitch muscle. However, fast twitch muscle has a significantly greater maximum 

power output. The power generated by a muscle is a product of the contraction 

force and contraction velocity. Relative velocity (VA^max) at which maximum 

power is maintained is a key parameter in defining the mechanical properties of a 

muscle. Muscles operate within the same narrow range of V/Vmax independently of 

temperature, suggesting that this ratio is an important constraint in defining the 

operation of muscles in vivo. It is thought that changes in muscle contractile 

proteins observed during development or in response to functional demands may be 

an adaptive response to shift shortening velocity so that the muscle continues to 

operate in a range of V/Vmax at which power output is maximal (Moss et aL, 1995).

Much of the earlier research undertaken to investigate adaptive changes in skeletal 

muscle was hampered by the insensitivity of the ATPase staining method to subtle 

changes in MyHC isoform expression and the lack of knowledge regarding the 

number and type of MyHC isoforms. Progress has been much more rapid since the
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introduction of antibodies raised against specific contractile proteins, and the 

MyHCs in particular. Another problem with research in this area is the lack of a 

suitable experimental model which accurately and reliably simulates the functional 

stimulus under investigation. Due to ethical considerations, much of the 

experimental work has been performed on animal models, mainly rats and mice, the 

results of which cannot always be extrapolated directly to the human situation. 

Indeed, human muscle fibre type and MyHC transitions have been demonstrated to 

take place over a much longer time period than the transitions seen in smaller 

mammals (reviewed in Talmadge, 2000). However, despite these shortcomings, 

muscle adaptation has been an extremely popular research topic.

Some of the earlier work was performed on the vastus lateralis muscle in human 

subjects, needle biopsies being taken before and after a period of endurance training 

(Andersen and Henriksson, 1977; Jansson et aL, 1978; Jansson and Kaijser, 1977). 

When comparing fibre types using the ATPase staining method it was found that 

there was an increase in Ila to lib ratio, there were more Ila fibres and also more lie 

fibres in the muscles of trained athletes. Intermediate, lie or “mixed” fibres were 

also found to be common in muscles that had undergone long-term mechanical 

stimulation, in developing muscles and in the muscles of athletes in training 

schedules (Billeter et aL, 1980). A more recent study on humans has indicated that, 

after a training period, approximately 11% of fibres are intermediate compared to 

3% for control sedentary subjects (Andersen and Schiaffmo, 1997). From this it 

would appear that the original assertion of Brook and Kaiser (Brooke and Kaiser, 

1970), that intermediate and lie fibres were rare in healthy human adult muscle, is 

not strictly the case. Indeed, the identification of the third fast MyHC isoform (IIx) 

in humans suggested that most of the type II fibres found in human muscle were, in 

fact, hybrid fibres (Smerdu et aL, 1994) and another study identified 40% of human 

muscle fibres as being hybrid fibres (Ennion et aL, 1995).

It has been established that transitions in MyHC isoform expression due to changes 

in functional stimulus follow an ordered sequence which could proceed in either 

direction, depending on the stimulus (Aigner et aL, 1993; Staron, 1991). Increased 

electrical and/or mechanical input, e.g. chronic low frequency stimulation or 

mechanical overload, caused a shift towards a more oxidative and slower contracting 

phenotype. Decreased electrical and/or mechanical input, e.g. denervation, limb
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unweighting or immobilisation, produced a shift towards a more glycolytic 

metabolism and faster contracting phenotype (reviewed in Talmadge, 2000).

chronic low frequency stimulation, 
lib  4 —  ̂ IIx 4 —  ̂ Ila 4 —  ̂Type I

denervation, immobilisation,

unweighting

The above sequence has been observed in all animal models studied to date, 

although in larger animals, including humans, the sequence terminates at IIx. Both 

the MyHC protein and the mRNA follow the same sequence. The length of the 

stimulus is important as the half-life of MyHC mRNA has been determined as being 

2-3 days (rat and human (Jaschinski et aL, 1998)) with the half-life of the protein 

being 2-3 weeks in humans, but 11 to 14 days in rats (Jaschinski et aL, 1998). 

Mismatch between the mRNA expression, as determined by ISH, and protein 

expression, as determined by IHC, is an indication of a fibre undergoing transition 

(Andersen and Schiaffmo, 1997). Originally it was reported that the p-cardiac and 

IIx proteins were never expressed together within a fibre in humans, although both 

could be co-expressed with the Ila MyHC protein (Ennion et aL, 1995; Smerdu et 

aL, 1994). However, an increasing number of studies have shown that these two 

isoforms may be expressed together without the presence of Ila MyHC in fibres 

transforming due to decreased electrical activity/mechanical load in humans 

(Andersen et aL, 1999) and rats (Bamman et aL, 1999; Connery et aL, 2000; Dunn 

and Michel, 1999).

More recently, the a-cardiac mRNA has been reported as being expressed during the 

transition from Ila to p-cardiac expression and vice versa in the rabbit (Peuker et aL, 

1998; Peuker and Pette, 1995). In this series of studies, the a-cardiac mRNA was 

seen to be co-expressed with either Ila mRNA or p-cardiac mRNA. Occasionally, 

the mRNA of all three isoforms was detected in the same fibre, but the Ila and P- 

cardiac mRNA were not seen to be co-expressed in the absence of the a-cardiac 

mRNA. The a-cardiac MyHC protein was only transiently expressed and was never 

a major isoform. The same group commented that in the rat, the amount of a- 

cardiac mRNA expressed during p-cardiac to Ila transitions was reduced in 

comparison to the rabbit, leading the authors to conclude that there are species 

differences in the way that, at least some of, the MyHC isoforms are transformed
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(Stevens et aL, 1999). However, other workers had reported a tripling of the number 

of fibres co-expressing P-cardiac and a-cardiac MyHC following overloading of rat 

plantaris muscle (Dunn and Michel, 1997) and have also shown a paralysis 

dependent expression of a-cardiac MyHC in both EDL and soleus fibres (Michel et 

al, 1996).

Although much of the research into MyHC isoform changes has investigated the 

adult isoforms, a small number of studies have also determined the expression of the 

developmental isoforms during fibre transitions. The results of these studies 

indicated that these MyHC isoforms were co-expressed with a number of different 

adult isoforms during unweighting of a muscle (Fauteck and Kandarian, 1995), 

denervation (Michel et aL, 1996; Schiaffmo et aL, 1988), overload (Dunn and 

Michel, 1997; Roy et aL, 1997), paralysis (Dunn and Michel, 1999; Michel et aL,

1996) and limb immobilisation in a stretched position (Loughna et aL, 1990). 

However, in this last study, no developmental MyHCs were detected in muscle from 

limbs that had been immobilised but not stretched (Loughna et aL, 1990), which 

differs from the conclusions of the other studies. In denervated muscle and 

paralysed muscle in rats, developmental MyHCs were expressed in fibres co

expressing the Ila MyHC (Dunn and Michel, 1999; Schiaffino et aL, 1988) or Ila 

and IIx MyHCs (Dunn and Michel, 1999), although, an earlier study had shown an 

increase in developmental isoform expression in all fibre types in rat EDL muscle 

due to paralysis (Michel et aL, 1996). However, expression of the developmental 

isoforms under these conditions was eliminated by causing muscle contraction 

elicited via an electrode, encouraging the authors to conclude that specific types of 

muscle activity could prevent the expression of the developmental isoforms (Dunn 

and Michel, 1999). A more recent study has indicated that there are minimal 

differences between different muscle types and fibre types in terms of 

developmental MyHC isoform expression in response to muscle paralysis in rats 

with approximately 80% of all fibres containing developmental MyHC isoforms 

after 4 weeks of paralysis (Cormery et aL, 2000). In the above studies, reduction in 

muscle function was associated with muscle fibre atrophy and a reduction in muscle 

size and weight, although in overloaded muscle, the developmental MyHCs are co

expressed with p-cardiac and Ila MyHC mRNA in hypertrophied fibres (Roy et aL,

1997). The expression of developmental MyHCs in stretched muscle (Loughna et
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aL, 1990) is thought to be due to the addition of sarcomeres to the ends of the 

muscle fibres which then undergo the usual developmental series of MyHC 

expression from developmental isoforms to adult isoforms (Rosser et aL, 1995).

It has now been established that up to four different MyHC isoforms may be 

expressed at the same time in a single fibre in transforming muscle (Cormery et aL,

2000). These hybrid fibres have also been shown to remain in the muscle for at least 

a year following the transformation (Bamman et aL, 1999). Interestingly, until 

recently, it had been considered that the existence of hybrid fibres expressing up to 

four different MyHC isoforms (Korfage et aL, 2000; Monemi et aL, 1999; Stâl et aL,

1994) was a characteristic peculiar to masseter muscle.

As well as adapting to the changes in functional demand mentioned above, muscle 

fibre profile also changes in response to ageing and sex hormones, e.g. testosterone. 

In skeletal muscle samples from older subjects, in both animal and human studies, 

there is a decrease in contraction speed and strength. This is concomitant with a 

change in MyHC isoform expression from faster contracting isoforms to isoforms 

that contract more slowly and a decrease in fibre CSA. In rat, this equates to a 

change from lib MyHC to IIx (Larsson et aL, 1993) and in human, a transition from 

Ilx/IIa to p-cardiac MyHC (Welle et aL, 2000). One human muscle, the masseter, 

has been reported to respond to old age in the opposite manner, with an increase in 

perinatal and IIx MyHCs at the expense of P-cardiac MyHC (Monemi et aL, 1999). 

However, other factors, such as a decrease in masseter muscle function due to a 

reduction in number of teeth usually seen in elderly subjects compared with young 

subjects, were not accounted for in this study.

Differences between the sexes in muscle strength are accentuated greatly following 

puberty, the increase in muscle strength in males over females being directly 

correlated with the increased levels of testosterone in post-pubescent males (Round 

et aL, 1999). These differences in muscle strength are related to the differences in 

muscle fibre CSA and MyHC expression between males and females that have been 

reported in skeletal muscle, including the human masseter (Bakke et aL, 1993; 

Tuxen et aL, 1999). Studies on human quadriceps muscle have found that males 

have a greater fibre CSA (Simoneau and Bouchard, 1989; Staron et aL, 2000). 

When the CSA of specific fibre types were compared, differences between males
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and females were noted with males having significantly bigger type Ila fibres than 

type I or lib (IIx) fibres. In females the type I fibre had the biggest CSA with the 

CSA of type I and Ila fibres being significantly bigger than type IIx fibres (Staron et 

al, 2000). This study, with a large number of subjects, confirms the trend that had 

been apparent in the earlier study (Simoneau and Bouchard, 1989) with respect to 

fibre CSA. However, the two studies differed in terms of fibre proportion with 

females having more Type I fibres in the earlier study and there being a similar fibre 

percentage composition between males and females in the later study (Simoneau and 

Bouchard, 1989; Staron et aL, 2000). Both studies commented on the very large 

inter-individual variation (Simoneau and Bouchard, 1989; Staron et aL, 2000).

It was originally thought that fibre transitions brought about by a particular stimulus 

were limited by the genetically predetermined make-up of the muscle and its 

environment. However, some recent studies that investigated the effects of long

term chronic low frequency stimulation have indicated that in the rat EDL muscle, a 

muscle in which most fibres express the lib MyHC, it is possible to significantly 

increase the number of fibres expressing the p-cardiac MyHC (Jaschinski et aL, 

1998; Windisch et aL, 1998). Obviously, this type of experimental protocol does not 

mimic any physiological situation, but it does prove that fibres can undergo a 

transition firom one end of the spectrum to the other given a great enough stimulus. 

However, both research groups conclude that, even after an extended experimental 

period, a rat fast muscle with predominantly lib MyHC cannot be transformed fully 

to a muscle expressing predominantly p-cardiac MyHC. This supports the 

hypothesis that fast and slow muscles are intrinsically different. Some years earlier, 

the heritability of fibre type in a given muscle had been investigated in a human twin 

study (Bouchard et aL, 1986a; Bouchard et aL, 1986b; Simoneau et aL, 1986). The 

conclusions of this work and a further study (Simoneau and Bouchard, 1989) were 

that there was almost zero inheritance of fibre type because fibre types changed so 

readily with a change in muscle function. However, the huge variation in muscle 

fibre profile between individuals of similar age, sex and exercise regimes would 

indicate that the sensitivity to regular exercise is not the same for all individuals and 

could be genotype dependent (Hamel et aL, 1986; Simoneau and Bouchard, 1989). 

This implies that the adaptive response to a given stimulus also could alter between 

individuals, according to their genotype.
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Summary

Despite many years of research, the causes and determinants of facial growth and 

the development of facial form have yet to be fully identified.

The relevance of facial growth in the vertical dimension to the aetiology of 

malocclusion was first appreciated in the 1960s (Sassouni and Nanda, 1964) and, 

subsequently, two extremes of vertical facial growth have been described, LFS 

(Schendel et al., 1976) and SFS (Opdebeeck and Bell, 1978). The LFS subjects are 

characterised by the clinical and radiographic features of increased 

maxillary/mandibular planes angle, increased gonial angle, increased lower anterior 

face height, decreased posterior face height and tendency to anterior open bite. The 

SFS subjects exhibit the reverse of these features. The two groups have divergent 

growth patterns, with LFS displaying a downward and backward growth rotation of 

the mandible and SFS displaying an anterior growth rotation (Bjork, 1969). Several 

theories have been proposed to explain the causes of the different growth patterns 

and the development of these extremes of VFF.

Although the contributions of mouth breathing and head posture in the development 

of LFS have been investigated extensively (Linder-Aronson, 1970; Linder-Aronson, 

1979; Ricketts, 1968; Solow and Tallgren, 1976), recent interest has centred on the 

role of the muscles of mastication in vertical facial growth. Studies on masseter 

muscle function indicate that there are significant differences between LFS subjects 

and SFS subjects with respect to EMG activity and the generation of maximum bite 

force, with the SFS subjects exhibiting increases over the LFS subjects in both 

parameters (Ahlgren, 1966; Ingervall and Thilander, 1974; Proffit et al, 1983; 

Sassouni, 1969). It has been observed also that altering the function of the masseter 

can induce changes in VFF in the growing individual (Ingervall and Bitsanis, 1987; 

Kiliaridis et al., 1985). Whether the observed differences are primary or secondary 

to the development of the variations in facial form is more difficult to ascertain. 

However, the prevalence of LFS in patients with muscular and myotonic dystrophies 

supports the theory that masticatory muscle function has a significant influence on 

VFF (Eckardt and Harzer, 1996; Houston et al., 1994; Kiliaridis et al., 1989; 

Kiliaridis and Katsaros, 1998; Kreiborg et al., 1978; Proffit et al., 1968).
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The function of muscle is closely related to its structure, the main structural 

component of muscle being the muscle fibre. Many advances in the understanding 

of the ultrastructure of muscle have been made in recent years, but, historically, 

studies on muscle structure have involved assessment of the fibre types present. 

Most have used the classification of Brooke and Kaiser (Brooke and Kaiser, 1970) 

which divides the fibres into Type I (slow contracting) and Type II (fast 

contracting), with a number of different Type II fibres being identified, Ila, Ilb and 

the less common lie. A fibre type with histochemical properties between those of 

Type I and Type II fibres was described also, the intermediate (IM) fibre. 

Originally, this, and the type lie fibre, were reported to be rare in human somitic 

muscle (Brooke and Kaiser, 1970). More recently, the existence of a third main 

Type II fibre, IIx, has been confirmed (Schiaffmo et al., 1989).

Muscle fibres are composed of four main contractile proteins; myosin, actin, 

tropomyosin and troponin, all of which exist as a number of different isoforms. The 

myosin molecule consists of two myosin heavy chains (MyHCs) and two pairs of 

myosin light chains (MyLCs). As fibre contraction speed is governed by the activity 

of the ATPase enzyme (Bârâny, 1967), which is located on the MyHC (Billeter et 

ai, 1981), research has focused on the different MyHC isoforms, seven of which are 

expressed in human skeletal and/or cardiac muscle. These are embryonic and 

perinatal (developmental isoforms) (Fitzsimons and Hoh, 1981; Sartore et al., 1982; 

Whalen et al., 1979; Whalen et al., 1981) a-cardiac (highly expressed in atria) (Hoh 

et a l, 1978); p-cardiac (highly expressed in ventricles (Schwartz et a l, 1981) and 

the slow contracting isoform in skeletal muscle (Lompré et al., 1984); lia (Billeter et 

al., 1981) and IIx (Schiaffmo et al., 1988; Smerdu et al., 1994) (fast contracting) and 

extra-ocular (Wieczorek et al., 1985) (expressed in extra-ocular and laryngeal 

muscle) MyHCs. The genes for these isoforms form multigene clusters with a- and 

P-cardiac on chromosome 14 and the other five on chromosome 17. There is a sixth 

MyHC gene on chromosome 17, the lib MyHC, although this has yet to be detected 

at the mRNA or protein level in human skeletal muscle (Weiss et al., 1999).

Much research has been conducted on what determines fibre type and what 

influences the expression of particular MyHC isoforms. This work has been aided
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greatly by the development of antibodies raised against the various MyHC isoforms 

and by advances in molecular biological techniques.

The specific fibre profile within a muscle is considered to be controlled both 

intrinsically (genetically) and extrinsically (environmentally) (Cho et al., 1993; 

DiMario et al., 1993; DiMario and Stockdale, 1997; Dunglison et al., 1999; Gunning 

and Hardeman, 1991; Hoh et al., 1988; Hughes, 1999; Madgwick et al., 1995; 

Robson and Hughes, 1999; Rosenblatt et al., 1996). Many species have been 

shown to have heterogenous populations of myoblasts that will form fibres which 

express a specific MyHC in vitro. However, this expression, that is intrinsic to the 

myoblast, may be overridden by external influences such as neuronal activity and 

hormone levels. A change in muscle activity induces a change in neuronal activity 

that, in turn, activates intra-cellular signalling cascades to cause a change in MyHC 

expression (Chin et al., 1998; Delling et al., 2000; Esser et al., 1999). Originally it 

was thought that the majority of fibres expressed only one MyHC, but research on 

muscular adaptation to functional changes has shown that fibres expressing more 

than one MyHC (so called hybrid or intermediate fibres) are common in 

transforming muscle (reviewed in Talmadge, 2000)). These changes in MyHC 

expression are thought to occur to maintain the power output of the muscle at the 

appropriate level (Moss et al., 1995). As a muscle is transforming, the adult skeletal 

MyHCs are expressed in a specific sequence (p-cardiac - Ila - IIx and vice versa). 

However, isoforms that are uncommonly expressed in adult skeletal muscle 

(perinatal and a-cardiac) are frequently expressed in transforming muscle with the 

a-cardiac MyHC considered to fit into the transitionary sequence between P-cardiac 

and Ila (Peuker et al., 1998; Peuker and Pette, 1995).

The masseter muscle was considered to be unique amongst skeletal muscles in that it 

frequently exhibited a large number of intermediate fibres and this, together with the 

clinical data on functional differences between the masseter muscle in LFS and SFS 

subjects, heightened the interest in the role of the masseter muscle in the 

determination of VFF. However, despite the fact that it was shown subsequently 

that the IM fibres contained the perinatal and a-cardiac MyHC isoforms, and the 

fact that it was the MyHC isoforms that governed fibre contraction speed and force
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of contraction, no published research has been undertaken to date investigating the 

expression of the MyHC isoforms in subjects with varying VFF.

Therefore, the overall aims of this study were:

Aims

1. To investigate the relationship between the structure of the human masseter 

muscle and the VFF of an individual.

2. To establish whether the previously reported presence of a large number of 

intermediate fibres in the human masseter muscle was indicative of a muscle that 

was adapting to changes in its functional environment.
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Chapter 2: Developing an objective cephalometric analysis

for categorising VFF

Introduction

Investigations into the role of the structure and function of the human masseter 

muscle in determining VFF are only valid if there exists an accurate and 

reproducible method of classifying subjects into one of the three VFF groups; Long 

Face Syndrome (LFS), Normal VFF and Short Face Syndrome (SFS). It has been 

suggested that it is not possible to categorise every individual into one of the three 

VFF groups (Bishara and Augspurger, 1975; Nahoum, 1971).

One potential method of classification is via the use of cephalometric radiography. 

This was introduced in 1936 for the diagnosis, treatment planning and growth 

monitoring of orthodontic patients. Also, the technique generated interest in the 

differences in cephalometric variables that existed between subjects with differing 

facial form, both antero-posterior and vertical. Studies were undertaken to aid 

diagnosis and classification of subjects prior to orthodontic treatment, to gain a 

greater understanding of the aetiology of the differences in facial form and to 

appreciate differences in response to various treatment regimes between different 

facial form categories (Bjork, 1955; Schudy, 1963; Wylie and Johnson, 1952; 

Bishara and Augspurger, 1975; Dung and Smith, 1988; Fields et al., 1984; Isaacson 

et al., 1971; Karlsen, 1997; Nahoum, 1971; Nahoum et a l, 1972; Nanda, 1988; 

Opdebeeck and Bell, 1978; Proffit and Fields, 1983b; Proffit and Fields, 1983; 

Richardson, 1967; Sassouni, 1969; Sassouni and Nanda, 1964; Schendel etal., 1976; 

Schudy, 1964; Subtelny and Sakuda, 1964). However, research into VFF was 

accelerated initially by the discovery of mandibular growth rotations and the affect 

of these on VFF (Bjork, 1955; Bjork, 1969; Bjork and Skieller, 1972).

Unfortunately, despite the numerous papers written on the subject, it is extremely 

difficult to come to any firm conclusions as to the most appropriate cephalometric 

parameters to use for the classification of VFF. One reason for this is because flaws 

in the various methodologies prevent direct comparison of the papers.
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In much research studying variation in cephalometric features between members of 

the three VFF groups, the original selection criteria have not been robustly objective. 

Indeed, some seminal papers have used subjective criteria, e.g. whether subjects 

exhibited well balanced faces (Fields et ah, 1984; Wylie and Johnson, 1952). Others 

have included subjects following a clinical assessment as to the length of the face 

(Proffit et al., 1983; Proffit and Fields, 1983) or the extent of gingival show on 

smiling (Schendel et al, 1976). However, most researchers have used the Sella- 

Nasion-mandibular planes (SNMnP) angle (Bishara and Augspurger, 1975; Dung 

and Smith, 1988; Isaacson et al, 1971; Karlsen, 1997; Schudy, 1964), the ratio of 

the lower anterior face height to the total anterior face height (LAFH%) (Dung and 

Smith, 1988; Nanda, 1988) or the presence of anterior open bite (AOB) or deep 

overbite (OB) (Dung and Smith, 1988; Nahoum et al, 1972; Richardson, 1967; 

Sassouni, 1969; Sassouni and Nanda, 1964; Subtelny and Sakuda, 1964) 

individually as selection criteria (Fig. 2). Nonetheless, it has been suggested that 

more than one selection criterion is required (Bishara and Augspurger, 1975; Fields 

et al., 1984). Although each of the above criteria was selected as a good 

measurement of extremes of VFF, none of them show any correlation with each 

other (Dung and Smith, 1988; Isaacson et al., 1971; Opdebeeck and Bell, 1978; 

Schudy, 1964). Also, although SNMnP angle and LAFH% are measurements of 

skeletal pattern, the OB can be heavily influenced by dental factors and digit sucking 

habits.

Interestingly, when describing the differences in specific features between VFF 

groups, differences in ramus height are dependent on the selection criterion used in 

the initial assessment. Researchers that used LAFH% as the selection criterion did 

not find differences in ramal height between LFS, Normal VFF and SFS individuals 

(Nanda, 1988; Schendel et al., 1976). However, researchers who used either 

SNMnP angle or OB showed significant differences in this parameter, with LFS 

individuals having a reduction in ramal height compared to normal controls and SFS 

individuals having an increase in ramal height compared to controls (Isaacson et al., 

1971; Nahoum et al, 1972; Opdebeeck and Bell, 1978; Sassouni and Nanda, 1964; 

Schendel et al., 1976; Schudy, 1964; Subtelny and Sakuda, 1964). More recently 

(Karlsen, 1997), it has been established that an increase in lower posterior face 

height (LPFH) and ramal height was associated with anterior growth rotation of the
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mandible, irrespective of the maxillary/mandibular planes angle (MMPA). 

However, an increase in LAFH% was only weakly correlated with mandibular 

rotation, but strongly and positively associated with an increase in length of the 

mandibular body. Over-development of LAFH% in high angle cases occurred due 

to the fact that the steep mandibular plane directed the AP growth of the mandibular 

body with a more downward vector. This work implied that many subjects with a 

Class III AP facial form are likely to have an increased LAFH%. This was not 

because of a posterior rotation of the mandible during growth, or because of an 

increase in SNMnP angle or MMPA, but because the downward growth vector of 

the mandibular body had been accentuated by the excessive growth of the mandible 

usually associated with Class III cases (Karlsen, 1997). As the majority of research 

papers on any aspect of VFF fail to mention the AP facial form of the individuals 

involved, it is impossible to ascertain how many of the LFS subjects may have been 

incorrectly classified in the past.

Another problem in comparison between different papers is that there are a number 

of different methods of measuring the same parameter. The way in which these 

parameters are measured influences the range of values assigned to them for the 

various VFF groups. For example, some papers have utilised the mandibular plane 

as being a tangent to the lower border of the mandible (Schudy, 1963; Schudy, 

1964), others have used a line connecting Gonion to Gnathion (Nahoum, 1971; 

Nahoum et al., 1972) whilst the line from Gonion to Menton is most popular 

(Bishara and Augspurger, 1975; Bjork, 1955; Dung and Smith, 1988; Fields et al., 

1984; Isaacson et al., 1971; Nanda, 1988; Opdebeeck and Bell, 1978; Richardson, 

1967; Sassouni, 1969; Sassouni and Nanda, 1964; Schendel et al., 1976; Subtelny 

and Sakuda, 1964; Wylie and Johnson, 1952);) (see Fig. 2 and Fig. 3). These 

different methods of establishing the mandibular plane can create differences in 

measurement of the SNMnP angle of several degrees, with Go-Gn giving the lowest 

value and a tangent to the lower border giving the highest value. This may result in 

a subject being placed erroneously into a VFF group. The AP facial form can also 

dramatically influence the value of LAFH, depending on the manner in which it is 

measured. From the literature, there are four methods in use for measuring LAFH% 

(Fig 3); a) measurements made perpendicular to the SN plane (Isaacson et al., 1971; 

Schendel et al, 1976; Fields et al., 1984; Opdebeeck and Bell, 1978); b)
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measurements made perpendicular to the maxillary plane (Bhatia and Leighton, 

1993; Mills, 1987); c) perpendicular from ANS to a line joining Nasion to Menton 

(Bishara and Augspurger, 1975; Dung and Smith, 1988; Nahoum, 1971; Nahoum et 

al, 1972; Richardson, 1967; Wylie and Johnson, 1952), and d) LAFH measured 

directly from ANS to Menton and TAFH measured directly from N to Menton 

(Nanda, 1988; Subtelny and Sakuda, 1964),

Although papers are consistent in detailing the specific ages of the subjects involved 

and grouping them into various age ranges as necessary, differences between groups 

are less obvious before puberty and become accentuated after the pubertal growth 

spurt (Bjork, 1969; Fields et al, 1984; Karlsen, 1997). Comparing papers with 

different age ranges is also difficult with regard to linear, as opposed to angular, 

measurements as linear measurements increase as the subject develops through 

childhood to adulthood. Linear measurements are also fraught with problems due to 

individual variation in overall body size. Someone who is much taller than average 

is likely to have a longer face than average, but this does not mean that the 

individual has LFS. Fortunately, angles and ratios are not subject to variation with 

variation in overall body size and, therefore, are more reliable.

Although some papers determine the control cephalometric values from a similar 

population to the experimental group, this is not always the case and published 

normative values are often used for comparison to categorise the subjects. This 

practise is problematical in that robust longitudinal cephalometric data is available 

only from very few centres. It is not appropriate to use the data published from 

these centres for any population other than that from which the data were collected. 

Therefore, data from the Michigan growth study in the USA should not be used for a 

population in Norway and the data from the Oslo growth study should not be used 

for a population in the UK.

Despite the problems highlighted above, a number of cephalometric parameters have 

been shown to differ significantly between the three VFF groups. These are detailed 

in Table 2. However, there remains no consensus as to what is the overall aim of 

subject categorisation for VFF. Is it to segregate individuals with differences in, for 

example, LAFH, or is it to separate out individuals with differing patterns of 

mandibular growth rotation? In terms of masseter muscle research, the latter is more
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relevant due to the association of masseter muscle function with growth rotations 

and the development of extremes of VFF (see Chapter 3). Although different groups 

of cephalometric parameters have been used to categorise subjects into LFS, Normal 

VFF and SFS, again there exists no consensus as to which parameters should be 

included in any categorisation scheme. It has been stated, also, that it would be 

impossible and erroneous to categorise all subjects in terms of VFF (Bishara and 

Augspurger, 1975; Nahoum, 1971). However, before advances in knowledge into 

the causes of extremes of VFF can be made, it is necessary to be able to accurately, 

reproducibly and reliably categorise individuals appropriately.

Aims

1. To identify objective criteria for classifying VFF that are easy to apply, are 

robust, reproducible and valid using machine-learning techniques.

2. To classify the subjects involved in the present study into LFS, Normal VFF and 

SFS according to the previously identified objective criteria.
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Ar ANSPNS

Go

Me

Linear measurements

Ar ANSPNS

Go

Me

Angular measurements
1 Upper posterior face height S Sella 1 SN-maxillary planes angle
2 Lower posterior face height N Nasion 2 SN-mandibular planes angle
3 Posterior upper dental height Ar Articulare 3 Maxillary-mandibular planes angle
4 Overbite Go Gonion 4 Occlusal-mandibular planes angle
5 Upper anterior face height PNS Posterior Nasal Spine 5 N-S-Ar angle
6 Lower anterior face height ANS Anterior Nasal Spine 6 S-Ar-Go angle
7 Total anterior face height A A point 7 Gonial angle (Ar-Go-Me)

B B point 8 SNA angle
Me Menton 9 SNB angle

10 ANB angle

Figure 2: Linear and angular cephalometric measurements
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Ar

Anterior face height

 Measured perpendicular to SN plane

  Measured perpendicular to Maxillary plane

  Perpendicular from ANS to N-Me

  Lower anterior face height measured directly form ANS to Me,

total anterior face height measured directly from N to Me

Mandibular plane

 Line through Gonion and Gnathion (Gn)

  Line through Gonion and Menton

 Tangent to the lower border of the mandible

LAFH%

54.1%

56.3%

56.9%

57.5%

MMPA

ZS''

26°

I T

Figure 3: Different measurement methods and their effects on the measurement 

values for the anterior face height and maxillary/mandibular plane angle
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Cephalometric parameter Reference

S-Ar-Go Richardson, 1967

Ar-Go-Me

Fields et al., 1984; Nahoum et al, 1972; 
Proffit et al, 1983; Richardson, 1967; 
Subtelny and Sakuda, 1964; Wylie and 
Johnson, 1952

Cranial Base Angles Bjork, 1955; Sassouni, 1969

SN-Maxillary planes angle Nahoum, 1971

SN-Mandibular planes angle

Bishara and Augspurger, 1975; Fields et 
al, 1984; Isaacson et al, 1971; Proffit et 
al, 1983; Sassouni and Nanda, 1964; 
Schudy, 1964; Subtelny and Sakuda, 
1964

Maxillary-Mandibular planes angle

Proffit et al., 1983; Proffit and Fields, 
1983; Sassouni, 1969; Sassouni and 
Nanda, 1964; Subtelny and Sakuda, 
1964

Occlusal-Mandibular planes angle Isaacson et al., 1971; Sassouni and 
Nanda, 1964; Schudy, 1964

Lower anterior face height percentage
Fields et al., 1984; Isaacson et al., 1971; 
Sassouni and Nanda, 1964; Subtelny and 
Sakuda, 1964; Wylie and Johnson, 1952

Lower posterior face height 
percentage

Karlsen, 1997

Total posterior face height/Total 
anterior face height

Opdebeeck and Bell, 1978; Proffît et al., 
1983; Sassouni, 1969; Sassouni and 
Nanda, 1964; Schudy, 1964

Posterior upper dental height Isaacson et al., 1971; Subtelny and 
Sakuda, 1964

Overbite

Dung and Smith, 1988; Nahoum et al., 
1972; Richardson, 1967; Sassouni, 1969; 
Sassouni and Nanda, 1964; Subtelny and 
Sakuda, 1964

Table 2: Cephalometric parameters reported to differ significantly 

between the three VFF groups.
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M aterials and M ethods

Identifying objective criteria for classifying VFF (Hammond et aL, 2001)

A total of 16 cephalometric parameters (Figs. 2a and 2b) were collected from pre

treatment lateral skull radiographs of 131 subjects, randomly selected from 

medically healthy Caucasian subjects undergoing orthodontic treatment with (n = 

83, 63.4%) or without (n = 48, 36.6%) a combined orthognathic approach. The age 

and gender of each subject were recorded. All radiographs had been taken in one of 

two cephalostats each with a magnification of 7%. The subject was positioned in the 

natural head position with the teeth in maximum intercuspation. All measurements 

were taken from manual tracings of the lateral skull radiographs made using a sharp 

4H pencil on high quality tracing paper (63gsm), using a light box in a darkened 

room. The cephalometric parameters collected were those that previous authors had 

recommended as aiding in the diagnosis of VFF. The same individual (the author) 

performed all the cephalometric tracings and parameter measurements.

The following cephalometric landmarks were located on each tracing (defined by 

(British Standards Institution, 1983):

Sella (S) The centre of the sella turcica (pituitary fossa), 

determined by inspection.

Nasion (N) 

Articulare (Ar)

The most anterior point on the fronto-nasal suture.

The point of intersection of the dorsal contours of the 

posterior border of the mandible and the temporal 

bone.

Posterior Nasal Spine 

(PNS)

The tip of the posterior spine of the palatine bone in 

the hard palate.

Anterior Nasal Spine 

(ANS)

The tip of the anterior nasal spine, as seen in the 

lateral skull radiograph.
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Point A (A)

Point B (B)

Menton (Me)

Gonion (Go)

SN plane

Maxillary plane

Occlusal plane

Mandibular plane

The deepest point on the maxillary profile between the 

anterior nasal spine and the alveolar crest

The deepest point on the mandibular profile between 

pogonion and the alveolar crest.

The lowest point on the bony outline of the mandibular 

symphysis.

The most lateral external point at the junction of the 

horizontal and ascending rami of the mandible, found 

by bisecting the angle formed by the tangents to the 

posterior and inferior borders of the mandible.

A transverse plane through the skull represented on a 

lateral skull radiograph tracing by the line joining Sella 

and Nasion and which indicates the anterior cranial 

base inclination.

A transverse plane through the skull represented on a 

lateral skull radiograph tracing by the line joining ANS 

and PNS and which indicates the inclination of the 

maxilla.

A transverse plane through the skull represented on a 

lateral skull radiograph tracing by the line drawn 

through the occlusion of the premolars and molars 

equidistant from the cusps of both upper and lower 

teeth - the functional occlusal plane.

A transverse plane through the skull represented on a 

lateral skull radiograph tracing by the line joining 

Gonion and Menton and which represents the lower 

border of the horizontal ramus (body) of the mandible.
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The following angular and linear measurements and ratios were calculated:

N-S-Ar angle

S-Ar-Go angle

Ar-Go-Me angle

Cranial Base Angle 

SNA angle

SNB angle

ANB angle

SN-maxillary planes 

angle (SNMxP)

SN-mandibular planes 

angle (SNMnP)

Maxillary-mandibular 

planes angle (MMPA)

The angle between the SN plane and a line joining 

Sella and Articulare.

The angle formed between the lines joining Sella with 

Articulare and Articulare with Gonion.

The gonial angle, formed between the mandibular 

plane and the line joining Articulare with Gonion.

The sum of N-S-Ar, S-Ar-Go and Ar-Go-Me.

The angle formed between the SN plane and the line 

joining Nasion with A point, indicating the antero

posterior position of the maxilla relative to the anterior 

cranial base.

The angle formed between the SN plane and the line 

joining Nasion with B point, indicating the antero

posterior position of the mandible relative to the 

anterior cranial base.

The angle formed between the lines joining Nasion 

with A point and Nasion with B point, indicating the 

antero-posterior position of the mandible relative to the 

maxilla and vice versa.

The angle formed between the SN and maxillary 

planes.

The angle formed between the SN and mandibular 

planes.

The angle formed between the maxillary and 

mandibular planes.
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Occlusal-mandibular 

planes angle

Upper anterior face 

height

Lower anterior face 

height (LAFH)

Total anterior face 

height (TAFH)

LAFH %

Upper posterior face 

height

Lower posterior face 

height (LPFH)

Total posterior face 

height (TPFH)

Lower posterior face 

height % (LPFH%)

PFH/AFH %

The angle formed between the occlusal and 

mandibular planes.

The perpendicular distance from Nasion to the 

maxillary plane.

The perpendicular distance from Menton to the 

maxillary plane.

The distance between Nasion and Menton, 

perpendicular to the maxillary plane.

The ratio of the LAFH to the TAFH multiplied by 100.

The perpendicular distance from Sella to the maxillary 

plane.

The perpendicular distance from Gonion to the 

maxillary plane.

The distance from Sella to Gonion, perpendicular to 

the maxillary plane.

The ratio of the LPFH to the TPFH, multiplied by 

100.

The ratio of the TPFH to TAFH, multiplied by 100.

Posterior Upper Dental The perpendicular distance from the functional

Height (PUDH) occlusal plane, distal to the upper first permanent

molar, to the maxillary plane.

Overbite (OB) The vertical distance between the upper and lower 

incisor tips, perpendicular to the functional occlusal 

plane.
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Two specialist clinicians, the author (Clinician 1) and a senior, experienced 

orthodontist (Clinician 2), independently classified the facial type of the 131 

subjects into one of three categories, LFS, Normal VFF and SFS. This was 

performed by comparing the cephalometric data to published means and standard 

deviations appropriate for the population from which the sample was drawn (Bhatia 

and Leighton, 1993). If a value fell outside the range of the mean ± one standard 

deviation (after (Bishara and Augspurger, 1975; Isaacson et al., 1971), then the 

subject was categorised as LFS or SFS accordingly. Each clinician provided a list of 

the parameters that they had used for their VFF classification and once the above 

procedure had been performed for all the parameters an overall classification could 

be determined. The parameters used by Clinician 1 were a combination of angles 

and ratios (linear measurements were avoided). Although each of the parameters 

had been used previously in the diagnosis of VFF, they had not been used together 

in this combination. Clinician 2 used a combination of parameters previously 

described by other researchers (Fields et al., 1984; Hunt and Cunningham, 1997; 

Opdebeeck and Bell, 1978; Schendel et al., 1976)) as being diagnostic of extremes 

of VFF. Therefore, some of the available parameters were rejected by the clinicians 

as irrelevant or not informative for this study. The remaining sixteen parameters, 

including each clinician’s classification of VFF, were used for supervised and 

unsupervised techniques of machine-learning.

Assessment of repeatability

Thirty-five of the 131 (26.7%) pre-treatment lateral skull radiographs were randomly 

selected and were retraced at least four weeks after the initial tracing had been 

performed in order to assess the repeatability of the method of measurement. The 

repeatability of a method evaluates the extent to which the same observer obtains the 

same results in indentical circumstances (Petrie and Watson, 1999). This was done 

by the following methods:

1. The method of Bland and Altman (Bland and Altman, 1986).

The mean of the differences between the pairs of measurements is taken as being 

an estimate of the average bias of one set of measurements to the other. If this 

bias is zero, as established by performing a paired t-test on the pairs of 

measurements then, on average, the two measurements agree. However, this does
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not imply that they agree for each individual pair and in order to assess this it is 

necessary to determine the limits of agreement, typically defined as the limits 

within which 95% of the differences lie. If the differences follow a normal 

distribution, then the limits of agreement can be calculated by the mean of the 

differences +/- 1.96 x SD of the differences. Therefore, the assessment of 

repeatability was performed by initially performing a paired t-test on the pairs of 

measurements. The differences between the measurements were then checked for 

normality by drawing a frequency histogram. The limits of agreement were 

calculated as described above using SPSS* and, based on clinical judgement, it 

was decided whether these limits were acceptable and, therefore, that the two 

measurements were in sufficient agreement to accept that the method was 

repeatable.

2. Intraclass correlation coefficient (ICC) (Streiner and Norman, 1995)

An ICC was also used to establish repeatability. This is preferable to using a 

Pearson or Spearman correlation because it will produce a value of r =1.0 only if 

all observations on each subject are identical and the intercept is at zero. An ICC 

above 0.70 is generally considered acceptable. The ICC is often preferred to the 

Bland and Altman method as the Bland and Altman method is independent of the 

true variability in the observations, which the ICC is not.

ICC values were calculated by Microsoft Excel using the following equation:

ICC = (SD M2~l̂  + fSD M il ̂  -  (Sum M2 -  Sum M l^
(SD M2Ÿ + (SD Ml)^ + (mean M2 -  mean Ml) -  (SD differences! ̂

n

where SD = standard deviation 
n = number of subjects 
Ml = first set of measurements 
M2 = second set of measurement

' SPSS for Windows. SPSS UK Ltd., Floor St. Andrew’s House, West Street, Woking, Surrey. 

GU21 lEP. http://www.spss.com
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A common method of assessing repeatability and method error is by calculating the 

random (Pearson’s correlation coefficient) and systematic error (paired t-test) 

(Houston, 1983). These methods are erroneous for the following reasons (Petrie and 

Watson, 1999):

• The paired t-test tests the null hypothesis that the mean difference is zero. If the 

differences between the pairs are large, indicating that the two methods do not 

agree, but evenly scattered around zero, then a non-significant result is obtained. 

The conclusion can only be that there is no bias, not that the methods agree.

• The correlation coefficient provides a measure of the linear association between 

the measurements obtained by the two methods. It gives an indicaton of how 

close the observations in a scatter diagram are to a straight line. In order to 

assess agreement it is necessary to know how close the points are to the line of 

equality, i.e. the 45° line.

• The value of the correlation coefficient depends on the range of values of the 

measurement. Therefore, it is possible to obtain a high value for the correlation 

coefficient simply because there is a wide range of measurements in each of the 

two data sets being compared.

Supervised learning

The C5.0 algorithm (Quinlan, 1993) was used within the Clementine machine- 

learning environment to induce decision trees with each clinician’s classification in 

turn acting as a gold standard. Within this machine-learning environment, the 

computer is aware of the classifications awarded to each data set by the clinicians. 

The C5.0 algorithm constructs decision trees top-down by recursively choosing the 

next attribute to test as that best classifying the training examples handed down to 

the current node in the tree. The evaluation of each attribute is performed using a 

statistical measure known as information gain. In both cases, the entire data set was 

used to induce a decision tree, although each clinician had only used certain of the 

parameters.

The algorithm was executed with various penalty weightings for incorrect 

classifications of Normal VFF as SFS or LFS (and vice versa) and SFS as LFS (and
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vice versa). A penalty weighting of 2 produced the best performing trees. A 10- 

fold cross validation, which produced 10 decision trees induced from 10 subsets of 

the entire data set, was performed also for comparison and for further interpretation. 

The same penalty weighting scheme was used for the 10 cross validation trees. 

Similarity between the 10 cross validation decision trees would give support for the 

validity of the decision tree induced from the entire data set.

Statistical analysis

Mean weighted kappa values were computed for both the training and testing 

performance of the cross validation trees. The kappa statistic ( k ) ,  or chance- 

corrected proportional agreement, takes into account the chance occurrence of 

agreement and also where in the frequency table the agreement occurs. However, k  

treats all disagreements equally, which is not appropriate in this case as the 

categories (LFS, Normal VFF and SFS) can be ordered and the disagreements can 

be weighted according to their “distance” from the diagonal of the frequency table. 

Therefore, the use of weighted kappa (Kw) (Altman, 1991) was deemed more 

appropriate.
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Unsupervised learning

For this, Kohonen networks (Tarassenko, 1998) were used. The Kohonen self- 

organising algorithm transforms input patterns of arbitrary dimension into a 2D map 

preserving topological relationships. Each training pattern is presented to a neural 

network in succession, giving rise to a localised region of high activity in the feature 

map compared to lower levels of activity elsewhere. Once trained, the presentation 

of a test pattern should stimulate a localised group of network nodes, giving a 

clustering of similar patterns.

Kohonen networks of various shapes and sizes were induced using the entire data 

set, but without including the classifications previously determined by the clinicians. 

Typically, in the 2D plot of clusters provided by the Clementine environment, there 

were always large clusters leaving some smaller clusters with only a few members, 

with these members often being of mixed class. This makes the interpretation of 

these clusters difficult and suggested that the number of clusters (net topology) be 

kept small. Indeed, 3 x 3  topologies performed best.

By overlaying the 2D output from the Kohonen modelling with the classification 

scheme of each clinician, agreement between clinician and clustering can be 

visualised. The standard entropy calculation for a cluster partition can be added to 

give an overall measure of ambiguity of the match between the clusters and the 

clinician’s classification. The entropy calculation is:

-Xpclog2Pc where pc is the proportion of class c in a cluster and the summation is 

over c G {SFS, Normal VFF, LFS}.

For a cluster comprising a single class the entropy is 0.
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Results

Assessment of repeatability

The data presented in Table 3 indicate that the method of measurement of the 

cephalometric parameters was repeatable, with no bias detected in the differences 

between the sets of measurements.

Cephalometric
parameter

Paired t-test 
(p-value)

LoA
acceptable?

Measurements 
within LoA (%) ICC

NSAr 0.495 Yes 95 0.804
SArGo 0.441 Yes 100 0.757

ArGoMe 0.135 Yes 95 0.745
CBA 0.349 Yes 95 0.932

SNMxPA 0.281 Yes 100 0.905
SNMnPA 0.237 Yes 95 0.908
MMPA 0.460 Yes 95 0.949

SNA 0.562 Yes 100 0.911
SNB 0.297 Yes 95 0.972
ANB 0.171 Yes 90 0.928
OB 0.307 Yes 90 0.950

PUDH 0.621 Yes 90 0.885
UAFH 0.395 Yes 95 0.990
LAFH 0.186 Yes 100 0.956
TAFH 0.825 Yes 95 0.999

LAFH% 0.219 Yes 100 0.865
UPFH 0.131 Yes 100 0.867
LPFH 0.157 Yes 90 0.998
TPFH 0.507 Yes 90 0.975

LPFH% 0.333 Yes 90 0.943
PFH/AFH% 0.918 Yes 95 0.793

Table 3: Repeatability of the method for the measurement of 

cephalometric parameters.

LoA = limit of agreement
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The two clinicians identified the following variables (Table 4) as being the ones that 

were used in their classification scheme, although Clinician 2 indicated that the two 

asterisked parameters assumed less importance than the other parameters during 

classification.

Clinician 1 Clinician 2

MM MM

SNMn SNMn

ArGoMe ArGoMe

PFH/AFH% PUDH

LAFH% LAFH%

*LAFH (mm)

*0B

Table 4: Parameter sets nominated by Clinicians 1 and 2 as being used in 

their respective classification schemes.

A comparison of the results of the classification schemes used by each clinician are 

presented below (Table 5). From the frequency table, it is clear that most 

disagreement was caused between the “Normal VFF” classification of Clinician 1 

and the “LFS” classification of Clinician 2. A Kw of 0.58 indicated that there was 

only moderate agreement between the two clinicians.

Clinician 2

Kw = 0.58 LFS Normal SFS

LFS 37 1 0

Normal 35 24 7

SFS 0 4 23

Interpretation of values

<0.20 = poor agreement
0.21 -  0.40 = fair agreement
0.41 - 0.60 = moderate agreement
0.61 -  0.80 = good agreement 
0.81 -  1.00 = very good agreement

Table 5: Frequency table and weighted kappa statistic of subject 

classification comparing Clinician 1 and Clinician 2
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Supervised learning

With Clinician 1 acting as the gold standard, the decision tree induced from the 

entire data set is shown (Fig. 4a), together with the frequency table (Table 6). Kw =

0.99, indicating near perfect agreement between the clinician and the Clementine 

machine-learning environment. The decision tree and frequency table for Clinician 

2 as the gold standard are shown in Fig. 4b and Table 7. The Kw = 0.93, again 

indicating very good agreement between the clinician and the induced tree. 

Clinician 1 accepted the decision tree as a good representation of the classification 

scheme. Clinician 2 accepted the decision tree as a reasonable representation, 

despite the presence of one parameter (LPFH%) which is not included in the 

parameter list identified by Clinician 2.

For Clinician 1, seven of the ten cross validation trees induced were isomorphic, 

apart from minor variation, to the tree induced from the entire data set. The mean Kw 

value for the cross validation for testing was 0.89, indicating very good agreement 

between the different decision trees and the clinician from the different subsets of 

subjects.

However, for Clinician 2, although the mean Kw value was 0.78, indicating good 

agreement between the decision trees and the clinician for all the subsets, common 

structures in the decision trees were infrequent, suggesting inconclusive support for 

the validity of the decision tree induced from the entire dataset.

Cl'O

I
&
:
U

Clinician 1
Kw = 0.99 LFS Normal SFS

LFS 38 0 0

Normal 0 66 1

SFS 0 0 26

Table 6: Frequency table for the decision tree induced with C5.0 using 

the entire data set and Clinician 1 as the gold standard.
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A"O

i
o
U

Clinician 2
Kw = 0.93 LFS Normal SFS

LFS 66 1 0

Normal 6 28 1

SFS 0 0 29

Table 7: Frequency table for the decision tree induced with C5.0 using 

the entire data set and Clinician 2 as the gold standard.
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YQ2.

MlY e s

Yes. Ml

N o r m a l  ( 6 7  A ' 0 . 9 9 )

SFS (24.0,1.0)

SFS (2.0,1.0)

LFS (34.0,1.0)

Ar-Go-Me >118

MM > 33

SNMnPA >41.5

MM >21.5

Figure 4a: Decision tree induced by C5.0 from the entire dataset with Clinician 1 as

the gold standard.

The pair of numbers in parentheses indicates the number of subjects satisfying the 
conditions in that branch of the tree and, of those, the proportion of agreement 
between the Clinician and induced classifications.

MM >27.5
No

U FH % >54.7
J o Yes

MM >21
No

SNMnPA >40.5 LPFH%>40.1 PUDH>22

Yes
Lf$(4.0,1.0) I  Nom»l(0,0,0.73)

‘ LF8(5.0,1.0)

LAFH%>57.7 SF$(7A1.0) I  N o r m a lm 0,37) I  SFS(13.0,1,0)
J o

PUDH>18.2
Yes No

Ar-G0*Me>118
Yes To

Ar-Go-Me > 130
SL. To

Nofwal(23,0,0.82)1 SF8(lO ,iO ) |  IFS(3,0,1.0) I  SFS(1 0 ,1 4

Figure 4b: Decision tree induced by C5.0 from the entire dataset with Clinician 2 as

the gold standard.

The pair of numbers in parentheses indicates the number of subjects satisfying the 
conditions in that branch of the tree and, of those, the proportion of agreement 
between the Clinician and induced classifications.
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Unsupervised learning

The 2D output from the Kohonen modelling has been overlaid with the classification 

scheme for each clinician in Fig. 5. This figure suggests that the Kohonen net is in 

closer agreement with Clinician 1 than with Clinician 2. Furthermore, the 

discrepancy between the classification of LFS and Normal VFF by both clinicians is 

highlighted again (see cluster (2,0) in Fig. 5). The overlaying of a clinician’s 

classification partitions each cluster into subgroups of LFS, Normal VFF and SFS 

cases. If all the clusters contained a single category only, then this would indicate 

perfect agreement between the clinician’s classification and the clusters and the 

entropy value would be zero. For the two sets of clusters in Fig. 5, the sum of the 

entropies of the constituent clusters is 4.85 for Clinician 1 and 7.05 for Clinician 2 

(Table 8). Thus, the visually observed bias towards Clinician 1 is endorsed by this 

informal use of the entropy measure.

C l in i c i a n  1 C l i n i c i a n  2
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X cluster X cluster

Figure 5: 2D clustering for an induced 3x3 Kohonen net overlaid with the 

classification of each clinician

Cluster entropies for Clinician 1

y/x 0 1 2

2 1.247 0.811 0.469

1 0.650 0.000 0.000

0 0.764 0.544 0J62

Cluster entropies for Clinician 2

y/x 0 1 2

2 1.519 0.650 0.000

1 1.384 0.971 0.000

0 0.944 1.000 0.579

Table 8: Entropy calculations for each individual cluster depicted in

Fig.5.
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From the above results, it is apparent that the classification scheme used by 

Clinician 1 is both more objective, in that it conforms more closely to the objective 

scheme devised by the Kohonen neural network, and more reproducible, as shown 

by the 10 fold cross validation technique with Clementine. Therefore, this was the 

classification scheme chosen for categorising the subjects for this current research.

Categoristion of current subjects into LFS, Norm al VFF and SFS

Materials and Methods

Pre-treatment lateral skull radiographs of adult Caucasian subjects who had given 

their informed consent to participate in the study, as approved by the appropriate 

Ethics and Research committee, were manually traced, as described above. Five 

measurements were taken according to the scheme of Clinician 1 : SNMnP angle, 

MMPA, ArGoMe (gonial angle), PFH/AFH% and LAFH%.

Assessment of repeatability

Ten out of the 38 (26.3%) pre-treatment lateral skull radiographs were randomly 

selected and were retraced at least four weeks after the initial tracing had been 

performed. The cephalometric parameters were analysed for repeatability of the 

method of measurement as described previously (Table 9).

Cephalometric
parameter

Paired t-test (p 
value)

LoA
acceptable?

Measurements 
within LoA (%)

ICC (r)

SNMnPA 0.258 Yes 100 0.923

MMPA 0.453 Yes 100 0.938

ArGoMe 0.129 Yes 100 0.814

PFH/AFH% 0.886 Yes 100 0.867

LAFH% 0.241 Yes 100 0.901

Table 9: Repeatability of the method for the measurement of 

cephalometric parameters.

LoA = limit of agreement
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Statistical analysis

The cephalometric data from the VFF categorisations were analysed using the 

GraphPad Prism^ software program. One-way analysis of variance (ANOVA) tests 

were performed to detect significant differences in cephalometric parameters 

between the three VFF groups. If a statistical difference was detected, Tukey’s 

multiple comparison tests were performed in order to highlight the specific 

differences between groups. The level of significance was set at p < 0.05.

Results

The subjects were categorised as shown in Table 10. For all the measured 

cephalometric parameters, there were very highly significant differences between the 

three VFF groups, according to the ANOVA test (p<0.001). Using Tukey’s multiple 

comparison tests, the differences between all combinations of the VFF groups again 

were highly significant, except between the LFS and Normal VFF groups for the 

measurement of Gonial angle and LAFH% (p>0.05). The measurements for the 

Normal VFF group were close to the published means and standard deviations for 

these parameters (Bhatia and Leighton, 1993), except for the LAFH%. The mean of 

this parameter for the Normal VFF group was increased over the published mean 

value.

 ̂GraphPad Software, Inc. 5755 Oberlin Drive, #110 '  San Diego, CA 92121 USA 
http://www.graphpad.com
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VFF category N (male, female)
[Class I, Class II, Class III]

SNMnP angle

Mean ± SD 

(Range)

MMPA

Mean ± SD 

(Range)

Gonial angle

Mean ± SD 

(Range)

PFH/AFH%

Mean ± SD 

(Range)

LAFH%

Mean ± SD 

(Range)

LFS 13 (3, 10) 

[0, 8, 51

45.92 ± 4.30 

(40.00-54.00)
39.00 ±4.38 
(32.50-48.50)

135.15 ±5.98 

(124.50-145.00)
56.64 ±3.82 
(49.03-61.75)

59.53 ±2.38 
(55.17-62.99)

Normal 15(9,6)

[1,8, 6]

32.20 ±3.33 

(26.00-37.00)

28.80 ±3.38 

(23.50-37.00)

130.10 ±6.28 

(121.50-141.00)

66.49 ± 2.99 

(62.26-73.06)

58.13 ±2.57 

(52.10-62.25)

SFS 10(3, 7) 

[0, 9, 1]

23.15 ±5.34 

(15.50-30.00)

16.85 ±4.44 

(9.00-24.00)
119.50 ±3.89 

(113.00-125.50)
73.97 ±5.41 

(66.06-82.99)
54.55 ± 2.95 

(50.69-58.75)
ANOVA
(p-value) <0.001 <0.001 <0.001 <0.001 <0.001

Tukey’s multiple 
comparison test

LFS vs Norm p<0.001 

LFS vs SFS p<0.001 

Norm vs SFS p<0.001

LFS vs Norm p<0.001 

LFS vs SFS p<0.001 

Norm vs SFS p<0.001

LFS vs Norm p>0.050 

LFS vs SFS p<0.001 

Norm vs SFS p<0.001

LFS vs Norm p<0.001 

LFS vs SFS p<0.001 

Norm vs SFS p<0.001

LFS vs Norm p>0.050 

LFS vs SFS p<0.001 

Norm vs SFS p<0.010

Table 10: Numbers of subjects and cephalometric parameter measurements for each of the three VFF groups.
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Discussion

It has been stated in the past that it is not possible to categorise all subjects in terms 

of their VFF into LFS, Normal VFF or SFS (Bishara and Augspurger, 1975; 

Nahoum, 1971). However, without an objective, reliable and valid method of 

classification, research into the causes of extremes of VFF lacks relevance. 

Unfortunately, both clinical and cephalometric assessments of an individual’s VFF 

are prone to subjectivity, reflecting training and experience, which leads to 

differences in categorisation between clinicians, hence the requirement for an 

objective method of assessment. The scarcity of objective classification criteria in 

previous research in this area may well be one of the reasons why results, especially 

with respect to masseter muscle structure and VFF, have been so disparate.

There have been no previous studies on the use of machine-learning techniques in 

the objective diagnosis of facial form. However, the results presented in this chapter 

indicate that, with the aid of these techniques, it has been possible to develop a 

classification scheme for VFF that is applicable for both scientific and clinical 

purposes. The classification was simple to perform and required the measurement of 

very few cephalometric parameters. The use of the decision trees to classify subjects 

was quick and reliable. These methodologies will be applicable also to different 

racial groups, assuming data are available on population normative values. The 

induction of symbolic models of clinical characterisations of VFF may also identify 

similarities and differences between how cephalometric measurements appear to be 

used and how clinicians suggest they are used. They may also help to articulate 

diagnostic differences in the use of cephalometrics between clinicians.

Historically, a large number of cephalometric parameters have been described as 

differing significantly between individuals with varying VFF (Table 2), with no 

consensus being reached as to which were the most appropriate parameters for 

classification. However, not all of the parameters identified are valid indicators of 

skeletal form, as variation in a number of these parameters is more likely to be a 

result of subject body size or dental factors. The parameters used by Clinician 1 as 

depicting VFF were chosen because they removed any confounding factors due to 

variation in body size, as there were no linear measurements. Also, they removed 

the possibility of variation in dental compensation for skeletal factors by not
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including any measurements that were related purely to the teeth. It is interesting 

that the decision trees showed that, although Clinician 1 reported that PFH/AFH% 

and LAFH% had been included in the classification scheme, these parameters did 

not feature strongly in the actual decision making process. This may be due to the 

fact that Clinician 1 was aware of the affect on LAFH and, hence, PFH/AFH, of the 

AP facial form.

Clinician 2 chose parameters that had previously been used by other researchers in 

the field (Fields et a l, 1984; Opdebeeck and Bell, 1978; Schendel et al., 1976). 

These included both some linear measurements and some measurements of tooth 

position (LAFH, OB and PUDH). Interestingly, LPFH%, which was included in the 

decision tree for Clinician 2 from the entire data set, would not have been measured 

by Clinician 2 and was only included in the data set presented to the computer as it 

was one of the parameters that had been described previously as being important.

The two clinicians clearly differed the most in the categorisation between normal 

VFF and LFS, as shown by the frequency table in Table 5. It was possible to 

discover on which particular subjects the two clinicians differed by using the VFF 

classification in the Kohonen network, the largest cluster for disagreement being 

cluster (2,0) (Fig. 5). When these subjects were looked at in detail, it became 

apparent that the large majority of these exhibited a Class III AP facial form and, 

although they had an increased LAFH%, the SNMnP angle and MMPA were within 

the normal range. Clinician 1 had categorised these as “Normal VFF”, but Clinician 

2 had categorised them as “LFS”. It is clear from the decision trees that Clinician 2 

placed much more importance on LAFH% during classification than did Clinician I . 

However, the recent article on the influence of mandibular growth vectors on the 

development of LAFH (Karlsen, 1997) indicates that the increase in LAFH% seen in 

Class III individuals may be more a reflection of excessive AP growth than of 

excessive vertical growth.

This raises an extremely valid discussion point. When determining into which VFF 

category a subject should be placed, is it the length of the anterior part of the face 

that should be the main determining feature, or the way in which the mandible is 

likely to rotate (have rotated) during growth? LFS is associated with a posterior 

growth rotation of the mandible, while SFS is associated with an extreme anterior
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growth rotation of the mandible (Bjork, 1969; Bjork and Skieller, 1972). A 

posterior rotation of the mandible during growth has been associated with weak 

masticatory musculature, a feature that is well demonstrated by cases with muscle 

pathology (Kiliaridis et al, 1989; Kreiborg et a l, 1978). Therefore, for research 

into masseter muscle structure and function in relation to VFF, it is important to try 

to identify the direction in which the mandible will rotate/has rotated. Prediction of 

mandibular growth rotation is not accurate, although statistical modelling indicates 

that the SNMnP angle is important in prediction (Skieller et aL, 1984) whereas the 

LAFH% is only weakly correlated with growth rotation, but strongly correlated with 

an increase in length of the mandibular body (Karlsen, 1997).

Neither clinician had perfect entropy scores with the Kohonen network, nor did they 

achieve perfect matching with the decision trees. Undoubtedly, some of these 

differences are due to clinician difficulty in deciding in which group to place an 

individual if the measured parameters were ambiguous in this regard. However, 

some of the differences, especially with the Kohonen network, will be due to the fact 

that a 3x3 topology pattern was used and this enabled the computer to divide the 

subjects into three AP groups (Class I, Class II and Class III) as well as the three 

VFF groups. Although the clinicians had allocated the subjects into AP groups also, 

using the measurement of the ANB angle, the facial appearance on the 

cephalometric radiograph was reported by both clinicians to have had a significant 

influence on the classification decision, perhaps indicating reduced objectivity of the 

clinicians in classifying AP facial form. Despite this, the low entropy scores for the 

Kohonen network agreement with the clinicians for VFF indicated a high degree of 

objectivity for both clinicians for VFF classification, although the classification 

scheme for Clinician 1 is favoured, as indicated by the lower entropy score.

As well as objectivity, validity is another pre-requisite for a robust classification 

scheme. This characteristic was assessed by the cross validation technique of the 

Clementine machine-learning environment. For a classification to be valid, similar 

decision trees must be produced for the entire data set and for all subsets of the data. 

Therefore, although the mean Kw score was 0.89 for Clinician 1, indicating very 

good agreement, and was 0.78 for Clinician 2, indicating good agreement, the lack 

of similar structures across the ten cross validation trees for Clinician 2, and the very
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close similarity between seven of the ten cross validation trees for Clinician 1, 

supported the fact that the scheme of Clinician 1 carried more validity than that of 

Clinician 2.

The results of the machine-learning techniques, therefore, suggested the use of the 

classification scheme of Clinician 1 to categorise the subjects participating in the 

research study. This scheme enabled the subjects to be quickly and simply 

categorised. As expected, the differences in measured parameters were highly 

significant, although the ranges of the measurements tended to overlap. The 

overlapping of the ranges occurred due to the fact that not all subjects exhibited 

measurements for all five parameters that fitted neatly into one VFF group. The 

decision tree was extremely useful in aiding in the categorisation of such subjects. 

In the LFS and Normal VFF groups the measurements for Gonial angle and LAFH% 

did not differ significantly between the groups, although all other parameters were 

highly significantly different. This was due to the phenomenon of a combination of 

increased Gonial angle and excessive mandibular growth leading to an increased 

LAFH% in Class III subjects, despite an upward and forward growth rotation of the 

mandible (Karlsen, 1997). In the Normal VFF group, 40% of the subjects exhibited 

a Class III AP skeletal pattern.
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Conclusions

1. Machine-learning techniques, in conjunction with clinical expertise, produced a 

robust objective and valid method of VFF classification that would be suitable 

for both clinical and scientific use, providing that normative data were available 

for the population under investigation.

2. The use of the classification scheme and decision trees enabled quick and simple 

categoristion of all subjects enrolled in the present study into one of three VFF 

groups: LFS, Normal VFF and SFS.
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Chapter 3: The relationship of masseter muscle structure to

VFF

Introduction

Clinical research, detailed in Chapter 1, has indicated the existence of functional 

differences between the masseter muscles of individuals with varying VFF, These 

findings, together with data from subjects with muscle pathology, encouraged the 

widening of the aims of research into both masseter muscle structure and VFF. This 

led to the investigation of potential differences in structure between the masseter 

muscles of individuals with varying VFF.

The masseter muscle, a skeletal muscle of branchial arch origin, is one of the four 

muscles of mastication and is a powerful elevator of the mandible. It is located over 

the lateral surface of the mandibular ramus and comprises three layers; the 

superficial layer, which is the largest, the middle layer, and the deep layer. These 

layers originate from the zygomatic arch and insert into the ramus and angle 

(superficial layer) of the mandible. These three layers are quite distinct and 

separable posteriorly, but fuse to form a single mass anteriorly (McMinn, 1994). 

Although there are three layers anatomically, functional studies have identified only 

two functionally distinct layers (Blanksma et aL, 1997; Zwijnenburg et aL, 1999). 

The superficial layer is active during closing and opening movements of the 

mandible with the deep layer active during retrusion and lateral deviation. 

Anteriorly, where the layers are fused, the muscle is responsible for forward and 

upward movement of the mandible, e.g. incisive bites.

Initial research into masseter muscle structure in humans, as with somitic skeletal 

muscle, was limited to muscle fibre typing for which the ATPase technique was 

popular. Using this technique, it was noted that there were definite differences in 

fibre CSA between somitic muscle and the masseter with regard to the Type 11 fibres 

(Ringqvist, 1971b). The Type 11 fibres in masseter were much smaller in CSA than 

the Type 11 fibres in the biceps brachii muscle of the same subject, although the CSA 

of the Type 1 fibres was comparable between the two muscles. Therefore, the Type 

11 fibres in the masseter were much smaller than the Type 1 fibres, although the two
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fibre types were similar sizes in the biceps. More recent studies investigating fibre 

profile in the human masseter have confirmed these results with regard to fibre size 

disparity between Type I and Type II fibres (Serratrice et aL, 1976; Vignon et aL, 

1980; Boyd et aL, 1984; Butler-Browne et aL, 1988; Eriksson and Thomell, 1983; 

Hunt, 1992; Korfage et aL, 2000; Sciote et aL, 1994; Soussi-Yanicostas et aL, 1990; 

Stâl et aL, 1994; Tuxen et aL, 1992; Tuxen et aL, 1999).

Studies that have investigated the fibre profile in the other muscles of mastication 

have also noted the fibre size disparity, although it is more marked in the masseter 

and medial pterygoid muscles than in the temporalis muscle (Eriksson and Thomell, 

1983; Korfage et aL, 2000). Interestingly, there is no size disparity between Type I 

and Type II fibres in jaw opening muscles, e.g. the anterior and posterior bellies of 

the digastric muscle, a situation seen also in somitic skeletal muscle (Korfage et aL, 

2000; Ringqvist et aL, 1982). The small size of Type II fibres in jaw closers, but not 

jaw openers, has been attributed to a decrease in functional requirement in jaw 

closers over evolution due to changes in dietry habits (Butler-Browne et aL, 1988; 

Eriksson and Thomell, 1983; Ringqvist et aL, 1982), as both the number and the 

CSA of the Type II fibres have been related to the bite force (Ringqvist, 1974a; 

Ringqvist, 1974b). However, there is no direct evidence for this.

There is variation in fibre types between different sites of the muscle, with the deep 

layer containing more Type I fibres than the superficial layer (Eriksson and 

Thomell, 1983; Korfage et aL, 2000; Ringqvist, 1974b; Serratrice et aL, 1976). Up 

to 90% of fibres in the deep layer are Type I fibres, with 60-70% of the anterior 

superficial fibres being Type I. In the posterior superficial region, there are more 

Type Ilb(x) fibres than in the other regions, with a prevalence of up to 45% being 

reported (Serratrice et aL, 1976). The superficial region has a more variable fibre 

profile than the deep region. These differences in fibre profile between different 

sites equate well with the subtle variation in function between them. Using fine 

bipolar electrodes placed within different regions of the masseter muscle, it has been 

possible to elucidate which regions are active during specific mandibular movements 

(Blanksma et aL, 1997; van Eijden et aL, 1993; Zwijnenburg et aL, 1999). The deep 

region routinely has more activity than the superficial region, due to the involvement 

of the deep fibres in providing an anti-gravity effect on the mandible (van Eijden et
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al, 1993). However, the superficial region, especially the region anteriorly where 

the superficial and deep regions are fused, is responsible for closing the mandible 

and for incisive bites (Blanksma et aL, 1997; Zwijnenburg et aL, 1999).

Another aspect of masseter muscle structure that has generated interest and 

speculation is the presence of large numbers of intermediate (IM) fibres (Ringqvist, 

1973), so called because their histochemical staining and physiological properties 

are intermediate between those of the Type I and Type II fibres. At the time when 

this research was undertaken, IM fibres were considered to be found only rarely in 

healthy adult skeletal muscles (Brooke and Kaiser, 1970). However, it is now 

acknowledged that IM fibres are prevalent in muscles transforming their phenotype 

in line with changes in functional demands (see Chapter 1). With the development 

of antibodies raised against the MyHC isoforms, it has been possible to investigate 

IM fibres much more thoroughly with respect to the MyHC content than was 

possible with ATPase staining. As with somitic skeletal muscle, it was found that 

the IM and IIC fibres contained a number of different MyHC isoforms, i.e. they 

were hybrid fibres. Although in other skeletal muscle the IIC fibres had been 

reported to express varying amounts of p-cardiac and Ha MyHC, in the masseter the 

IM and IIC fibres often contained the perinatal and a-cardiac MyHC as well, with 

the embryonic MyHC isoform being detected occasionally (Bredman et aL, 1991; 

Butler-Browne et aL, 1988; Korfage et aL, 2000; Sciote et aL, 1994; Soussi- 

Yanicostas et aL, 1990; Stâl et aL, 1994). The presence of these particular isoforms 

had been undetectable using the ATPase staining method (Butler-Browne et aL, 

1988) and it is entirely feasible that they are expressed in the IM and IIC fibres in 

other skeletal muscles. However, the large majority of the research performed on 

transforming fibres in the past has only looked for the more usually expressed adult 

MyHC isoforms (P-cardiac, Ila, IIx and Ilb) and information regarding the 

expression of perinatal and a-cardiac MyHC is less forthcoming (see Chapter 1).

The hybrid fibres may contain up to four different MyHCs (Stâl et aL, 1994) and, 

therefore, there is potential for a large number of different hybrid fibres to be 

produced by varying combinations of MyHCs. Up to 16 different types of hybrid 

fibres have been reported (Monemi et aL, 1999). The percentage of masseter muscle 

fibres that are hybrid fibres varies greatly between reports, with the minimum
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reported to be 5% (Korfage et aL, 2000) and the greatest number being 42% in the 

masseter of elderly individuals (Monemi et aL, 1999). Also, the number of hybrid 

fibres has been reported as being inversely proportional to the number of Type II 

fibres (Ringqvist, 1974a). As with fibre CSA, there are differences between jaw 

closing and jaw opening muscles with respect to the number of hybrid fibres present. 

In one series of reports, hybrid fibres constituted 1% of the total number of fibres in 

the digastric muscle (Ringqvist et aL, 1982), but 8-9% in the masseter muscle 

(Eriksson and Thomell, 1983). In terms of relative CSA, hybrid fibres contributed 

33% in jaw closing muscles, but only 9% in jaw opening muscles (Korfage et aL, 

2000).

As detailed in Chapter 1, there is evidence to suggest that the hybrid fibres reflect an 

adaptive response to altering functional demand. Hence, it has been postulated that 

the presence of a number of different MyHC isoforms in different combinations 

allows a gradation of function without any discontinuity of fibre contraction 

properties (Butler-Browne et aL, 1988; Eriksson and Thomell, 1983). This smooth 

transition has been reported for motor unit properties in the masseter (Yemm, 1977),

The frequent presence of perinatal MyHC in the masseter would appear to support 

this theory, as the co-expression of developmental isoforms is associated with 

adaptation also. It is detected at variable levels in all masseter muscle biopsies taken 

from patients undergoing orthognathic surgery or parotidectomy (Butler-Browne et 

aL, 1988). However, it has been argued that the presence of the perinatal MyHC 

indicates a slower rate of differentiation of the masseter compared with somitic 

skeletal muscle (Butler-Browne et aL, 1988; Soussi-Y anicostas et aL, 1990). In the 

quadriceps muscle, there were only very low levels of expression of perinatal MyHC 

at six months postpartum and this isoform had ceased to be expressed by 18 months 

of age. However, perinatal MyHC was still present in the masseter muscle at this 

age and was continuously expressed, albeit at low levels, into adulthood (Soussi- 

Yanicostas et aL, 1990). Interestingly, a recent paper has noted that the embryonic 

MyHC is detectable in neonatal mouse masseter for a longer time period than in the 

leg musculature. The authors attribute this expression to lack of functional use and 

comment that, although newly bom mice are able to use their legs, they do not start 

to chew until two weeks postpartum (Lu et aL, 1999). An increase in expression of
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perinatal MyHC has also been reported in the masseter muscle of elderly 

individuals, although this isoform is not expressed in the somitic skeletal muscle of 

the same subjects (Monemi et aL, 1999). This pattern of expression of perinatal 

MyHC would be difficult to attribute to delayed maturation.

The a-cardiac MyHC has been reported as being present in 20-45% of human 

masseter mucle fibres (Bredman et aL, 1991). It is commonly expressed in fibres 

which co-express p-cardiac and Ila or Ila only (Bredman et aL, 1991; Korfage et aL, 

2000). However, it is not seen with p-cardiac alone (Bredman et aL, 1991; Chin et 

aL, 1998; Dunn and Michel, 1999; Pedrosa et aL, 1992) and has not been observed 

in prenatal human masseter specimens (Pedrosa et aL, 1992). The exact reason for 

the presence of the a-cardiac MyHC in masseter muscle remains undetermined, 

although it is interesting to speculate that the presence of this isoform in fibres co

expressing the P-cardiac and Ila MyHCs is indicative of fibres undergoing transition 

of their metabolic and contractile properties in response to changes in functional 

load. A similar relationship between p-cardiac, a-cardiac and Ila mRNA has been 

demonstrated in transforming adult skeletal muscle in rabbits (Peuker et aL, 1998; 

Peuker and Pette, 1995) and rats (Stevens et aL, 1999).

The research into fibre types in the masseter, together with the accumulating 

evidence of the associations between muscle function and facial form (as detailed in 

Chapter 1), prefaced the investigation of the fibre types present in the masseter 

muscle of subjects with differing vertical facial form. Unfortunately, these papers 

remain few in number and of variable quality, and a number of studies undertaken to 

obtain higher degrees remain unpublished. Also, they were all performed prior to 

the introduction of monoclonal antibodies against MyHCs and so relied on ATPase 

staining, either with or without other histochemical methods, for fibre typing.

Approximately three times more Type II fibres than Type I fibres have been noted in 

SFS specimens, but there were slightly more Type I than Type II fibres in LFS (Finn 

et aL, 1980). Furthermore, the Type II fibres appeared to be atrophied in the SFS 

samples, but hypertrophied in the LFS samples when comparing the fibre CSA with 

those of the control samples. Using different subjects, the EMG activity and bite 

force were investigated and were found to be increased in the SFS subjects and
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decreased in LFS subjects compared to controls. These findings were explained by 

the argument that, because of the atrophy of the Type II fibres, more had to be 

recruited in order to generate the required force, hence the increase in EMG activity. 

However, as mentioned by the authors, the force a muscle fibre can generate is 

proportional to its CSA. Therefore, without calculating the theoretical contribution 

of the Type II fibres, they could not support their hypothesis.

Further studies have confirmed the above results regarding fibre type proportions, 

but have refuted the findings on fibre CSA. Masseter biopsies of nine LFS subjects 

taken at the time of orthognathic surgery revealed a significant size disparity 

between Type I and Type lib fibres, with Type I being larger and most prevalent 

(Boyd et aL, 1984). However, there were no control subjects with which to compare 

the data and previous studies on the masseter, detailed above, indicate that these 

findings are comparable with the masseter in general rather than being specific for 

LFS subjects. In a later study, using a subset of the subjects from the first study, a 

decrease of 12% in Type I fibres and an increase of 18% in Type II fibres were 

noted following re-biopsy approximately eight months after surgery to approximate 

the jaw relationship to normal (Boyd et aL, 1989). Unfortunately, the authors 

changed their method of fibre typing between the two studies, assuming that their 

initial typing of the fibres, as slow oxidative, fast oxidative glycolytic (FOG) and 

fast glycolytic, was interchangable with fibre types of Type I, Type Ila and Type lib, 

which is now known to be untrue. Also, in the first study, all IM fibres were 

included in the FOG category whereas IM fibres were independently categorised in 

the second study.

Another study reported a large variation in fibre proportions amongst 11 individuals 

undergoing orthognathic surgery for a range of antero-posterior and vertical skeletal 

discrepancies, but no correlation between histochemical findings and facial 

morphology could be found (Shaughnessy et aL, 1989). The lack of correlation in 

this case is likely to be associated with the small sample size. However, they do 

quote a previous study (Leonard, 1984, quoted in Shaughnessy et aL, 1989) in which 

an increase in Type I fibres was found in LFS subjects and an increase in Type Ila 

fibres was found in SFS subjects compared to controls.
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The most comprehensive study to date to investigate the fibre types in normal VFF, 

LFS and SFS subjects demonstrated an increase in proportion of Type I fibres and a 

decrease in proportion of Type II fibres, especially lib fibres, in the LFS subjects 

compared to controls. There was also a marked reduction in CSA of the Type II 

fibres in LFS (Hunt, 1992). Following surgery to correct the jaw relationship, it was 

noted that there was an increase in Type II fibres at the expense of the IM fibres. 

Those patients who suffered relapse had very few IM fibres and, therefore, it was 

suggested that the stability of orthognathic surgery in LFS subjects might be related 

to the number of pre-surgery IM fibres present in the masseter and the ability of 

these to convert to Type II fibres.

From the above, and the information on skeletal muscle presented in Chapter 1, it 

can be seen that, despite the relationship between masseter muscle function and 

facial form and the importance of the MyHCs in the determination of muscle 

function, no definitive studies have yet been performed to assess the association 

between MyHC expression, fibre type and VFF.

Aims

1. To quantify and compare the expression of the MyHC isoforms in the masseter 

muscle of subjects with Normal VFF, LFS and SFS, at both the mRNA and 

protein levels, using Northern and Western analyses.

2. To compare the fibre profile and fibre CSA in the masseter muscle of subjects 

with Normal VFF, LFS and SFS using immunohistochemistry.

Hypothesis

The null hypothesis to be tested is that, in the masseter muscle, there are no 

significant differences between the three VFF groups for the expression of the 

MyHC isoforms, at both the mRNA and protein level, and neither are there any 

significant differences in fibre profile or fibre CSA.
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M aterials and Methods 

Materials

The expression of myosin heavy chain in human masseter was studied using human 

masseter muscle biopsies. These biopsies were collected from 38 consenting 

healthy adult subjects during surgery, under general anaesthetic, for the removal of 

impacted mandibular third molars or mandibular/bimaxillary osteotomy procedures. 

No local anaesthetic injections were given in the area of the masseter biopsy and the 

biopsy procedure followed that suggested by Boyd et al. (1984). The use of 

masseter muscle biopsies had the approval of the appropriate Ethics and Research 

committee.

The biopsies were mounted onto cork using OCT mounting medium and snap frozen 

in isopentane cooled to its melting point in liquid nitrogen within one hour of 

removal from the body. The frozen biopsies were stored in air-tight containers at - 

80°C until required.

Cephalometric analysis, as detailed in Chapter 2, enabled the biopsies to be 

categorised into one of the three groups, LFS (n=13). Normal VFF (n=15) and SFS 

(n=10) (Table 20). Statistical analysis of differences between the three groups for 

the age at surgery was performed using a one-way analysis of variance (ANOVA) 

(GraphPad Prism).

A sample size calculation performed using GraphPad Statmate^^^ and masseter 

muscle structural data collected in previous studies (Hunt, 1992; Nelson-Moon, 

1996) indicated that the number of subjects in each group would yield a power of at 

least 80% with p = 0.05.

Serial sections of these biopsies were used in all of the following procedures.

 ̂ 10855 Sorrento Valley Road #203, San Diego CA 92121, USA. 
http://www. graphpad.com
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Methods

Northern analysis

Quantification of the expression of mRNA for each MyHC was undertaken using 

Northern analysis (Alwine et aL, 1977). At all times during the following 

procedures gloves were worn, sterile equipment was used, the samples and, 

subsequently, the RNA were kept on ice. Di-ethyl pyrocarbonate (DEPC) treated 

solutions were used in order to eliminate the effect of RNases.

Extraction of RNA from muscle tissue

This was performed following the methodology of Chomczynski and Sacchi (1987).

a) A number of sections from each sample, 25pm in thickness, were placed in a 

previously weighed, cooled, sterile 1.5ml microcentrifuge tube. The tube was 

reweighed, allowing the weight of tissue to be calculated, and then kept on ice. 

Approximately 50 mg of tissue was taken from each biopsy sample.

b) Denaturing solution (Appendix A) (500pl) and P-mercaptoethanol (3.6pl) were 

added to the tissue which was vortexed to homogenise the tissue. Two molar 

sodium acetate (NaAc) (50pl), water saturated phenol (500pl) and lOOpl 

chloroform were added in the stated order and the tube was vortexed vigorously 

for 30 seconds and then microcentrifuged at 13 000 rpm for five minutes.

b) Two phases were now visible; the aqueous upper phase was transferred to a clean 

microcentrifuge tube and 500pl of isopropanol were added, mixing by inversion. 

The samples were microcentrifuged for 13 000 rpm for five minutes to 

precipitate the RNA and the supernatant was then removed. The RNA pellet was 

washed in 1 ml of 75% ethanol and then dissolved in 55pl of DEPC water.

c) The RNA was quantified using a spectrophotometer. Five pi of RNA solution 

were added to 75pl of DEPC water in an SOpl cuvette and the optical density was 

measured at 260nm and 280nm. The spectrophotometer automatically calculated 

the RNA concentration and the ratio of 260:280. A 260:280 ratio of between 1.8 

and 2.0 indicated a very pure RNA sample. The concentration of RNA in the
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remaining 50^1 was calculated by multiplying the spectrophotometer reading by 

16. The RNA solution was stored at -80°C until required.

Generation of DNA probes by RTPCR

The RNA used as the template for the RTPCR reaction was extracted by the above 

method from 50mg of tissue from a whole masseter removed from a young, 

previously healthy adult male, with consent, at the time of organ removal for 

transplantation, following involvement in a fatal road traffic accident.

Each antisense primer was designed to anneal specifically to the 3’ UTR of the 

particular gene, as this is the least highly conserved part of the gene. The sense 

primer was designed to anneal to the 3’ coding region. The primer sequences and 

references are given in Table 11, below.

MyHC Primer sequence (sense/antisense) Reference

Embryonic
CCTGCTCCAGAAGGGCTGGCTC (sense) Soussi-Y anicostas et 

al, 1993CTCACCAAATTCCGAAAGGCTC (antisense)

Perinatal
AGGATCCTAAATTCCGCAAACTCCAG Karsch-Mizrachi et 

al, 1990TGAATTCAGCTTTAACAGGAAAATAA

a-cardiac
CGGATCCGGTGCAGCACGAGCTGGATG Matsuoka et al, 

1991CGAATTCGCACTCATATTTATTACAGG

p-cardiac
CGGATCCGGTGCAGCACGAGCTGGATG

Jaenicke et al, 1990
AGAATTCTGCTCCTCCCAAGGAGCTG

Ila
CCATGGCATCAGGACATGATCAC

Ennion et al, 1995
CTAGCTAAATTCCGCAAGCTCC

IIx
GCATTTCTTTGGTCACCTTTCAGCAG

Saez and Leinwand, 
1986

CGTCAACCCTCCAAATTCCGGAGG

Table 11: Primer sequences to generate cDNA probes for the six MyHC

isoforms

96



Chapter 3: Masseter muscle structure and VFF

Using a computer software package, Amplify 12^, it was predicted that these pairs 

of primers would generate probes of the following lengths:

Embryonic 166 bases

Perinatal 236 bases

a-cardiac 329 bases

p-cardiac 217 bases

Ila 153 bases

IIx 175 bases

The primers were synthesised commercially by Genesys (Appendix B).

A pair of primers that would generate a probe for P-actin was purchased from 

Clontech (Appendix B), although the base sequence and probe length were not 

disclosed by the company. The p-actin probe was to be used as a loading control as 

the probe would also recognise the a-actin present in muscle fibres. As the amount 

of a-actin mRNA detected in an RNA sample derived from muscle tissue would be 

substantially more than the amount of P-actin, the amount of bound p-actin probe 

would be indicative of the amount of muscle fibre mRNA present in the sample.

a) One pg of total RNA was placed in DEPC-treated water up to a final volume of 

37pl. Three pi of oligo dT primer (concentration lOOng/pl) were added and the 

solution was mixed gently before incubating at 65°C for five minutes. It was 

then cooled slowly to room temperature to allow annealing of the primer to the 

mRNA. The oligo dT preferentially anneals to the poly A sequence at the 3’ end 

of mRNA.

b) The following reagents were added in the stated order: 5pi of R Transcription 

buffer solution, ipl of RNase inhibitor, 2pl of lOOmM deoxyribonucleoside 

triphosphates (dNTPs) and Ipl of Reverse Transcriptase enzyme (20U/pl). The 

components were mixed gently and then incubated at 37°C for one hour to allow 

oligo dT primer directed polymerisation of DNA to form a single stranded copy 

of the mRNA. This single stranded DNA copy of the mRNA is termed cDNA.

 ̂Public domain software, © 1992-1993 Bill Engels
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The reactions were then incubated at 90°C for five minutes to separate the cDNA 

strand from the mRNA template. The completed reactions were kept on ice.

c) The cDNA was amplified using PCR with the appropriate pair of primers for 

each MyHC. For each pair of primers a separate 50pl reaction was set up using 

the following stock solution: 30pl of Taq Polymerase buffer, 2.4pl lOOmM 

dNTPs, 249.6pl sterile water. From this stock solution, 42pi were placed in each 

of six 500pl microcentrifuge tubes to which were added Ipl of each of the pair of 

primers and Ipl of the previously prepared sample cDNA. To the remaining 

30pl of stock solution 1.2pl of the Taq Polymerase enzyme (5U/pl) were added 

to give a concentration of lU per reaction.

d) The six sample solutions were covered with a layer of mineral oil to prevent 

evaporation during the amplification procedure and were then transferred to a 

mastercycler (Eppendorf). After 2 minutes at 94°C, 5pi of the remaining stock 

solution containing the enzyme were added to each tube to give a total reaction 

volume of 50pl. The mastercycler was programmed to perform the following 

cycles:

Temperature Time Function

94°C 2 minutes Initial denaturing

Enzyme added during this stage

The next three stages were repeated 35 times

94°C 30 seconds Denaturing

57°C 30 seconds Annealing of primers

72°C 30 seconds Elongation by the addition of

the appropriate dNTPs

e) The PCR products were size separated using gel electrophoresis. A 2% agarose 

gel was prepared by dissolving 0.8G of electrophoresis grade agarose in 40ml of 

Ix Tris acetate EDTA (TAE) buffer. Once dissolved, 2pl of ethidium bromide 

were added and the agarose solution was poured into a gel mould, including the 

comb, and allowed to set. When set, the gel was immersed in Ix TAE buffer in
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the gel tank and the comb was removed. Five |il of each PCR product were 

mixed with 2pl of DNA loading buffer (Appendix A) and placed in separate 

wells in the gel. Two pi of DNA marker were also mixed with 2pl of DNA 

loading buffer and placed in a separate well. The gel was run at 5V/cm (75V) for 

45 minutes. All the PCR products produced bands on the gel in the appropriate 

place according to the marker and the predicted product lengths.

f) The remaining 45 pi of PCR product were added to an equal volume of a solution 

containing 30% poly-ethylene glycol (PEG) and 1.5M sodium chloride (NaCl) in 

a 500pl micorcentrifuge tube. The tube was vortexed to thoroughly mix the 

components, left to stand at room temperature for 10 minutes and then 

centrifuged at 13 000 rpm for 10 minutes to precipitate the DNA probe. The 

supernatant was removed and the pellet washed in 70% ethanol in DEPC water.

g) Following removal of the ethanol, the pellet was allowed to air dry and then re

dissolved in 55pl of 5mM tris buffer at pH 8. The DNA was quantified using a 

spectrophotometer and the concentration of the probe was adjusted to give a final 

concentration of lOng/pl. The probes were stored at -20°C until required.

Northern analysis

Two identical membranes were prepared in the following manner:

a) From the previously prepared RNA samples, aliquots were pipetted into a 500pl 

microcentrifuge tube to give a total amount of 4pg of RNA. An RNA calibration 

curve was also prepared from the whole masseter muscle with aliquots pipetted 

into four separate tubes to give total amounts of RNA of 1, 2, 4 and Spg. 

Ethanol (2.5 volumes) and 3M NaAc (1/10 volume) were added to each of the 

tubes and the mixture vortexed and microcentrifuged at 13 OGOg for 5 minutes to 

reprecipitate the RNA. The supernatant was removed and the RNA pellet was 

re-dissolved in 5pi of RNA loading buffer (Appendix A). The sample was heat 

denatured at 80°C for 5 minutes and immediately placed on ice. Samples of the 

unlabelled probes were also prepared by the above method, lOOpg of each 

dissolved in 5 pi of RNA loading buffer, but omitting the denaturing process.
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b) The RNA samples were separated into tRNA, rRNA and mRNA by gel 

electrophoresis. A 1% agarose gel was prepared by dissolving 2.2g of 

electrophoresis grade agarose in 160ml of sterile water in a microwave. This 

was allowed to cool to approximately 50°C before adding 22ml of lOx 

morpholinopropanesulphonic acid (MOPS) and 39.6ml of 37% formaldehyde 

stock solution. The gel solution was mixed and poured into a gel mould 

(including combs) in a fume cupboard with the comb being set at 1mm from the 

bottom of the gel that was approximately 5mm thick. After the gel had set it was 

placed in a gel tank filled with Ix MOPS and the comb removed. The RNA 

samples dissolved in the 5pi of loading buffer were loaded into separate wells 

and run towards the anode at 5V/cm (125V) at 4°C. The gel contained two sets 

of 30 wells and the samples were loaded as follows:

Set 1: 8 LFS, 9 Normal VFF, 6 SFS, 4 calibration samples

Set 2: 5 LFS, 5 Normal VFF, 5 SFS, 6 probes, 4 calibration samples

c) After completing the electrophoresis, the RNA was visualised using an UV 

transilluminator and unwanted gel was removed. The remaining gel containing 

the RNA was washed in 5 volumes of lOx standard sodium citrate (SSC) for 30 

minutes and repeated once in order to remove the formaldehyde that can cause 

increased post-hybridisation background. The gel was then placed onto two 

layers of Whatman filter paper wicks, exactly the same size and shape as the gel, 

which had been pre-soaked in lOx SSC, ensuring that there were no trapped air 

bubbles. The gel was then overlaid with pre-soaked nylon membrane 

(Osmonics, USA (Appendix B)), again ensuring the absence of air bubbles, 

followed by two more layers of pre-soaked filter paper and a 5cm thickness of 

paper towels, all the same size and shape as the gel. A light weight was placed 

on top of the paper towels and the whole apparatus placed in a bath containing 

lOx SSC. The gel was blotted over night and the following day the nylon 

membrane was removed, allowed to dry and the RNA was then fixed to the 

membrane by baking the membrane at 80°C for two hours. The membranes were 

stored, desiccated, at -80°C.
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d) Quantification of the mRNA was achieved by labelling the previously prepared 

DNA probes with a radioisotope of phosphorous, and hybridising these, one 

at a time, to one of the two identically prepared membranes. Two pi of the 

appropriate probe (lOng/pl) were aliquoted into a SOOpl microcentrifuge tube 

together with 2pl of sterile distilled water. This was incubated at 95°C for 2 

minutes to denature the double stranded DNA. The tube was then immediately 

placed on ice. The following reagents were added:

1 pi primer,

2pi buffer containing dNTPs,

ipl Klenow (lU/pl) (bacterial DNA polymerase)

2nl

e) This mixture was then incubated at 37°C for 30 minutes to allow incorporation 

of the radioisotope into the newly synthesised strands of DNA. Meanwhile, the 

membrane was coated with Quickhyb® (Stratagene) by placing in a thick walled 

glass tube in the hybridisation oven and rotating at 68°C for 15 minutes. 

Following incubation, 50pl of salmon sperm DNA were added to the labelled 

probe and the tube was the incubated at 96°C for 5 minutes to denature the 

labelled DNA fragments and the salmon sperm DNA. In effect, the salmon 

sperm DNA acted as a ‘carrier’ for the single stranded probe DNA. The probe 

mixture was then added to SOOpl of Quickhyb® solution in a 1.5ml 

microcentrifuge tube, with pipetting to ensure a complete mix, and this was 

added to the glass tube containing the coated membrane. The tube was rotated to 

ensure complete coating of the membrane with the probe at 68°C for at least one 

hour. Unbound probe was removed by washing in 2x SSC with 0.1% sodium 

dodecyl sulphate (SDS) with rotation at room temperature. This step was 

repeated 3 times over a 30 minute period. The final wash, the stringency wash, 

used 0.2x SSC with 0.1% SDS for 30 minutes, with rotation, at 65°C. The 

concentration of this wash solution was adjusted to take into account the 

Guanidine/Cytosine (GC) content of the probe.

f) The membrane was covered in Saran wrap and placed face up in an X-ray 

cassette. In a dark room, a radiographic film was placed over the membrane.
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The cassette was stored at -70°C for up to one week before the autoradiograph 

was developed in the automated developer used for clinical radiographs.

g) Each membrane could be re-probed up to four times, with the previous probe 

being removed by washing the membrane in boiling 0.1% SDS for 30 minutes, 

repeated once. The following probes were used on each of the membranes: 

Membrane 1: perinatal MyHC, p-cardiac MyHC, embryonic MyHC and P-actin 

Membrane 2: Ila MyHC, a-cardiac MyHC, IIx MyHC and P-actin

Quantification of the bound probe on the autoradiographs

a) The radiograph was placed on a light box in a darkened chamber, adjacent to a 

radiographic step wedge taken on identical radiographic film. An image was 

captured using a digital camera and imported into a computer.

b) A software program, Phoretix ID^, was used to measure the OD of the mRNA 

bands. The OD reading used for each band was a product of the OD reading and 

the area of the band. The program was able to detect the area of the bands and 

measure the OD automatically and then export the data as a “volume” reading 

into an Excel file for further analysis. Throughout the thesis, the phrase “OD 

reading” refers to this “volume” reading for each band. The inclusion of the step 

wedge, and entering the known values for each OD reading on the step wedge, 

allowed the software to calculate a calibration curve and so standardise the OD 

readings from the autoradiographs.

c) The OD reading for each of the MyHC isoforms was divided by the OD reading 

for the P-actin for that particular sample. This ensured that the quantity of 

muscle tissue present in the sample was taken into account when measuring the 

amount of mRNA for each of the MyHC isoforms present.

 ̂ Phoretix Ltd., Nonlinear Dynamics, Tyne House, 26 Side, Newcastle upon Tyne, NEl 3JA. 

http://www.phoretix.com
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Method error

The error of the method for the Northern analysis was analysed in two ways:

a) A repeatability assessment was performed, following the procedures described in 

Chapter 2, on repeated measurements of the OD readings for each MyHC probe. 

The second measurement was performed at least four weeks after the first.

b) As the large number of samples had required that the samples be spread over two 

membranes, it was necessary to ensure that no variation in binding of the probe 

existed between the two membranes. The calibration curves that had been 

incorporated into each membrane were used to verify uniformity between the 

membranes by assessment of repeatability. Paired t-tests and ICC, as described 

in Chapter 2, were performed on the OD reading of the MyHC probe divided by 

the P-actin OD reading, using the SPSS software package. The MyHC OD 

divided by the p-actin OD should give a constant reading across the calibration 

curve resulting in a horizontal line with a slope of zero when plotted graphically. 

The deviation from zero slope and the degree of linearity were confirmed for 

each MyHC probe using a linear regression analysis and runs test respectively. 

Any significant differences between the intercept and slope values for the 

calibration curve from each membrane were also investigated. These statistical 

analyses were performed with the Graphpad Prism software package.

Lack of sample prevented the repetition of the procedure and re-probing, which 

would have provided fiirther evidence of the repeatability of Northern analysis.

Statistical analysis

The data from the Northern analyses were analysed using the GraphPad Prism 

software program. One-way analysis of variance (ANOVA) tests were performed to 

detect significant differences in mRNA expression between the three VFF groups. 

As there were unequal variances between the groups, a Kruskal-Wallis test, 

followed by Dunn’s multiple comparison tests, was performed. The level of 

significance was set at p < 0.05.
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Western analysis

Preparation of protein samples

a) Ten sections from each sample, 20pm in thickness, were placed in a previously 

weighed, cooled, sterile 1.5ml microcentrifuge tube. The tube was reweighed, 

allowing the weight of tissue to be calculated, and then kept on ice. Tissue was 

also prepared from the whole masseter autopsy sample for use in a calibration 

curve.

b) The tissue was homogenised rapidly in boiling protein lysis buffer (see Appendix

A) (5 pi of buffer for each Img of issue) and then microwaved for 10 seconds.

c) The homogenate was centrifuged at 13 000 rpm for five minutes at 15°C and then 

assayed for protein content.

d) The protein assay was carried out according to the protocol supplied with the 

reagents (Bio-Rad). A standard curve was incorporated using bovine serum 

albumin (BSA) at 0, 0.25, 0.5, 1.0, 2.0 and 4.0mg/ml. All samples were assayed 

in duplicate at the same time using a 96 well plate.

e) The protein concentrations were normalised using distilled water and 2x sample 

buffer (Appendix A) to give a protein concentration of 5pg in 10pi. The 

calibration curve was prepared to give protein concentrations of 1.25pg, 2.5pg, 

5pg and lOpg in lOpl. The samples were stored at -80°C until required.

SDS poly acrylamide gel electrophoresis (SDS PAGE)

This protocol was adapted from Bamman et al. (1999).

a) The separating gel (60ml) was prepared (Appendix A) and while this was being 

degassed the Protean Xi electrophoresis equipment (Bio-Rad) (Appendix B) was 

assembled using 0.75mm spacers beween the glass plates. The Temed and 

ammonium persulphate (APS) were added after degassing and the gels were 

poured up to a level 5cm below the top of the smaller of the glass plates. The 

gels were covered with a layer of propanolol in order to protect them from the air 

and so enhance the setting process.
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b) After allowing the separating gels to set for 30 minutes, the propanolol was 

washed off with distilled water and a 25 well comb was inserted between the 

plates so that the bottom of the wells was 2cm above the top of the separating gel. 

The stacking gel (Appendix A) was then added around the comb, ensuring that no 

air bubbles were included.

c) Whilst the stacking gel was setting, the previously prepared protein samples were 

boiled for 5 minutes and then centrifuged briefly. A broad range biotinylated 

molecular weight marker (Bio-Rad) was diluted 1:20 in distilled water and 2x 

sample buffer.

d) When the stacking gel had set, the apparatus was placed in a tank containing Ix 

running buffer (Appendix A) and 6x running buffer was added to the upper 

reservoir. The combs were then removed.

e) A total of 36 samples were loaded, 18 per set of wells, together with a calibration 

curve for each set of wells, a biotinylated marker at either end of the samples and 

the rainbow marker (Bio-Rad) to allow visualisation of the samples’ progress 

through the gel. Ten pi of protein solution (5pg protein) were loaded into each 

well.

Set 1: 6 LFS, 7 normal, 5 SFS and 4 calibrations 

Set 2: 5 LFS, 8 normal, 5 SFS and 4 calibrations

f) The apparatus was connected to a cooler and a power supply. The gel was run at 

4°C, 280V for 36 hours.

Transfer of protein onto PVDF membrane

a) The gels were removed from between the glass plates and soaked in blotting 

buffer (Appendix A) for 45 minutes. Meanwhile, two pieces of 

polyvinyldifluoride (PVDF) membrane (Osmonics, USA), each the same size as 

the gels, were prepared as per the manufacturers instructions by wetting for 5 

seconds in methanol, washing in distilled water for 10 minutes and then soaking 

in blotting buffer for 15 minutes. Soaking of the gels and membrane was
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essential to allow shrinkage to occur, due to the methanol in the blotting buffer, 

before transfer began.

b) The gels were placed in two blotting cassettes in the following way: pre-soaked 

sponge closest to the cathode, pre-soaked filter paper, gel, membrane, pre-soaked 

filter paper, pre-soaked sponge closest to the anode.

c) The cassettes were placed in the blotting tank (Bio-Rad) on either side of a 

central cooling coil. A magnetic flea was placed at the bottom and the tank was 

filled to the top with blotting buffer. The blotting was carried out at 4°C with 

continuous stirring at ISOmAmps for 6 hours.

d) At the end of the blotting period the membrane was removed from the cassette 

and allowed to dry completely before being stored between filter paper in the 

dark at 4°C.

e) The gel electrophoresis protocol and the blotting protocol were repeated so that 

two complete sets of samples had been blotted onto PVDF membrane. The two 

pairs of membranes were labelled 1A and IB and 2 A and 2B.

Detection of Myosin Heavy Chains

Five different antibodies were used to detect the six MyHC isoforms. In order to 

take into account that the 5pg of total protein added to the gel would have contained 

varying amounts of protein derived from muscle fibres, sarcomeric a-actinin 2, 

which is present in all muscle fibres, was used as a loading control. The MyHCs 

have a molecular weight of approximately 200kD, while the a-actinin has a 

molecular weight of 104kD. The fact that there was a maximum number of 25 wells 

per gel meant that the samples had to be split between two gels run at the same time 

and, therefore, the samples were split between two membranes. In order that all the 

samples could be stained under the same experimental conditions, the membranes 

were cut in half so that the MyHCs were on one half and the a-actinin was on the 

other. The two MyHC containing membranes for each set of samples were stained 

together in a glass dish which contained separators to prevent the membranes 

sticking together, as were the a-actinin containing membranes. All antibodies 

(detailed in Table 11, below) were monoclonal and had been raised in a murine host.
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Antibody Protein detected Supplier (Appendix B) Concentration

N2.261 p-cardiac, Ila MyHC Alexis Corporation 1:7500

NCL MHCf Ila and IIx MyHC Novacastra Laboratories 1:10000

NCL MHCneo Perinatal MyHC Novacastra Laboratories 1:500

F88.12F8 a-cardiac MyHC Alexis Corporation 1:5000

F I.165 Embryonic MyHC Alexis Corporation 1:500

a-actinin a-actinin 2 and 3 Sigma-Aldrich 1:20000

Table 12: Monoclonal antibodies used to detect MyHC protein isoforms

in Western analysis

a) The membrane was re-hydrated by immersing in methanol for 5 seconds and 

then washing in distilled water for 10 minutes.

b) The membrane was washed for 10 minutes in phosphate buffered saline (PBS) 

containing 0.1% Tween 20 (PBS-T) and then blocked for 20 minutes in PBS-T 

containing 5% dried milk.

c) The primary antibody was then added, diluted to the previously determined 

concentrations given in Table 12 with PBS-T, and the membrane was incubated 

for 2 hours at room temperature with gentle shaking.

d) The antibody solution was removed and the membrane was washed three times 

for 5 minutes in PBS-T.

e) A biotinylated anti-mouse secondary antibody (Vector Laboratories) (Appendix 

B) was diluted 1:2000 with PBS-T and the membrane was incubated in this for 

45 minutes at room temperature with gentle shaking.

f) A further three 5 minute washes were undertaken, the first two in PBS-T and the 

final wash in PBS.
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g) The tertiary antibody, streptavidin (Vector Laboratories), was diluted by 

complexing three drops of solution A and three drops of solution B in 7.5ml of 

PBS for 30 minutes and then making up to 150ml with PBS. The membrane was 

incubated in the tertiary antibody solution for 45 minutes at room temperature 

with gentle shaking.

h) After three 5 minute washes in PBS, the membrane was taken to the dark room, 

transported in PBS, and was laid face up on a clean, flat surface. The ECL Plus 

chemiluminescence detection system (Amersham Pharmacia Biotech) (Appendix

B) was prepared, according to the manufacturers instructions, and applied to the 

membrane for 5 minutes. After this time, the excess solution was allowed to 

drain onto blotting paper and the membrane was placed face down onto a smooth 

piece of Saran wrap which was then folded to completely enclose the membrane. 

The membrane was then placed in an X-ray cassette holder and radiographic film 

was exposed to the membrane for increasing periods of time -15 seconds, 1, 2, 5, 

10, 30 minutes, up to a maximum of 60 minutes - until the protein bands could 

be detected. The radiographic film was then developed, fixed and allowed to 

dry.

i) The membrane was removed from the Saran wrap and allowed to dry thoroughly 

before storing again at 4°C.

j) The membrane could be stripped of antibody and re-stained with another 

antibody by immersing in a solution of 2% SDS, 62.5mM Tris, pH 7.5 and 

lOOmM p-mercaptoethanol at 50°C for 30 minutes. Each of the two sets of 

membranes were stained with a total of three MyHC antibodies:

Membranes 1: NCL MHCneo; N2.261; F88.12F8

Membranes 2: N2.261; NCL MHCf; FI. 165

The half of the membrane containing the a-actinin bands was stained once only.
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Quantification of the protein bands

This was performed in exactly the same manner as for Northern analysis, except that

the MyHC band OD was now divided by the a-actinin band OD for that sample.

Method error

The error of the method for the Western analysis was analysed in three separate

ways:

a) An assessment of repeatability was performed, following the procedures 

described in Chapter 2, on repeated measurements of the optical density readings 

for each antibody staining, using the SPSS software program. The second 

measurement was performed at least four weeks after the first.

b) As the large number of samples had required that the samples be spread over two 

membranes, it was necessary to ensure that no variation in antibody staining 

existed between the two membranes. The calibration curves that had been 

incorporated into each membrane were used to verify uniformity between the 

membranes by assessment of repeatability. Paired t-tests and ICC, as described 

in Chapter 2, were performed on the OD reading of the MyHC antibody staining 

divided by the a-actinin OD reading, using the SPSS software package. The 

MyHC OD divided by the a-actinin OD should give a constant reading across 

the calibration curve resulting in a horizontal line with a slope of zero when 

plotted graphically. The deviation from zero slope and the degree of linearity 

were confirmed for each MyHC antibody using a linear regression analysis and 

runs test respectively. Any significant differences between the intercept and 

slope values for the calibration curve from each membrane were also 

investigated. These statistical analyses were performed with the Graphpad Prism 

software package.

c) It was possible to analyse the reproducibility of the results between different gels 

and membranes as one of the antibody stainings was performed on both 

membranes. The repeatability of the MyHC OD reading divided by the a-actinin 

OD reading was analysed using paired t-tests and the ICC as described in 

Chapter 2.
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Statistical analysis

The data from the Western analyses were analysed using the GraphPad Prism 

software program. One-way analysis of variance (ANOVA) tests were performed to 

detect significant differences in MyHC protein expression between the three VFF 

groups. As there were unequal variances between the groups, a Kruskal-Wallis test, 

followed by Dunn’s multiple comparison tests, was performed. The level of 

significance was set at p < 0.05.
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Immunohistochemistry (IHC)

This technique was used to investigate the variation in fibre size and number, to 

demonstrate the presence of multiple MyHC isoforms within a single fibre, and to 

determine the number of different types of hybrid fibre. Table 13 lists the primary 

antibodies used, the protein against which they reacted, their dilutions and the 

supplier. All antibodies were monoclonal and had been raised in a murine host.

Negative controls were included for all antibodies.

Antibody Protein detected Dilution Supplier

BFA8 P-cardiac MyHC 1:25 Dr. S. M. Hughes^

N2.261 P-cardiac, Ila MyHC 1:40 Alexis Corporation

NCL MHCf Ila and IIx MyHC 1:50 Novocastra Labs

F88.12F8 a-cardiac MyHC 1:30 Alexis Corporation

NCL MHCneo Perinatal MyHC 1:30 Novocastra Labs

F I.165 Embryonic MyHC 1:40 Alexis Corporation

Table 13: Primary anti-MyHC antibodies used for 

immunohistochemistry

 ̂ MRC Muscle and Cell Motility Unit and Developmental Biology Research Centre, The Randall 

Institute, King’s College London, 26-29 Drury Lane, London.WC2B 5RL.
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Preparation of slides and sections

a) Glass microscopy slides were treated with a 2% APTES (3-aminopropyl triethyl- 

silane) solution diluted in acetone for 10 seconds in a fume cupboard. The slides 

were washed twice in acetone and once in distilled water for 10 seconds each and 

allowed to dry at 42°C over night.

b) Sections (12pm in thickness) of the sample tissues were cut at -20°C in a 

cryostat and picked up on the APTES coated slides. The sections were allowed 

to air dry and then could be used immediately for IHC or could be stored with a 

dessicant at -80°C until required.

IHC technique

a) When required, the slides were defrosted and the sections ringed with a 

hydrophobic pen.

b) The sections were rinsed in PBS for 10 minutes and then incubated for 15 

minutes in 0.3% hydrogen peroxide in PBS in order to eliminate endogenous 

peroxidase activity.

c) The sections were blocked with 0.5% BSA in PBS for 30 minutes and then the 

primary antibody was added, diluted in PBS-BSA, for 1 hour at room 

temperature.

d) The antibody was aspirated from the sections and the slides were placed in a 

staining rack and washed for 10 minutes in PBS three times.

e) The sections were then incubated with the biotinylated secondary antibody, the 

Link reagent (Biogenex), diluted 1:65 with PBS-BSA for 20 minutes at room 

temperature.

f) The slides were washed again for three times 10 minutes in PBS.

g) The sections were incubated with the tertiary streptavidin complex, the Label 

reagent (Biogenex), diluted 1:65 with PBS for 20 minutes at room temperature.

h) The slides were washed again for 10 minutes in PBS three times.
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i) The colour was developed using diaminobenzidine (DAB) solution supplied in a 

kit by Vector laboratories, according to the manufacturer’s instructions, until the 

colour had developed sufficiently or for a maximum of five minutes.

j) The slides were washed in distilled water, counter stained using a regressive 

haematoxylin stain and mounted with cover slips.

Analysis of the antibody staining

The analysis was performed using a software program specifically designed for

analysing transverse muscle sections (TEMA, Checkvision, Denmark). Before use,

the software was calibrated to enable accurate measurement of the fibre CSA.

a) The microscopic slide of a stained muscle section was placed on the microscope 

stand and viewed through the lOx objective lens. A digital camera attached to 

the microsope enabled the image of the muscle section to be transmitted to a 

desk-top computer.

b) The outlines of all the fibres in the view field were traced on the computer that 

automatically counted and numbered the fibres included in the analysis.

c) The computer program then automatically detected the stained fibres and 

marked these on the tracing. The staining analysis could be altered manually if 

necessary.

d) The results (fibre numbering, CSA and staining pattern) were stored to an Excel 

file.

e) The next stained section from the same biopsy sample was then placed on the 

microscope stage and the same area of the biopsy was located as for the 

previous stained section. With the image displayed on the computer, the tracing 

from the original staining was fitted to the new image and the staining analysis 

repeated for the new staining pattern. If the tracing did not fit the new image 

exactly it was possible to manoeuvre the slide on the microscope stand until a 

better “fit” had been achieved. The results were stored to the same Excel file as 

previously.
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f) This procedure was repeated until all stained sections for a particular sample 

had been analysed.

g) A TEMA analysis Add-in to the Excel program allowed full analysis of the 

staining analyses and provided data on the mean total fibre CSA and the mean 

CSA for each fibre type. Data were provided also on the number of different 

fibre types, the percentage contribution of each fibre type to the total CSA 

analysed and the percentage prevalence of each fibre type.

Method error

Lack of sufficient biopsy material precluded repeats of the actual staining procedure, 

but analysis of the repeatability of the measurement procedures was performed. Ten 

of the 38 samples were randomly selected and the staining analysis repeated at least 

four weeks after the original analysis had been carried out. The repeatability 

assessment was performed as described in Chapter 2.

Statistical analysis

The data from the IHC TEMA analyses were analysed using the GraphPad Prism 

software program. One-way analysis of variance (ANOVA) tests were performed to 

detect significant differences in fibre profile between the three VFF groups. As 

there were unequal variances between the groups, a Kruskal-Wallis test, followed 

by Dunn’s multiple comparison tests, was performed. The level of significance was 

set at p <  0.05.
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Results

The results are presented in both tabular and graphical form for the association of 

VFF with MyHC mRNA expression, MyHC protein expression and muscle fibre 

profile.

Method error

The results of the method error for all three techniques, Northern and Western 

analyses and IHC, are detailed in Tables 14 to 19. The Bland and Altman method 

was not included for these measurements as the wide range of expression and 

differences between measurements between subjects for all of the structural 

parameters lead to the generation of large standard deviations and, hence, wide 

limits of agreement. This is a feature of the fact that the Bland and Altman method 

does not account for variability of the observations. All methods demonstrated 

acceptable repeatability and method error.

MyHC probe (membrane) Paired t-test (p-value) ICC
P actin (lA) 0.774 0.824
P actin (IB) 0.676 0.801
P actin (2A) 0.528 0.801
P actin (2B) 0.921 0.988

P cardiac (A) 0.619 0.839
P cardiac (B) 0.824 0.907
a cardiac (A) 0.951 0.986
a cardiac (B) 0.509 0.976

Ila (A) 0.759 0.785
Ila (B) 0.658 0.820
IIx (A) 0.627 0.862
IIx (B) 0.936 0.990

Perinatal (A) 0.144 0.827
Perinatal (B) 0.608 0.769

Embryonic (A) 0.213 0.867
Embryonic (B) 0.458 0.778

Table 14: Repeatability assessment for measurement of OD for MyHC 

mRNA bands using Phoretix ID software program.
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MyHC
(membranes)

Deviation 
from zero 

slope

Deviation
from

linearity ICC

Paired
t-test

Difference
between

slopes

Difference
between

intercepts

P-value P-value P-value P-value P-value

P-cardiac (A) 0.211 1.000
0.764 0.795 0.580 0.970

P-cardiac (B) 0.060 0.667

a-cardiac (A) 0.119 1.000
0.770 0.233 0.366 0.348

a-cardiac (B) 0.135 1.000

Ila (A) 0.430 1.000
0.733 0.222 0.647 0.392

Ila (B) 0.350 1.000

IIx (A) 0.129 1.000
0.946 0.949 0.435 0.967

IIx (B) 0.416 1.000

Perinatal (A) 0.336 1.000
0.810 0.935 0.482 0.968

Perinatal (B) 0.919 1.000

Embryonic
(A)

0.336 1.000
0.770 0.851 0.351 0.869Embryonic

(B) 0.919 1.000

Table 15: Statistical results for the calibration curves of each probe for 

each pair of membranes from the Northern analysis.
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Antibody (membrane) Paired t-test 
(P value) ICC

a-actinin (lA) 0.601 0 .810

a-actinin (IB) 0.769 0 .819

a-actinin (2A) 0.716 0.793

a-actinin (2B) 0.326 0 .909

N2.261 (lA) 0.469 0 .854

N2.26I (IB) 0.646 0.725

N2.261 (2A) 0.456 0.798

N2.261 (2B) 0.457 0 .942

F88.12F8 (A) 0.887 0.791

F88.12F8 (B) 0.858 0.933

NCL MHCf (A) 0.492 0.853

NCL MHCf(B) 0.633 0.815

NCL MHCneo (A) 0.578 0 .774

NCL MHCneo (B) 0.549 0 .787

Table 16: Repeatability assessment for measurement of OD for MyHC 

protein bands using Phoretix ID software program.
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MyHC
(membranes)

Deviation 
from zero 

slope

Deviation
from

linearity ICC

Paired
t-test

Difference
between

slopes

Difference
between

intercepts

P -value P -value P-
value P- value P- value

p-cardiac (A) 0.665 1.000
0.742 0.842 0.603 0.801

P-cardiac (B) 0.398 0.667

a-cardiac (A) 0.062 1.000
0.785 0.685 0.646 0.781

a-cardiac (B) 0.079 0.667

Ila (A) 0.262 1.000
0.820 0.069 0.825 0.234

Ila (B) 0.141 1.000

IIx (A) 0.359 1.000
0.704 0.130 0.907 0.219

IIx (B) 0.059 1.000

Perinatal (A) 0.114 0.667
0.750 0.332 0.217 0.383

Perinatal (B) 0.249 0.667

Table 17: Statistical results for the calibration curves of each antibody

for each pair of membranes.

MyHC: antibody: membranes Paired t-test (p-value) ICC

P-cardiac: N2.261: membranes 1 and 2 0.908 0.870

Ila: N2.261: membranes 1 and 2 0.937 0.987

Table 18: Reproducibility o f Western anlaysis between different

membranes
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Parameter ICC
Paired t-test

P-value

No. of fibres analysed 0.909 0.287

No. of fibre types 0.967 0.343

% Type I fibres 0.989 0.596

% Type I/IIa fibres 0.873 0.299

% hybrid fibres 1.000 0.826

CSA Type I 0.998 0.649

CSA Type I/IIa 0.840 0.489

Table 19: Assessment of repeatability for TEM A analysis 

Demographic data

For the demographic data on the masseter muscle biopsy samples (Table 20), the 

overall male-to-female ratio of 2:3 was an accurate reflection of the gender mix of 

adults seeking combined orthodontic/surgical treatment in the orthodontic 

department. The results of the ANOVA showed no significant differences in mean 

age at biopsy between the three VFF groups.

Number Males Females Mean age (SD) 
(years)

Age range 
(years)

ANOVA results

F P-value

LFS 13 3 10 25.60 (5.15) 18.83-34.58

Normal 15 9 6 25.08 (7.61) 17.50-41.17 2.916 0.067

SFS 10 3 7 31.78 (8.98) 17.33-48.25

Total 38 15 23 27.01 (7.65) 17.33-48.25

Table 20: Demographic data for the three VFF groups
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Northern analysis (MyHC mRNA expression)

All six MyHC probes detected their counterpart mRNA and each probe was detected 

as a band on the membranes located at approximately 6kb, as judged by the relative 

position of the rRNA on the same membrane (Fig. 6). The total number of samples 

analysed was 31 out of 38 for Membrane 1 and 34 out of 38 for Membrane 2 (Table 

21 and Fig. 7).

The only significant differences in expression between the groups were for the 

perinatal MyHC mRNA (p = 0.005). There was a three-fold increase in the level of 

expression in LFS subjects when compared to Normal VFF (p < 0.001) and a two

fold increase in expression when compared to SFS subjects (p < 0.050). There was 

no difference between Normal VFF and SFS subjects.

There were no significant differences between groups for the mRNA expression of 

the p-cardiac, Ila, IIx, a-cardiac and embryonic MyHC isoforms.

Western analysis (MyHC protein expression)

Five of the six MyHC isoforms were detected as a single band located at 

approximately 200kD (Fig. 8), according to the biotinylated and rainbow markers. It 

was neither possible to detect the embryonic MyHC protein in any of the samples 

nor in the muscle used to generate the calibration curve, despite using a high 

concentration of antibody. Results were obtained for 34 of the 38 samples for both 

pairs of membranes (Table 22 and Fig. 9).

The only significant differences between the groups occurred for the expression of 

the perinatal MyHC protein (p = 0.008). There was a significantly higher expression 

of this isoform in LFS subjects compared to SFS subjects (p < 0.010), although there 

were no statistically significant differences between either LFS or SFS subjects and 

Normal VFF subjects.

The levels of protein expression for all the other MyHC isoforms were not 

significantly different between the three VFF groups.
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Figure 6: Autoradiographs of Northern analysis showing bound probe for p- 

cardiac MyHC and the loading control, p-actin.

a) and b); membrane 1, c) and d); membrane 2
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MyHC mRNA

Vertical Facial Form
Kruskal-Wallis test

Dunn’s test 
(multiple comparison)LFS

Mean ± SD (n)
Normal VFF
Mean ± SD (n)

SFS
Mean ± SD (n)

KW P-value

P-cardiac 1.771 ±0.955(10) 3.574 ± 1.896(12) 2.806 ±2.105 (9) 4.705 0.095

a-cardiac 0.749 ±0.381 (12) 0.982 ±0.698 (13) 1.137 ±0.887 (9) 0.974 0.614

Ila 0.794 ± 1.129(12) 0.835 ±0.865 (13) 1.121 ±0.896 (9) 2.095 0.351

IIx 0.229 ±0.210 (12) 0.256 ±0.295 (13) 0.274 ± 0.302 (9) 0.003 0.999

Perinatal 0.724 ±0.298 (10) 0.251 ±0.235 (12) 0.343 ± 0.276 (9) 10.650 0.005
LFS vs Normal: p<0.001 

LFS vs SFS: p<0.050 
Normal vs SFS: p>0.050

Embryonic 0.499 ±0.619 (10) 0.398 ±0.599 (12) 0.478 ±0.217 (9) 3.266 0.195

Table 21: Expression of MyHC isoform mRNA in human masseter muscle in relation to VFF

KW = Kniskal -Wallis statistic.

The units of measurement are for the OD in arbitrary units.
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Figure 7: Histograms comparing the expression of MyHC isoform mRNA in the 

masseter muscle of subjects with varying VFF

Column heights depict mean MyHC expression in that VFF group 
Error bars depict one Standard Deviation 
* = significantly different from LFS at p < 0.050 
** = significantly different from LFS at p < 0.010
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Figure 8: Radiographs of Western analysis showing antibody staining for p- 

cardiac MyHC and the loading control, a-actinin.

a) and b); membrane 1, c) and d); membrane 2
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MyHC protein

Vertical Facial Form
Kruskal-Wallis test Dunn’s test 

(multiple comparison)LFS
Mean ± SD (n)

Normal VFF
Mean ± SD (n)

SFS
Mean ± SD (n) KW P-value

p-cardiac 1.405 ±0.768 (11) 1.313 ±1.011 (14) 1.865 ± 1.504 (9) 1.031 0.597

a-cardiac 0.325 ±0.244 (11) 0.285 ±0.212 (14) 0.230 ± 0.380 (9) 3.569 0.168

Ila 1.739 ±2.244 (11) 1.842 ± 1.378(14) 2.244 ±2.710 (9) 0.652 0.722

IIx 0.245 ±0.291 (11) 0.235 ± 0.238 (14) 0.164 ±0.265 (9) 1.495 0.474

Perinatal 0.559 ±0.588 (11) 0.299 ± 0.438 (14) 0.063 ±0.169 (9) 9.554 0.008
LFS V Normal: p>0.050 

LFSvSFS:p<0.010 
Normal v SFS: p>0.050

Table 22: Expression of MyHC isoform protein in human masseter muscle in relation to VFF

KW = Kruskal -Wallis statistic.

The units of measurement are for the OD in arbitrary units.
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Figure 9: Histograms comparing the expression of MyHC isoform protein in 

the masseter muscle of subjects with varying VFF

Column heights depict mean MyHC expression in that VFF group 
Error bars depict one Standard Deviation
Columns with the same letter are not significantly different from each other (a, ab), 
columns displaying different letters (a, b) are significantly different from each other.
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TEMA analysis (fibre profile)

Data were obtained for 35 subjects for measurement of overall fibre CSA and 28 

subjects for all other parameters (Tables 23 to 25 and Figs. 10, 11 and 12).

Statistically significant differences occurred between the three VFF groups for 

overall fibre CSA (p < 0.001), Type I fibre CSA (p = 0.011) and Type I/IIa fibre 

CSA (p = 0.010). The SFS subjects exhibited significantly larger fibres than the 

LFS subjects for all three parameters, but were only significantly different from the 

Normal VFF group for overall fibre CSA. There were no significant differences 

between LFS subjects and Normal VFF subjects for any of the fibre type CSA 

categories.

There were also significant differences between the VFF groups for the percentage 

CSA of a-cardiac containing fibres (p = 0.048) and the percentage of a-cardiac 

containing fibres just reached significance (p = 0.050). In both cases, the LFS 

subjects had significantly more a-cardiac fibres than the SFS subjects (p < 0.050), 

with no differences between the Normal VFF subjects and LFS or SFS subjects. 

However, there was a trend towards a decreased number of fibre types in SFS 

subjects compared to LFS and Normal VFF subjects (p = 0.062). Although there 

were large differences between the mean values for each VFF group for some 

parameters, e.g., percentage of perinatal MyHC containing fibres, where the mean 

was three-fold greater in LFS compared to SFS subjects, the very large standard 

deviations associated with these parameters precluded the differences from reaching 

significance.

When the CSA of the different fibre types were compared within VFF groups, there 

were significant differences in CSA between the Type I fibres and the Ila/IIx and IIx 

fibres. These differences were more pronounced in the SFS (p < 0.001) and Normal 

VFF subjects (p<0.001) than in the LFS subjects (p = 0.005).
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Figure 10: Photomicrographs of serial sections of masseter muscle biopsy at x60 magnification stained with anti-MyHC antibodies

a) BFA8 against p-cardiac MyHC, b) N2261 against p-cardiac and Ila MyHCs, c) NCL MHCf against Ila and IIx MyHCs, d) NCL 
MHCneo against perinatal MyHC, e)F88.12F8 against a-cardiac MyHC and e) F 1.165 against embryonic MyHC.
H=hybrid fibre containing IIx and perinatal MyHCs, Ha = hybrid fibre containing IIx, perinatal and a-cardiac MyHCs.
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Parameter

Vertical Facial Form
Kruskall-Wallis test

Dunn’s test 
(multiple comparison)LFS

Mean ± SD (n)
Normal VFF
Mean ± SD (n)

SFS
Mean ± SD (n)

KW P-value

Overall fibre CSA 1262 ±495.3 (12) 1548 ±598.3 (13) 2313 ±765.9 (10) 14.570 <0.001
LFS vs Normal: p>0.050 

LFS vs SFS: p<0.001 
Normal vs SFS: p<0.050

Type I fibre CSA 1734 + 631.3 (8) 1944 ±724.0 (10) 2664 ±807.2 (10) 8.948 0.011
LFS vs Normal: p>0.050 

LFS vs SFS: p<0.010 
Normal vs SFS: p>0.050

% Type I fibres 50.42 ± 19.40 (8) 57.84 ± 16.89(10) 54.42 ±23.94 (10) 0.295 0.747

% CSA Type 1 64.02 ± 20.44 (8) 67.52 ± 16.42(10) 61.30 ±22.82 (10) 0.518 0.772

Type I/IIa fibre CSA 1086 ±920.3 (8) 1397 ±627.0 (10) 1945 ±539.3 (10) 9.177 0.010
LFS vs Normal: p>0.050 

LFS vs SFS: p<0.010 
Normal vs SFS: p>0.050

Table 23: Human masseter muscle fibre profile in relation to VFF
KW = Kruskal -Wallis statistic. CSA measured in
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Parameter

Vertical Facial Form
Kruskal-Wallis test Dunn’s test 

(multiple comparison)LFS
Mean ± SD (n)

Normal VFF
Mean ± SD (n)

SFS
Mean ± SD (n) KW P-value

% Type I/IIA fibres 13.62 ± 12.63 (8) 13.80 ± 10.90(10) 28.24 ±20.20 (10) 3.352 0.187

% CSA I/IIa fibres 12.64 ± 13.11 (8) 12.92 ± 10.97(10) 25.00 ± 18.65(10) 3.683 0.159

% hybrid fibres 25.12 ±20.39 (8) 18.15 ± 15.27(10) 9.89 ±16.39 (10) 3.965 0.138

% CSA hybrid fibres 16.46 ± 15.21 (8) 12.53 ± 10.67(10) 9.01 ±16.85 (10) 3.146 0.208

®/o a-cardiac fibres 8.76 ± 8.59 (8) 7.00 ± 10.27(10) 3.30 ±6.44 (10) 5.981 0.050
LFS vs Normal: p>0.050 
’ LFS vs SFS: p<0.050 
Normal vs SFS: p>0.050

*/o CSA a-cardiac fibres 6.73 ± 6.59 (8) 4.96 ±7.53 (10) 2.91 ±7.10(10) 6.067 0.048
LFS vs Normal: p>0.050 

LFS vs SFS: p<0.050 
Normal vs SFS: p>0.050

% perinatal fibres 22.16 ±21.25 (8) 15.65 ± 13.64(10) 7.91 ±13.28 (10) 3.355 0.187

% CSA perinatal fibres 13.87 ± 15.01 (8) 10.65 ±9.53 (10) 7.22 ± 13.04(10) 2.554 0.279

No. of fibre types 10.13 ±3.18 (8) 9.20 ±3.74 (10) 6.10 ±3.90 (10) 3.114 0.062

Table 24: Human masseter muscle fibre profile in relation to VFF
KW = Kruskal -Wallis statistic.
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VFF

Fibre types Kruskal-Wallis
test Dunn’s test 

(multiple comparison)All fibres
Mean CSA 

(SD)

Type I
Mean CSA 

(SD)

Type I/IIa
Mean CSA 

(SD)

Type Ila/IIx
Mean CSA 

(SD)

Type IIx
Mean CSA 

(SD) KW P-
value

LFS 1262 (495.3) 1734 (631.3) 1086 (920.3) 835.3 (655.7) 637.6 (351.7) 14.740 0.005
Type I vs I/IIa: p<0.050 

Type I vs Ila/IIx: p<0.050 
Type I vs IIx: p<0.001

Normal
VFF 1548 (598.3) 1944 (724.0) 1397 (627.0) 655.0 (365.3) 776.1 (448.2) 24.160 <0.001

All vs Ila/IIx: p<0.001 
All vs IIx: p<0.010 

Type I vs Ila/IIx: p<0.001 
Type I vs IIx: p<0.001 

Type I/IIa vs Ila/IIx: p<0.050

SFS 2313 (765.9) 2664 (807.2) 1945 (539.3) 971.0 (561.4) 996.5 (832.3) 20.420 <0.001
All vs Ila/IIx: p<0.050 

Type I vs Ila/IIx: p<0.001 
All vs IIx: p<0.050 

Type I vs IIx: p<0.001

Table 25: Comparison of fibre type CSA in human masseter muscle in relation to VFF

KW = Kruskal -Wallis statistic. 

CSA measured in
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Figure 11: Histograms comparing the fibre profile in the masseter muscle of

subjects with varying VFF

Column heights depict mean in that VFF group 
Error bars depict one Standard Deviation
Columns with the same letter are not significantly different from each other (a, ab), 
columns displaying different letters (a, b) are significantly different from each other.
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Discussion

The results indicate that there are few significant associations between masseter 

muscle structure and VFF. However, there was a significantly increased expression 

of the perinatal MyHC isoform at both the mRNA and the protein level in the LFS 

group. The other aspect of masseter muscle structure that had a strong association 

with particular VFF groups was that of fibre CSA. The average CSA of all fibres, 

the average CSA of Type I fibres and the average CSA of Type I/IIa fibres were 

significantly greater in SFS than in both LFS and Normal VFF for all fibres and 

significantly greater than LFS in Type I fibres and Type I/IIa fibres. The prevalence 

and the percentage CSA of a-cardiac containing fibres were significantly greater in 

LFS subjects than SFS subjects. Therefore, the null hypothesis could be rejected.

With regard to the quantitative data for the MyHC isoform protein and mRNA 

expression, the perinatal MyHC displayed statistically significant differences 

between the three VFF groups (p = 0.008 and p = 0.005 respectively). For both the 

protein and the mRNA, there was significantly increased expression of the perinatal 

MyHC isoform in LFS subjects compared to SFS subjects, although there was an 

increased expression in LFS compared to Normal VFF subjects only for the mRNA. 

There were no differences in expression between Normal VFF and SFS individuals. 

There have been no previous studies in which the protein and mRNA expression of 

the MyHC isoforms have been quantified. The perinatal MyHC isoform has been 

reported as being present in many human adult masseter samples, although an 

explanation of its presence has not been forthcoming. However, slower maturation 

of masseter muscle compared with other skeletal muscle has been postulated 

(Butler-Browne et al, 1988; Soussi-Yanicostas et al., 1990) and perinatal MyHC 

has since been demonstrated to be expressed in regenerating and transforming fibres. 

Therefore, it is interesting to speculate on the meaning of the increased level of 

expression in LFS subjects over Normal VFF and SFS subjects. One explanation is 

that the masseter muscle in LFS individuals fails to mature to the same degree as 

masseter muscle in SFS individuals and, therefore, the muscle has a structure more 

akin to that of a child. Another explanation is that the masseter muscles in LFS 

individuals are subject to different functional demands from those in SFS individuals 

and so have a higher prevalence of transforming/regenerating fibres. In fact, the two
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explanations are not mutually exclusive, as the lack of an adequate functional 

stimulus as the individual develops and grows could inhibit the maturation of the 

masseter muscle, prevent the muscle developing strength and so predispose to the 

backward rotation of the mandible that has been associated with weak musculature 

and the development of LFS. This theory could also explain the differences in fibre 

CSA seen between the different VFF groups.

The overall mean CSA, and the CSAs of Type I and Type I/IIa fibres, were 

significantly greater in the SFS group, with no significant differences in CSA 

between the groups for the Ila/IIx and the IIx fibres. The amount of inter-individual 

variation within VFF groups was less marked for the measurement of fibre CSA. 

When the CSAs of the different fibre types were compared, the pattern was 

consistent across all three VFF groups, with the Type I fibres displaying the largest 

CSA and the Type Ila/IIx and IIx fibres displaying the smallest CSA. This is a 

finding that is in common with all previous masseter muscle research, independent 

of VFF (e.g. (Serratrice et al., 1976; Stâl et a l, 1994; Korfage et al., 2000). 

Although the Ila/IIx fibres in this study may well have been pure Ila fibres, the lack 

of antibodies specific for the Ha and IIx MyHCs in human muscle prevented precise 

detection of pure Ila fibres. Pure IIx fibres could be identified as reacting with the 

NCL MHCf antibody, but not the N2.261 antibody. The fibre sizes were more 

homogenous in the LFS group due to a reduction in CSA of Type I and I/IIa fibres, 

whereas in SFS individuals, the very large size of the Type I and I/IIa fibres 

exaggerated the size disparity between these fibre types and the Type II fibres. It is 

interesting to speculate whether the size differential seen between fibre types within 

the different groups is due to a reduction in size (atrophy) of the fibres in the LFS 

group or an increase in size (hypertrophy) of the fibres in the SFS group. Another 

possibility is that the Type I and I/IIa fibres in the LFS group failed to ever develop 

to full maturational size (hypotrophy). Hypotrophy of the fibres in the LFS group 

indicates a lack of maturational stimulus for the masseter muscle in these individuals 

during development. Atrophy of the fibres indicates that the functional environment 

of the muscle has changed and that the muscle is being utilised either less forcefully, 

or less often, than previously. As discussed above, the increased expression of the 

perinatal MyHC in the LFS group may also be explained by either of these theories.
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Previous reports have varied when describing the prevalence of Type I and Type II 

fibres in the masseter muscle of the different VFF groups. In the current research, 

the prevalence of Type I fibres was very similar across all three VFF groups, 

comprising approximately 55% of all fibres. Although, there was a two-fold 

increase in the percentage of I/IIa fibres in SFS subjects over LFS and Normal VFF 

subjects, the large degree of inter-individual variation prevented the results from 

reaching statistical significance. A similar situation existed with the percentages of 

hybrid fibres, fibres containing the perinatal MyHC, and the total number of 

different fibre types. The prevalence of each of these fibre types appeared to be 

increased in the biopsy samples taken from LFS subjects compared to SFS subjects, 

although the huge inter-individual variation exhibited within the groups again 

prevented the results reaching statistical significance. However, the prevalence of 

fibres containing the a-cardiac MyHC, and the percentage CSA of these fibres was 

significantly greater in LFS subjects than SFS subjects (p < 0.050). Data do exist 

regarding some of these parameters in whole human masseter muscle samples that 

have not been classified according to VFF and the results of this study conform very 

well to the results of these studies. In this study, the maximum number of different 

fibre types detected was 16, with the greatest prevalence of hybrid fibres being 

54.1%. These findings are in agreement with the findings of (Monemi et al., 1999) 

who reported a maximum of 16 different fibre types and 42% of hybrid fibres, 

although their study was performed in masseter muscle of elderly subjects.

There are a number of pertinent reasons for the differences exhibited between this 

current study and previous studies on this subject. These reasons include differences 

in fibre typing, CSA measurement techniques, and cephalometric analysis. In 

previous studies, fibre typing was performed using the ATPase method whereas in 

this study antibodies against specific MyHC isoforms were used. The ATPase 

method is insensitive at reliably detecting certain types of fibres, specifically hybrid 

fibres, and, using this method, it would have been possible to misclassify some 

hybrid fibres as Type I fibres or Type II fibres, depending on which was the 

predominant MyHC isoform expressed in that particular fibre at the biopsy site. The 

use of antibodies specific for the MyHC isoforms greatly increased the accuracy of 

detection of the various fibre types for both pure fibres, i.e. those that contained only 

one MyHC isoform, and hybrid fibres. This distinction between different fibre types
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is relevant not only in terms of fibre prevalence but also for CSA measurement, as 

fibres containing the p-cardiac MyHC have larger CSAs than those that do not 

contain this isoform. Advances in image analysis software since the 1980’s, when 

much of the previous research was undertaken, have also enabled more accuracy in 

measurement of fibre CSA. Certainly, the error study for the TEMA software would 

indicate that the analysis is consistent and reproducible. The only potential 

difficulty in accurate use of this particular software is the necessity to have very high 

quality tissue sections with minimal distortion and artefact. Although the use of the 

fibre “mask” and the ability to manoeuvre the tissue section for a best fit to the mask 

does help to eliminate some of these problems, the poor quality of some biopsies 

enabled only measurement of fibre CSA on one section only. Analysis of the fibre 

MyHC isoform content on subsequent sections was impossible in certain samples, 

hence data on only 28 out of 38 samples. However, perhaps the largest discrepancy 

between previous studies and this present research is in the method of VFF 

classification. Whereas, in earlier studies, the method of VFF classification has 

often not been mentioned, has been subjective, or has relied solely on LAFH%, 

objective criteria, verified using machine-learning techniques, have been utilised in 

this current project. This has meant that a number of subjects who in previous work 

would have been classified as LFS based on LAFH% have been classified as Normal 

VFF in this study. This lack of distinction between the LFS and Normal VFF 

groups may have precluded specific differences between groups from being noted 

previously.

Perhaps one of the most striking findings is the huge degree of inter-individual 

variation seen within the same VFF group and exhibited by the majority of 

parameters. This is in agreement with both previous studies on the masseter muscle 

and studies on other adult skeletal muscles. One reason that has often been quoted 

as being responsible for there being large inter-individual variation in masseter 

muscle samples from differing VFF groups is the fact that the biopsy sample 

represents only a very small area of masseter muscle for investigation. This 

argument has also been used as an explanation for why there are not a greater 

number of parameters displaying significant differences between the VFF groups. 

Although it would be of great interest to analyse whole masseter muscles from 

individuals with varying VFF, in a human population this is not feasible. Whole
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masseter studies that have been performed without separation into VFF groups also 

indicate an extremely high level of inter-individual variation, which is more 

pronounced in the anterior superficial area, the area from which the biopsy samples 

were obtained. The fibre profile does vary between different regions of the masseter 

with the deep region comprising mainly Type I fibres (90%) and the anterior 

superficial region comprising 60% -  70% Type I fibres on average. These regional 

variations are associated with variation in function between the regions with the 

deep region likely to be responsible for the anti-gravity effect and maintaining 

mandibular rest position. The anterior superficial region is most active during 

mandibular elevation and incisive bites. Therefore, it is this region that is likely to 

be most relevant in relation to determination of VFF as both molar and incisive bite 

forces differ significantly between the different VFF groups. Also, the anterior open 

bite associated with LFS completely prevents the performance of incisive bites in 

these individuals and, hence, force generation in the masseter muscle.

However, within each VFF group the variation exhibited by the cephalometric 

parameters (see Chapter 2) is small, indicating reasonable homogeneity of facial 

form for each VFF group. The large inter-individual variation within VFF group for 

the MyHC and fibre profile parameters, taken together with the small inter

individual variation within each VFF group for the cephalometric parameters, 

indicates that the masseter muscle structure, as at the time of muscle biopsy, is 

unlikely to have been the major determinant of VFF. However, the structure of 

muscle is highly adaptable to changes in functional demands, as discussed in 

Chapter 1, and the muscle structure in the biopsy samples is likely to be a 

combination of muscle adaptation superimposed on the initial genetically 

predetermined muscle structure. The extent of muscle adaptation, which will vary 

between individuals depending on the functional stimulus, will determine the 

amount of genetically predetermined muscle structure still evident in a biopsy 

sample. In some cases, these adaptive responses could result in very little of the 

original genetically predetermined muscle structure remaining and, therefore, it is 

not surprising that the masseter muscle structural parameters exhibit such wide inter

individual variation and few associations with VFF.
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Conclusions

1. There was a significant increase in expression of perinatal MyHC in LFS 

compared to SFS for both the mRNA and protein. There was a significant 

increase in expression of perinatal MyHC in LFS compared to Normal VFF for 

the mRNA.

2. The CSA of the muscle fibres was significantly greater in SFS subjects than in 

LFS subjects.

3. There was a significantly greater prevalence of a-cardiac containing fibres, and a 

greater percentage fibre CSA of these fibre types, in LFS compared to SFS 

subjects.

4. There was a huge inter-individual variation seen within the same VFF group for 

the majority of masseter muscle structural parameters. This was despite each 

group having reasonable homogeneity of facial form.

5. The decreased fibre CSA and the increase in perinatal MyHC expression in the 

LFS group compared to the other groups were indicative of either disuse 

atrophy, due to a reduction in functional stimulus, or muscle fibre hypotrophy, 

due to lack of an adequate functional stimulus during development. The large 

inter-individual variation within groups indicated that the differences in structure 

were unlikely to be purely a result of genetic pre-determination.
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Chapter 4: The relationship between masseter muscle 

structure and the occlusion

Introduction

From the results of Chapter 3, it was apparent that there were few structural 

parameters that were related to the VFF of an individual and that, within all three 

VFF groups, there was a large inter-individual variation. However, the structural 

data on the masseter muscle were indicative of a muscle that was transforming its 

fibre profile and adapting to a new functional environment, as evidenced by the 

presence of numerous hybrid fibres. In most incidences the muscle appeared to have 

experienced some form of disuse atrophy, marked by the presence of the perinatal 

MyHC and fibres of reduced CSA. Throughout the pre-surgical phase of combined 

orthodontic/surgical treatment, the subject’s occlusion - defined as the way in which 

upper and lower teeth meet when they are brought together - is altered by the use of 

orthodontic appliances. This is in order that the teeth may meet together in a manner 

that is optimal for both function and aesthetics post surgery. The amount of tooth 

movement required prior to surgery varies, but in all cases the occlusion is disrupted, 

and most individuals undergo a reduction in the number of opposing teeth that meet 

together when the mouth is closed. It is possible that many of the structural 

characteristics displayed in the masseter muscle at the time of orthognathic surgery 

are an adaptive response by the muscle to changes in function caused by changes in 

the occlusion.

The way in which occlusion is described by orthodontists today is, in many respects, 

due to the pioneering work of Angle (1900) and, subsequently, Andrews (1972). 

The static or intercuspal occlusion can be defined as the “best fit” position of the 

teeth when maximum contact is maintained between opposing teeth. Authors have 

described the way in which the teeth should meet in an ideal arrangement (Angle, 

1900) and the number of occlusal contacts between teeth of the opposing arches in 

such an ideal arrangement (Heilman, 1921). With a full complement of 32 teeth, 

there should be 138 occlusal contacts and, furthermore, only if all 138 contacts were 

present would there be full masticatory efficiency (Heilman, 1921). However, this 

concept of an “ideal” occlusion is theoretical and based on the morphology of the
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teeth. Occlusions that conform to this ideal are rarely, if ever, seen. Hence, a more 

realistic description is that of “normal” occlusion -  defined as an occlusion that is 

acceptable both aesthetically and functionally and does not require orthodontic 

correction (Andrews, 1972). Nevertheless, the teeth are not permanently in a static 

relationship with those of the opposing arch and the occlusal contacts between the 

maxillary and mandibular teeth during function and, in particular, those contacts 

which occur during mastication and swallowing, are referred to as the functional 

occlusion.

Subjects with a normal occlusion have a regular and reproducible chewing pattern 

while subjects with malocclusions (the occlusion is functionally and/or aesthetically 

neither ideal nor “normal”) have considerable variation in the form of the 

masticatory movement, the chewing sequence is non-uniform and there is a lack of 

regular tooth contacts (Ahlgren, 1967; Gibbs et al., 1971). Whilst the presence of 

occlusal contacts during both mastication (Adams and Zander, 1964; Anderson and 

Picton, 1957; Graf and Zander, 1963; Glickman et al., 1969; Schaerer and Stâllard, 

1965; Pameijer et al., 1968; Pameijer et a l, 1969; Pameijer et al., 1970a; Pameijer et 

al., 1970b) and swallowing (Woda et al., 1979) is well established, the exact position 

of the mandible during the contacts is less well defined. During mastication, light 

gliding contacts are made to and from the intercuspal position (Adams and Zander, 

1964; Beyron, 1964; Glickman et al., 1969; Pameijer et al., 1968; Pameijer et al., 

1969; Pameijer et al., 1970b; Pameijer et a l, 1970a) However, during swallowing, 

although most research would indicate that many swallowing patterns occur with the 

teeth in the intercuspal position, there is no over all consensus (Graf and Zander, 

1963; Kydd and Sander, 1961; Schaerer and Stâllard, 1965; Pameijer et a l, 1969; 

Pameijer e /a/., 1970a).

Subjects with fewer occlusal contacts appear to generate less force in the masseter 

muscle during clenching in the intercuspal position due to the constraints placed on 

the masticatory system by the pain receptors in the periodontal ligament. Bite force 

and EMG activity in the masseter are positively correlated with the number of 

occlusal contacts (Bakke and Michler, 1991; Helkimo et al., 1977; Bakke et al., 

1992; Iwase et al, 1998; Miyaura et al, 1999). Masticatory forces spread over 

fewer teeth (a smaller area) would result in the firing threshold for the pain receptors
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being reached at lower bite forces than if a large number of teeth (increased area) 

were in contact (Hidaka et al., 1999; Trulsson and Johansson, 1996). Indeed, in 

adults it is the number of occlusal contacts that is the most important factor in 

determining bite force when compared with age, gender, body-build and vertical 

facial form of the subject (Bakke et al., 1989; Ingervall and Minder, 1997). 

Stabilising the occlusion by use of an acrylic occlusal splint, which allows even 

contact with the splint of all the erupted teeth, increases the bite force and EMG 

activity in both the intercuspal and retruded contact position (RCP, the first tooth 

contact made with the mandibular condyles in their most retruded position). This 

occurs in subjects with normal occlusions and a full compliment of teeth, as well as 

in those with malocclusions, including subjects with anterior open bites (Bakke and 

Michler, 1991; Jimenez, 1987; Wood and Tobias, 1984).

By definition, subjects undergoing orthodontic treatment do not have normal 

occlusions - they all have malocclusions of varying severity and, therefore, have 

fewer occlusal contacts than non-orthodontic normals (Gazit and Lieberman, 1973). 

Pertinent to the aetiology of VFF and research into masseter muscle structure and 

function, subjects with LFS often have an anterior open bite and fewer occlusal 

contacts, whereas subjects with SFS have a deep bite and, consequently, far more 

occlusal contacts. However, a wide range of malocclusions exists within these VFF 

groups, notwithstanding the effect that the AP facial form also has on the number of 

occlusal contacts. Interestingly, despite this, much of the early work on masseter 

muscle function and structure with respect to the aetiology of VFF completely 

neglected to take any account of the occlusion and the number of occlusal contacts 

(Ingervall and Helkimo, 1978; Ingervall and Thilander, 1974; Sassouni, 1969; Proffit 

and Fields, 1983; Boyd et al., 1984; Proffit et al., 1983; Boyd et al, 1989; Hannam 

and Wood, 1989; Proffit et al., 1989; Shaughnessy et al., 1989; Hunt, 1992; van 

Spronsen et al., 1992). This is despite some of the earliest work on masseter muscle 

structure indicating that there was a relationship, at least between the occlusion and 

the number of intermediate fibres in the masseter (Ringqvist, 1974b). Only recently 

have a small number of research groups started to comment on the potential effects 

of the dental occlusion on masseter muscle size, functional properties and structure 

(Bakke et al., 1992; Bakke, 1993; van Spronsen et al., 1996).
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An alteration in the bite force measurements recorded throughout the 

orthodontic/surgical treatment period has been reported in subjects undergoing a 

combined orthodontic/surgical approach to treatment of their malocclusion. A 

decrease in maximal bite force occurred following the orthodontic phase of treatment 

prior to surgery, and a slow but steady increase in maximal bite force occurred after 

surgery (Proffit et al, 1989; Thomas et al., 1995; Hunt and Cunningham, 1997; 

Throckmorton et al., 1996; Iwase et al, 1998; Kim and Oh, 1997). There was a 

large range in bite force changes within VFF groups and huge individual variation, 

although LFS subjects were reported to increase the bite force over the initial pre

treatment value while SFS subjects only returned to the original pre-treatment levels 

(Hunt and Cunningham, 1997). Changes in the number of occlusal contacts due to 

the pre-surgical orthodontics, the surgery itself and the post-surgical orthodontics 

have not been considered as possible explanations for the alterations in bite forces, 

although it has been shown previously that orthodontic treatment decreases the 

number of occlusal contacts during treatment (Sullivan et a l, 1991) and that 

following orthognathic surgery the number of occlusal contacts was increased 

(Athanasiou, 1992). A recent paper, using computer aided technology that can 

measure the bite force and the number of occlusal contacts simultaneously, has 

shown that the improvement in bite force following surgery is positively correlated 

with an increase in the number of occlusal contacts following surgery and post- 

surgical orthodontics (Iwase et al, 1998).

In humans, only one study to date has related masseter muscle structure to features 

of the occlusion and this was one of the earliest studies completed on human 

masseter (Ringqvist, 1974b). In this study there was an association between the 

number of intermediate fibres and occlusion. Subjects with a “good occlusion” had 

significantly fewer IM fibres in the masseter than subjects with a “poor occlusion”, 

although there was no difference in the percentage distribution of type I and type II 

fibres (Ringqvist, 1974b).

The aim of the pre-surgical phase of orthodontic treatment is to dramatically alter the 

occlusion prior to surgery in order that the occlusion will be substantially improved 

following surgery, when the jaws are in completely different positions. Therefore, 

prior to the surgery, most subjects undergoing this form of treatment will have
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undergone at least a year of orthodontic tooth movement. If the number of occlusal 

contacts changes during pre-surgical orthodontic treatment then the function of the 

masseter is also likely to change. Therefore, the pre-surgical orthodontic treatment 

has the potential to be a highly significant confounding factor in studies to assess 

masseter muscle structural differences between subjects with differing VFF.

In summary, it has been shown that:

i. The number of contacts made habitually between opposing teeth in the 

intercuspal position is positively correlated with maximal bite force 

measurements.

ii. Increasing the number of occlusal contacts, either by providing bite splints or 

altering the jaw positions, increases the bite force measurements.

iii. The force of muscle contraction (e.g. bite force) is related to the 

function/structure of the muscle (Chapter 1).

However, to date, no study has related, in detail, the occlusion and masseter muscle 

structure. Therefore, the aims of this aspect of the project were as follows:

Aims

1. To assess the static occlusion, in terms of numbers of contact points between 

opposing teeth, in the intercuspal position, both pre-treatment and at the end of 

pre-surgical orthodontic treatment

2. To investigate the relationship between the number of occlusal contacts, both 

pre-treatment and pre-surgery, and the change in occlusion during orthodontic 

treatment with the structure of the masseter muscle.

Hypothesis

The null hypothesis is that there is no relationship between the number of occlusal 

contacts and masseter muscle structure either pre-treatment or pre-surgery.
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M aterials and Methods 

Materials

The retrospective nature of this part of the project necessitated that the occlusion be 

analysed using study casts of the subjects’ teeth. This also meant that the occlusal 

analysis was restricted to the static occlusion in the intercuspal position rather than 

the functional occlusion. Of the 38 subjects from whom masseter muscle biopsies 

had been obtained, 35 were undergoing orthodontic treatment at the time of surgery 

and three had received no orthodontic treatment. Study casts taken prior to the start 

of orthodontic treatment were available for 33 out of the 35 orthodontic subjects and 

study casts were available for all three non-orthodontic subjects. Study casts taken at 

the end of the pre-surgical phase of orthodontics were available for 34 out of 35 

orthodontic subjects.

As a comparison of the occlusal information yielded by the study casts with that 

gained from a clinical examination was not possible in those subjects who had 

undergone a surgical procedure, it was necessary to perform a pilot study to verify 

the validity of using study casts.

Methods 

Pilot study

Nine volunteers, 5 with malocclusions, but who had not undergone orthodontic 

treatment, and 4 who had completed the pre-surgical phase of orthodontic treatment, 

were assessed to compare the number of occlusal contacts assessed clinically to that 

using study casts. The volunteers had a range of malocclusions from Class II SFS to 

Class III LFS.

1. The subjects were seated in a dental chair and asked to close their teeth together. 

The reproducibility of this intercuspal position was checked by asking the subject 

to repeat this procedure on three occasions over a five minute period.

2. Alginate impressions of the upper and lower teeth were taken in rim-lock solid 

metal trays.
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3. A softened wax occlusal record was taken with the subject biting in the 

intercuspal position until the teeth in opposing arches were in contact.

4. The alginate impressions and the wax bite were disinfected using Microzid spray 

and sent to the orthodontic technical laboratory where the study casts were made 

in dental casting plaster (70% stone, 30% plaster). For improved accuracy, the 

impressions should be cast within half an hour because alginate can undergo 

dimensional change and distortion due to loss of water to the atmosphere and 

also due to the action of the disinfectant. However, in order to replicate the 

procedure that would have occurred for the study casts of the subjects in the main 

study, the technicians casting the impressions were not given any specific 

instructions. Also, dental stone would have been preferable to dental casting 

plaster to cast the impressions because it is less prone to chipping and breakage. 

However, dental casting plaster was the material used to cast the study casts for 

the subjects in the main study.

5. Alginate impression material was placed over the occlusal surfaces of the lower 

teeth and the subject was again asked to bite in the intercuspal position and to 

hold this position until the impression material had set (approx 10 secs). On 

removal of the impression, areas of occlusal contact were recorded as holes in the 

impression (Ingervall, 1972; Korioth, 1990; Sullivan et al., 1991).

6. Two strips of double-sided GHM articulating paper, 12pm in thickness, were 

held in Miller’s tweezers over the occlusal surfaces of the teeth on each side of 

the mouth and the subject was asked to tap the teeth firmly together in the 

intercuspal position (Wise, 1995). A record of the contact areas was taken with 

occlusal photographs.

7. Shimstock, 12pm in thickness, was used to verify occlusal contact between 

opposing teeth, A thin strip was held in mosquito forceps and, with the subject 

in the upright position, placed between opposing pairs of teeth. Resistance to 

removal of this strip with the subjects’ teeth biting in the intercuspal position 

indicated that the opposing teeth were in contact. Pairs of teeth in contact were 

recorded (Wise, 1995).
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8. The study casts were articulated on a simple hinge articulator in the intercuspal 

position by a trained and experienced orthodontic technician. This type of 

articulator was used as it did not necessitate the use of a facebow, as a facebow 

recording could not be taken retrospectively on post-surgical patients in the main 

study. The study casts were inspected for imperfections that were removed 

carefully with a sharp Le Cron instrument.

9. Occlusal contacts were determined with the use of articulating paper and 

shimstock as in the clinical situation (Wise, 1995). Alginate bite registrations 

were also taken.

10. The total number of occlusal contacts observed for each of the study casts and 

those observed in vivo were compared for repeatability and method agreement 

using the method error calculations described in Chapter 2 (Table 26).

Results of pilot study

Subjects
Number of occlusal contacts Paired t-test

ICC
in vivo Study Casts P-value

No ortho: 1 30 28

2 10 10

3 8 8

4 62 64

5 46 46 0.681 0.995

Ortho: 1 10 12

2 22 24

3 14 12

4 4 4

Table 26: Comparison of the number of occlusal contacts, in vivo and on

study casts

Occlusion study

The results of the pilot study showed that study models articulated while the wax 

occlusal record was in place were an accurate representation of the clinical situation.
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Therefore, the following procedure was performed to determine the number of 

occlusal contacts for the subjects in the main study.

1. The 36 pre-treatment study casts and 34 pre-surgery study casts were inspected 

for imperfections that were removed carefully with a sharp Le Cron instrument.

2. The intercuspal position, into which the study casts had been trimmed, was 

verified by comparing the study casts with either the pre-treatment lateral skull 

radiograph or the pre-surgery lateral skull radiograph, as appropriate. The study 

casts and the respective radiographs had all been taken on the same day.

3. The wax squash bite, that had been preserved with the study casts from when 

they were originally taken, was positioned between the upper and lower casts and 

the casts were mounted on a simple hinge articulator by a trained and 

experienced orthodontic technician. The wax occlusal record was maintained in 

position to stabilise the study casts during articulation, as it was not possible to 

maintain the intercuspal position without stabilisation in many study casts due to 

the severity of the malocclusion.

4. Occlusal contacts were recorded using articulating paper, shimstock and alginate 

bite registrations, as in the pilot study.

5. The number of occlusal contacts was totalled for each set of study casts.

Error study

The number of occlusal contacts was reassessed on 20 (28.6%) of the 70 study casts. 

These were randomly selected and comprised 10 pre-treatment study casts and 10 

pre-surgery study casts. The same procedure as detailed above was used, with a time 

interval between the two assessments of at least 4 weeks.

Measurement of the number of occlusal contacts was investigated for method 

repeatability by the methods described in Chapter 2.
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Statistical analysis

1. The number of pre-treatment occlusal contacts, pre-surgery occlusal contacts, 

and the change in number of occlusal contacts that had occurred between the 

two, were analysed with respect to differences between VFF groups using a 

Kruskall -Wallis test (Graphpad Prism). If a statistically significant difference 

between the three groups was detected, Dunn’s multiple comparison test was 

performed to identify across which particular groups the difference had occurred.

2. The occlusion was analysed also with respect to the level of expression of the 

MyHC isoforms and the fibre profile in the masseter muscle biopsies determined 

in Chapter 3. As the MyHC and fibre profile data were not Normally distributed, 

this was done using non-parametric (Spearman’s rho) correlation analyses using 

SPSS.

Presentation of results

The results are presented in both tabular and graphical form. However, due to the 

large number of different parameters investigated, only those that showed significant 

correlations are included. The pre-treatment and pre-surgery occlusal contacts are 

presented as totals, whilst the change in number of occlusal contacts between the 

pre-treatment and pre-surgery study casts is presented as the percentage of the pre

treatment occlusal contacts remaining following orthodontic treatment -  the residual 

occlusal contacts -  calculated by dividing the number of pre-surgery occlusal 

contacts by the number of pre-treatment occlusal contacts and multiplying the 

quotient by 100. This parameter could show either a gain (value greater than 100%) 

or a loss (value less than 100%) of occlusal contacts during othodontic treatment. 

For the small number of subjects who did not have orthodontic treatment, the 

number of occlusal contacts remained the same (100%).
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Results

Method error

The results of the repeatability assessment are displayed in Table 27. From this it is 

apparent that the differences between one set of measurements and another were not 

biased and the method showed an acceptable level of repeatability.

Parameter
Paired t-test

ICC
P-value

Pre-treatment occlusal 
contacts (n = 10) 0.591 0.992

Pre-surgery occlusal 
contacts (n = 10) 0.193 0.818

Total (n = 20) 0.494 0.962

Table 27: Repeatability assessment for repeated measurement of the

number of occlusal contacts.

Occlusal contacts

The average number of pre-treatment occlusal contacts for all the subjects was 32.9. 

However, there was a wide range, especially across the LFS and Normal VFF 

groups. There were no significant differences amongst the three groups (Table 28 

and Fig. 13).

The number of occlusal contacts decreased from pre-treatment to pre-surgery in all 

groups, with an overall pre-surgery average of 21.3. There was a significant 

difference between the numbers of pre-treatment and pre-surgery occlusal contacts 

for both the LFS and SFS groups (Mann-Whitney U test: p = 0.004 and p = 0.003 

respectively). Again, there was a very wide range. There were significant 

differences across the groups for numbers of pre-surgery occlusal contacts (Kruskal- 

Wallis test: p = 0.039) with the LFS group having significantly fewer occlusal 

contacts than the SFS group (p < 0.050 with Dunn’s multiple comparison test).
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Overall, approximately 62% of the pre-treatment occlusal contacts remained 

following the pre-surgical orthodontic treatment. There was a wide range in values, 

but no significant differences between the three VFF groups.

Occlusal
contacts

All subjects
Mean ± SD 

(Range)

LFS
Mean ± SD 

(Range)

Normal
VFF

Mean ± SD 
(Range)

SFS
Mean ± SD 

(Range)

ANOVA

KW P-
value

Pre-
treatment

32.9 ± 15.1 
(6-72)

30.2 ± 15.1 
(10-58)

31.2 ± 18.5 
(6-72)

39.5 ±9.4 
(32 -  56) 1.023 0.371

Pre-surgery 21.3 ± 13.5 
(2-72)

14.3 + 9.1 
(4-34)

23.7 ± 19.0 
(2-72)

25.615.0
(18-34) 6.508 0.039

Residual
(%)

61.9 ±26.7 
(20.6- 135.7)

49.0 ± 23.9 
(28.6 -  111.1)

71.5131.3 
(33.3 -  135.7)

64.01 18.2 
(32.1 -88.2) 2.569 0.092

Table 28: Differences in occlusal contacts between the three VFF groups

KW = Kruskall-Wallis statistic
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Pre-teatment occlusal contacts 
and VFF

LFS Normal VFF SFS 

Vertical Facial Form

Pre-surgery occlusal contacts 
and VFF

LFS Normal VFF SFS

Vertical Facial Form

Residual occlusal contacts and 
VFF

(0 n

LFS Normal VFF SFS 

Vertical Facial Form

Figure 13: Histograms showing numbers of occlusal contacts in the three VFF 

groups

Column heights depict mean CSA in that fibre type. Error bars depict one SD. 
Columns with the same letter are not significantly different from each other (a, ab), 
columns displaying different letters (a, b) are significantly different from each other.
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Occlusal contacts and masseter muscle structure

The results of the correlation analyses for the MyHC mRNA, protein and fibre data, 

in relation to the number of occlusal contacts, are shown in Table 29. Although all 

combinations of parameters were analysed, only the significant results are 

demonstrated. Multiple testing adjustments were not performed as more powerful 

statistical techniques were used also (Chapter 5).

The correlations between the three occlusal measures (pre-treatment, pre-surgery and 

residual occlusal contacts) were calculated using Spearman’s rank test (SPSS). This 

showed that there were significant positive correlations between the pre-surgery 

occlusal contacts and both the pre-treatment occlusal contacts (rho (p) = 0.457, p = 

0.008) and the residual occlusal contacts (p = 0.652, p < 0.001). When the occlusal 

parameters were correlated with the masseter muscle structural parameters, the 

number of pre-surgery occlusal contacts exhibited the greatest quantity of significant 

correlations with the masseter muscle structural parameters and the number of pre

treatment occlusal contacts the fewest significant correlations (Table 29).

MyHC mRNA and occlusal contacts

There was a significant negative correlation between the IIx MyHC mRNA and the 

percentage of residual occlusal contacts (p = -0.431, p = 0.014). The perinatal 

MyHC mRNA exhibited very strong negative correlations with both the number of 

pre-surgery occlusal contacts (p = -0.649, p < 0.001) and the percentage of residual 

occlusal contacts (p = -0.659, p < 0.001).

MyHC protein and occlusal contacts

There were significant correlations for the IIx, a-cardiac amd perinatal MyHC 

isoforms with the occlusion data. The IIx MyHC showed a weak negative 

correlation with the number of pre-surgery occlusal contacts (p = -0.367, p = 0.036). 

The a-cardiac MyHC showed strong negative correlations with both the number of 

pre-surgery occlusal contacts (p = -0.508, p = 0.003) and the percentage of residual 

occlusal contacts (p = -0.479, p = 0.006). As with the perinatal mRNA, the perinatal 

MyHC protein exhibited very strong negative correlations with both the number of 

pre-surgery occlusal contacts (p = -0.638, p < 0.001) and the percentage of residual 

occlusal contacts (p = -0.678, p < 0.001).
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Fibre profile and occlusal contacts

The range of parameters with significant correlations with the occlusion data 

included fibre CSA, the percentage of a given fibre type, and the percentage CSA of 

a fibre, as well as the number of different fibre types.

The overall CSA of the fibres was correlated with all three occlusal measurements, 

although the association with the number of pre-surgery occlusal contacts was 

extremely strong (p = 0.753, p < 0.001). The Type I fibre CSA was also correlated 

with all three occlusal measurements, but the correlations with both the pre-treatment 

(p = 0.422, p = 0.032) and residual occlusal contacts (p = 0.417, p = 0.038) were 

weaker than the correlation with the number of pre-surgery occlusal contacts (p = 

0.596, p = 0.001).

For the prevalence of the different fibre types, the most significant negative 

correlations were displayed with the percentages of hybrid fibres (p = -0.505, p = 

0.007), perinatal MyHC containing fibres (p = -0.467, p = 0.014), and a-cardiac 

MyHC containing fibres (p = -0.536, p = 0.004), and also the number of different 

fibre types (p = -0.539, p = 0.004), in relation to the numbers of pre-surgery occlusal 

contacts. Also, there were moderately strong correlations between the percentage of 

Type I fibres and residual occlusal contacts (p = 0.476, p = 0.016) and the percentage 

of Type I/IIa fibres and pre-treatment occlusal contacts (p = 0.510, p = 0.008). There 

were weak negative correlations for the percentage of perinatal fibres with pre

treatment occlusal contacts (p = -0.433, p = 0.027), and for the percentage of hybrid 

fibres (p = -0.414, p = 0.040) and a-cardiac fibres (p = -0.443, p = 0.027), and for the 

number of different fibre types (p = -0.400, p = 0.048), with the residual occlusal 

contacts.

With regard to fibre percentage CSA, apart from Type I/IIa fibres, that had the 

strongest association with number of pre-treatment occlusal contacts (p = 0.469, p =

0.016), the strongest associations (negative) were with the number of pre-surgery 

occlusal contacts for the hybrid fibres (p = -0.555, p = 0.003), perinatal fibres (p = -

0.497, p = 0.008) and a-cardiac fibres (p = -0.539, p = 0.004).
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Table 29: Results of correlation analyses for masseter muscle structural parameters with occlusal parameters
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The relationship with both the perinatal MyHC protein and mRNA expression is very strong and follows a decaying exponential pattern
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160



Chapter 4: Masseter muscle structure and occlusion

5000-1

4000-
3
< 3000-
(0
o
2 2000-
.Q

1000-

0-

Fibre CSA and pre-surgery 
occlusal contacts

p = 0.753
p < 0.001

V LFS
♦  Normal VFF
•  SFS

0 25 50 75

No. of pre-surgery occlusal contacts

5000-1

4000-
3

%
3000-

? 2000-
.a
u.

1000-

0-

Type I fibre CSA and 
pre-surgery occlusal contacts

p = 0.596
.  p = 0.001

V #  #  # V LFS
♦  Normal VFF
•  SFS

0 25 50 75

No. of pre-surgery occlusal contacts

Percentage of hybrid fibres and 
pre-surgery occlusal contacts

60-1
p  = -0.505 
p = 0.007

I
Ic

40- V LFS
♦  Normal VFF
•  SFS

V ♦
2 20-.Q

iZ

0 25 50 75

No. of pre-surgery occlusal contacts

Percentage hybrid fibre CSA 
and pre-surgery occlusal 

contacts

75n

Î
s

p  = -0.555 
p = 0.003

V LFS
♦  Normal VFF
•  SFS

c
£ 25-

£

0 25 50 75

No. of pre-surgery occlusal contacts

Figure 18: Scatter graphs to show relationship between fibre profile and number of pre-surgery occlusai contacts

161



Chapter 4: Masseter muscle structure and occlusion

È
E3
C

I

40-1

30-

20 -

10 -

0

Percentage of a-cardiac fibres 
and pre-surgery occlusai 

contacts

p “ *0<S36 
p = 0.004

V LFS
♦  Normal VFF
•  SFS

0 25 50 75

No. of pre-surgery occlusal contacts

8
£.o

I
Ë
a!

30

20

10

Percentage a-cardiac fibre CSA 
and pre-surgery occlusai 

contacts

p = -0.539 
*  p = 0.004

V LFS
♦  Normal VFF
•  SFS

0 25 50 75

No. of pre-surgery occlusal contacts

Percentage of perinatal fibres 
and pre-surgery occlusal 

contacts
60-1

p = -0.467 
p = 0.014

E
3
C

V LFS
♦  Normal VFF
•  SFS

40

£ 20 -.o
iZ

250 50 75

No. of pre-surgery occlusal contacts

50-1
<(0
Ü 40-
£.Q
(C 30-
0)3)(0
C 20-
0>
«

10-a.

0-
0

Percentage perinatal fibre CSA 
and pre-surgery occlusal 

contacts

p = -0.497
•  p = 0.008

V LFS
♦  Normal VFF
•  SFS

«y 6-9
25 50 75

No. of pre-surgery occlusal contacts
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Figure 20: Scatter graphs to show relationship between fibre profile and number of residual occlusal contacts
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Discussion

Previously, it has been demonstrated that increasing the stability of the occlusal 

table, by increasing the number of occlusal contacts, not only increases the efficiency 

of mastication but also increases the maximal bite force, whereas disturbances of the 

occlusion decrease bite force measurements (Helkimo et al., 1977; Jimenez, 1987; 

Wood and Tobias, 1984; Bakke et al, 1992; Bakke and Michler, 1991; Iwase et al., 

1998; Miyaura et al., 1999).

In a retrospective study such as this, study casts of the subject were the only 

available information on function of the masticatory system prior to orthognathic 

surgery and correction of the jaw relationship. Therefore, it was necessary to be 

aware of any potential inaccuracies inherent in analysing the occlusal contacts on the 

study models, as opposed to analysing the in vivo occlusion. The pilot study 

indicated that there was good reproducibility between the study models and the in 

vivo occlusion in the measurement of the number of occlusal contacts and that, for a 

retrospective study, this is an acceptable method of assessing the static occlusion.

There was a wide range of malocclusions among the subjects included in the study 

and, although the average number of pre-treatment occlusal contacts did not differ 

significantly across the three VFF groups, there was a wide range of number of 

occlusal contacts within the groups, the SFS group showing the least variation. The 

increased range in the LFS and Normal VFF groups is indicative of greater variation 

in skeletal form and dental malocclusion within these groups compared to the SFS 

group. This conforms to previous observations that the SFS group displays greater 

homogeneity of facial form and malocclusion (Ingervall and Thilander, 1974; 

Kiliaridis and Katsaros, 1998).

The average number of occlusal contacts decreased in all three groups between the 

pre-treatment and pre-surgery assessments due to the pre-surgical phase of 

orthodontic treatment, the decrease being highly significant in both the SFS and LFS 

groups, resulting in the LFS group having significantly fewer occlusal contacts than 

the SFS group following orthodontic treatment. Previous observations on the 

relationship between occlusal contacts and bite forces, the effect of disrupting the 

occlusion on masticatory function, and the reduction in bite force following pre-
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surgical orthodontics, indicate that the disruption in occlusion and reduction in 

number of occlusal contacts exhibited in this group of subjects will reduce the 

functional activity of the masseter muscle (Helkimo et a l, 1977; Proffit et a l, 1989; 

Bakke et al., 1992; Bakke and Michler, 1991; Thomas et al., 1995; Throckmorton et 

al., 1996; Hunt and Cunningham, 1997; Kim and Oh, 1997; Iwase et al., 1998; 

Miyaura et al., 1999).

In this study, changes in the numbers of occlusal contacts were associated with 

changes in the structure of the masseter muscle affecting MyHC protein, MyHC 

mRNA and fibre profile. This is indicative of the masseter adapting its structure to 

changes in its functional environment. There was a strong inverse relationship 

between the number of pre-surgery occlusal contacts and the expression of the 

perinatal MyHC both at the protein and the mRNA level. There was a similar, but 

less strong, inverse relationship with the a-cardiac MyHC protein and a weak inverse 

relationship with the Hx MyHC protein. The increase in expression of the perinatal 

MyHC relates to the significantly increased expression of this isoform in LFS 

subjects reported in Chapter 3, as the number of pre-surgery occlusal contacts is 

significantly less in LFS than SFS subjects. The perinatal, a-cardiac and IIx MyHC 

isoforms were expressed mainly in the hybrid fibres and these fibres increased in 

prevalence as the number of occlusal contacts decreased. This was in contrast to the 

Type I fibres that decreased in prevalence as the number of occlusal contacts 

reduced, indicating that the increase in prevalence of the hybrid fibres was at the 

expense of the Type I fibres. The strongest relationship was displayed between the 

number of pre-surgery occlusal contacts and the CSA of the fibres. As the number 

of occlusal contacts increased, so did the fibre size. This conforms well to previous 

work showing that bite force is positively correlated to number of occlusal contacts 

and that the force of fibre contraction is related to the fibre CSA.

All the changes in muscle structure were indicative of a muscle that was adapting to 

a new functional environment. As discussed in Chapters 1 and 3, the perinatal and 

a-cardiac MyHC isoforms are expressed in the IM or hybrid fibres (Sciote et al., 

1994; Stâl et al., 1994) and the expression of these isoforms increases during isoform 

transitions following changes in muscle function (Loughna et al., 1990; Peuker and 

Pette, 1995; Dunn and Michel, 1997; Peuker et al., 1998). However, the
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transformations would appear to be representative of a muscle that is undergoing 

disuse atrophy, as demonstrated by the increase in fast contracting (IIx) and perinatal 

MyHCs, and their expression in the same fibre (Chapter 3), and the decrease in fibre 

CSA. This would indicate that the reduction in occlusal contacts due to the 

orthodontic treatment was preventing the masseter muscle from functioning to its 

full potential and hence the transformational signs of disuse.

Previous work in animal models has shown that decreasing the function of the 

masseter in rats, by either feeding parenterally, or by changing the consistency of the 

diet from hard to soft, resulted in decreased force generation (Kiliaridis and Shyu, 

1988) that was attributed to a decrease in size of the type II fibres and an increase in 

the number of type lib fibres, as compared to controls (Kiliaridis et al, 1988; 

Sfondrini et al., 1996). Both these changes are comparable to those exhibited in the 

human masseter in this study and, again, are consistent with those seen in 

unweighted muscle and/or muscle undergoing disuse atrophy (reviewed in 

Talmadge, 2000). Very similar changes were seen in the masseter muscles of rhesus 

monkeys that had undergone a dental clearance five years previously (Carlson and 

Poznanski, 1982). The experimental monkeys exhibited a decrease in CSA of the 

fibres and a decrease in the percentage of Type I fibres compared to controls. Again, 

these changes are indicative of a muscle undergoing disuse atrophy. MyHC and 

fibre profiles in the masseter muscles of elderly humans have shown an increase in 

the number of hybrid (intermediate) fibres and an increase in the expression of the 

perinatal MyHC (Monemi et al., 1999). Unfortunately, no details were provided of 

the status of the natural dentition in these subjects, although it is tempting to 

speculate that many of these elderly subjects were only partially dentate or 

edentulous.

Therefore, to some extent, the occlusion/occlusal function is able to determine the 

structure of the masseter muscle. However, it is apparent from studying the 

graphical representations of the results that the three VFF groups are somewhat 

different in their reactions to the changes in functional stimulus. This especially is 

apparent for the graph in Fig. 18 that shows the relationship between the overall fibre 

CSA and the number of pre-surgical occlusal contacts. Although there is a strong 

positive correlation, the subjects in the SFS group have larger fibre CSA for a given 

number of occlusal contacts than the subjects in the Normal VFF group, who, in

167



Chapter 4: Masseter muscle structure and occlusion

turn, have a greater fibre CSA for a given number of occlusal contacts than the LFS 

subjects. It is possible that this is indicative of genetic differences in fibre CSA 

amongst the three VFF groups, superimposed upon which are the adaptive changes 

seen in the muscle due to altering function.

The results displayed in this chapter give rise to a number of interesting theories. As 

the contraction force of a muscle fibre is partly determined by its CSA, a muscle in 

which the fibre sizes are small overall, as in LFS subjects, would result in a weaker 

muscle contraction force than that generated by a muscle with fibres of large CSA, 

as in SFS subjects. This “weak” muscle may predispose the individual to a 

backward growth rotation of the mandible that, in turn, is liable to reduce the number 

of occlusal contacts. The lack of occlusal contacts during growth and development 

prevents the muscle from reaching its full maturational status and further predisposes 

the individual to a backward mandibular growth rotation, so initiating a vicious 

cycle. Alternatively, it is equally possible that environmental influences, e.g. dental 

extractions or digit sucking habits, may act to reduce the number of occlusal contacts 

to initiate the sequence of events in genetically predisposed individuals. Both 

theories highlight the likely interaction between genetic and environmental factors in 

the development of LFS. However, if these hypotheses were correct, it would appear 

that the facial development of a SFS individual is less influenced by environmental 

factors. Genetic differences in muscular adaptive responses have been postulated as 

being the explanation behind the large range of sporting ability displayed by humans 

(Simoneau and Bouchard, 1989). Therefore, it is possible that the muscles of an SFS 

individual have a subtly different adaptive response to environmental factors.
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Conclusions

1. In subjects requiring a combined orthodontic/surgical approach to treatment of 

their malocclusion, the pre-surgery phase of orthodontic treatment produced a 

significant reduction in the number of occlusal contacts.

2. The prevalence of hybrid fibres and of the MyHC isoforms expressed in these 

fibres, perinatal, a-cardiac and IIx, showed an inverse relationship with the 

number of pre-surgery occlusal contacts. The relationship especially was strong 

with the perinatal MyHC isoform, both mRNA and protein. The fibre CSA 

showed a strong positive correlation with the number of occlusal contacts, 

superimposed upon an existing fibre CSA that may be genetically pre-determined.

3. The reduction in number of occlusal contacts, from pre-treatment to pre-surgery, 

and the correlation of the many features of masseter muscle structure with the 

number of pre-surgery occlusal contacts, indicated that a reduction in occlusal 

contacts during orthodontic treatment caused features of disuse atrophy in the 

anterior superficial region of the masseter muscle.

4. Therefore, the null hypothesis, that there was no relationship between the number 

of occlusal contacts and masseter muscle structure, was rejected.
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Chapter 5: Multilevel Modelling

Introduction

The methodological techniques detailed in Chapters 2, 3 and 4 resulted in the 

generation of a large volume of data on facial form, masseter muscle structure and 

occlusion. Although, in Chapters 3 and 4, it had been possible to analyse the effects 

of VFF and the occlusion on the masseter muscle in isolation, it had not been 

possible to assess the effect on masseter muscle structure when VFF and occlusion 

were analysed in combination. The large number of different outcomes indicated a 

multivariate approach, but the outcomes had not been obser\^ed in isolation as they 

were clustered within subjects. A statistical technique that allows all the above 

criteria to be satisfied is Multilevel Modelling (MLM).

Multilevel modelling (MLM) (Goldstein, 1995), also known as hierarchical linear 

modelling (Bryk and Raudenbush, 1992), is the technique of analysing clustered or 

hierarchical data using generalised linear models (McCullagh and Nelder, 1989) 

which are an extension of regression methods such as ordinary linear regression and 

logistic regression. The main development of MLM is that it extends generalised 

linear modelling to consider clustered or hierarchical data explicitly. Hierarchical 

data do not satisfy the assumption that the observations are independent, which is a 

requirement for many standard statistical analyses. A classical example of hierarchy 

is exhibited by much dental data because surfaces and sites are nested within teeth 

that are, in turn, clustered within subjects.

Sites Sites

Subjects

Teeth

Sites Sites

Teeth

Level 3

Level 2

Level 1

MLM can be applied to any hierarchical data set, but it can also be used with data 

structures not typically thought of as hierarchical. An example of this is its
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application to multivariate data. These are data sets that have multiple outcomes 

recorded on the same subject. The advantage of treating multivariate structures as 

multilevel is that the impact of multiple explanatory factors can be explored 

simultaneously, facilitating assessment of outcome inter-correlation at each level of 

the generic (i.e. natural) hierarchy. Furthermore, in contrast to single-level analysis, 

not all subjects require complete information for each outcome. Therefore, use of 

MLM with multivariate data allows correct identification of all factors that impact 

upon the different outcomes, considerably reducing the risk of Type I and Type II 

statistical errors for model coefficients (Gilthorpe and Cunningham, 2000).

A multilevel model makes the assumption that clustered units (e.g., subjects) are 

broadly similar, with differences due to either random variation or discernible 

external influences (e.g., diet, oral hygiene). The assumption that all subjects are 

identical would be false, as would the assumption that each individual bears no 

relation to any other. All measures of variation can be estimated from the data, 

providing the relevant information is collected within the research study.

MLM has several advantages over single-level methods of statistical analysis the 

most important of which are:

• increased statistical power - the probability of correctly finding that a coefficient 

differs significantly form zero, i.e., reduced Type II errors

• the ability to focus on units of interest directly

• the ability to focus on all levels of a complex system simultaneously

• improved estimation of coefficients, i.e., reduced Type I errors

• greater insight into real biological systems

• the ability to focus on variation as an aspect of interest

• the opportunity to develop multiple models from different perspectives

However, despite the advantages, MLM does have some limitations. These are: the 

requirement for specialised sofiware packages (those available are now described on 

the world-wide-web at http://www.ioe.ac.uk/multilevel/); the necessity of using a 

powerful computer with large amounts of memory due to the complex algorithms 

used to model the data, and the fact that the computational solutions are only 

approximate and lead to biased estimation of model coefficients. However, there are 

computational methods that can overcome the problem of bias. MLM is a powerful
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statistical tool, but it is still the responsibility of the clinician to demonstrate that 

hypotheses, validated by statistics, are consistent with a known aetiology or offer a 

biologically acceptable explanation.

In the past, dentistry has been cited as providing numerous examples of the misuse 

of statistical methods due to the fact that the data are often clustered, nested or 

hierarchical and the relevance of this to data analysis was not generally appreciated 

within dental research (Altman and Bland, 1997). However, more recently, the 

number of research articles published in the dental literature in which MLM has been 

used has increased dramatically. Within Orthodontics, MLM has been used to 

analyse longitudinal growth of the cranial base (Henneberke and Prahl-Andersen, 

1994), vertical facial growth (van der Beek et al., 1991; van der Beek et a l, 1996), 

palatal growth prediction in children with cleft lip and palate (Kramer et al., 1996), 

mandibular growth (Buschang et al, 1989) and condylar growth (Buschang et al., 

1999). Also, MLM has been used to analyse the increase in bite forces following 

orthognathic surgery (Throckmorton et al., 1996) and a multivariate MLM approach 

has been used to assess the psychological profile of subjects undergoing orthognathic 

surgery (Cunningham et al., 2000). In terms of muscle physiology, the longitudinal 

changes in muscle strength in girls and boys in relation to testosterone levels has also 

been analysed by MLM (Round et al., 1999).

The ability of MLM to analyse multiple outcomes simultaneously, and to investigate 

the correlations between the various outcomes, made it the ideal statistical technique 

to analyse the masseter muscle structure, taking into consideration the numerous 

MyHC isoforms and fibre types.

Aims

1. To investigate the influence of a number of explanatory (independent) variables 

on the structure of the masseter muscle using a multivariate approach to allow 

multiple outcomes (dependent variables) to be modelled simultaneously without 

the necessity for rigorous cross-matching between VFF groups.

2. To gain further understanding of the relationships between the masseter muscle 

structure and the explanatory variables by analysing the inter-relationships 

between the various outcomes and the effects of interactions between explanatory 

variables on these outcomes.
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M aterials and Methods

In general, the data used could be separated into three main categories: 

cephalometric data, data relating to masseter muscle structure, and data relating to 

the occlusion. The collection of these data has been described in Chapters 2, 3 and

4. Other information, e.g., gender, age at time of biopsy, length of pre-surgical 

orthodontic treatment, and whether or not the subject had received orthodontic 

treatment on a previous occasion, was deduced from the clinical notes of the subject.

The data formed a natural hierarchy, with outcome measures occurring at the lowest 

level of the data structure clustered, at the higher level, within subjects upon whom 

the outcomes were measured. This two-level multivariate structure is illustrated in 

Fig. 22.

Subjects

Outcomes Outcomes

Level 2

Level 1

Figure 22: Multilevel (multivariate) data structure

The masseter muscle data were used as the outcome variables, with the number of 

outcomes permitted in any given model being dictated by the sample size of the 

highest level in the hierarchy, the subjects (n = 38). As a rule of thumb, with this 

number of subjects, the total number of outcomes per model should be between 4 

and 8 (approximately 10%-20% of the number of subjects) in order that the model 

remains statistically robust. Therefore, the data were split into five main groups of 

outcomes to be modelled separately (Table 30):

• It helped to group similar outcomes together as covariates that could be tested for 

a similar role across the various outcomes.

• Grouping similar outcomes together would optimise statistical power.
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Model categories Outcomes in category No. of outcomes in model

P-cardiac MyHC

Ila MyHC

MyHC isoforms (protein) IIx MyHC 5

a-cardiac MyHC

Perinatal MyHC

p-cardiac MyHC

Ila MyHC

MyHC isoforms (mRNA)
IIx MyHC

6
a-cardiac MyHC

Perinatal MyHC

Embryonic MyHC

Overall fibre CSA

Type I CSA

Fibre CSA Type I/IIa CSA 5

Type Ila/IIx CSA

Type IIx CSA

Pure Type I

Type I/IIa

No. of fibre types
Fibre proportion (%) Hybrid fibres 6

All fibres containing 
perinatal MyHC protein
All fibres containing a- 
cardiac MyHC protein

Type I

Type I/IIa

% fibre CSA Hybrid fibres 5
All fibres containing 

perinatal MyHC protein
All fibres containing a- 
cardiac MyHC protein

Table 30: Model categories and outcomes for multivariate multilevel

modelling
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Multiple regression

Multiple regression analysis was chosen to analyse the study data because it had not 

been possible to match every member of the two so-called experimental groups, LFS 

and SFS, with a member of the control (normal VFF) group with respect to 

potentially important confounding factors such as age and gender. Therefore, 

despite the fact that the overall distribution of each demographic variable was similar 

between the groups, differences in outcome amongst the groups potentially could be 

due to demographic differences and not intrinsic differences between LFS, SFS and 

normal VFF. To account for the possibility of underlying demographic differences, 

multiple regression was used to evaluate the impact of group on all outcomes, whilst 

controlling for these demographic factors.

Measures of normality: skewness and kurtosis

Within standard regression analysis the population of the outcome variable is 

assumed to be Normally distributed. The two measures routinely used to assess 

Normality are skewness (measures symmetry) and kurtosis (assesses the degree of 

smoothness) (Kirkwood, 1992). Ideally, both measures should be zero, indicating a 

Normal distribution. However, for regression analysis, symmetry is more important 

than smoothness. The closest estimate of the population distribution is given by the 

study sample. If a variable from a sample is not Normally distributed, it is 

reasonable to assume that the population for that variable is also not Normally 

distributed. The non-Normal distribution is then transformed, i.e. undergoes 

normalisation, to provide an improved {Normal) distribution. The exact choice of 

transformation is arbitrary, but the most commonly used transformations for 

positively skewed data are the square root, reciprocal and logarithm (Gilthorpe, 

1995). In data sets where there is no ideal transformation, the aim should be to 

achieve zero, or near zero, skewness and minimal kurtosis (preferably less than one 

in absolute magnitude, although this limit is arbitrary).

The data that represented masseter muscle structure was assessed for Normality by 

measurement of the skewness and kurtosis for each outcome using SPSS. As 

illustrated in Table 31, only two of the outcomes (the percentage of Type I fibres and 

the number of different fibre types) exhibited a Normal distribution and
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consequently all the other outcomes underwent transformation, the formulae for 

which are also given in Table 31.

Standardisation

Although the masseter muscle data is easily quantifiable, the range of values is quite 

different between different outcomes. In order to provide a similar range of values 

across all outcome measures, each dependent variable was scaled by standardisation 

(Rice, 1988). Standardisation is achieved by subtracting the variable mean from 

each value and dividing the result by the standard deviation for that variable. This 

has the effect of scaling differences across the study sample for all the masseter 

muscle data, enabling differences in one outcome to be directly compared in 

magnitude to differences in other outcomes. All standardised data have, by 

definition, a mean of zero and a standard deviation of one. Standardisation of the 

data was performed using SPSS.

Variable Centring

Final data preparation involved centring all explanatory variables whose range did 

not include zero. Centring entailed deducting the mean, or a conveniently rounded 

figure close to the mean, from all values. This process is advisable prior to 

regression analyses since the inclusion of explanatory variables whose range does 

not contain zero introduces uncertainty and reduces confidence in the modelled 

coefficients and their associated confidence intervals (Gardner and Altman, 1993). 

This occurs because the data range used for the regression model may lie outside the 

range of the intercept estimated within the model (Gilthorpe and Cunningham, 

2000).
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Outcome Descriptive statistics Before transformation Transformation After transformation
Range Mean (SD) Skewness Kurtosis Skewness Kurtosis

3-cardiac protein 0.14-5.02 1.48(1.09) 1.269 1.888 LN (value + 0.40) -0.002 -0.477
Ila protein 0.40-7.86 1.91 (2.02) 1.774 2.871 LN (value + 0.19) -0.005 -0.695
IIx protein 0.00-0.82 0.22 (0.26) 1.156 0.252 -(SQRT(l/(value + 0.11))) 0.000 -1.582
a-cardiac protein 0.00-0.94 0.28 (0.27) 0.979 0.119 SQRT (value + 0.001) 0.002 -0.848
Perinatal protein 0.00 -  2.03 0.32 (0.47) 2.139 5.091 LN (value + 0.00583) 0.000 -1.543
3-cardiac mRNA 0.38-6.78 2.77(1.83) 0.766 -0.098 LN (value +1.185) 0.000 -0.923
Ila mRNA 0.00-3.73 0.90 (0.95) 1.535 1.733 LN (value + 0.179) 0.000 -0.645
IIx mRNA 0.00- 1.13 0.25 (0.26) 1.754 3.552 LN (value + 0.045) 0.000 -0.816
a-cardiac mRNA 0.00-3.05 0.94 (0.66) 1.233 1.754 LN (value + 0.373) 0.000 -0.104
Perinatal mRNA 0.00-5.36 0.60 (0.94) 4.546 23.215 LN (value + 0.0534) 0.000 0.718
Embryonic mRNA 0.00-1.95 0.45 (0.51) 1.599 2.417 LN (value + 0.1315) 0.000 -1.001
CSA all fibres 720.29-4218.64 1668.73 (739.61) 1.547 3.179 LN (value -  362) 0.000 -0.046
CSA Type I fibres 1057.37-4380.81 2140.78 (812.46) 1.053 0.929 LN (value -  474) 0.000 -0.483
CSA Type I/IIa fibres 286.00 -  3285.93 1503.72 (758.71) 0.686 -0.204 LN (value + 700) 0.008 -0.456
CSA Type Ila/IIx fibres 152.97-2064.65 948.67 (604.91) 0.555 -0.759 SQRT (value -  80) 0.001 -1.023
CSA Type IIx fibres 201.40-1358.65 622.72 (341.42) 0.669 -0.427 LN (value + 68) 0.000 ' -1.191
% Type I fibres 16.44-91.59 54.50 (19.82) 0.085 -0.676 N/A
% Type I/IIa fibres 0.50-50.48 18.90(16.34) 0.700 -0.763 SQRT (value -  0.37) 0.000 -1.093
No. of fibre types 3.00-16.00 8.36(3.93) 0.079 -1.023 N/A
% hybrid fibres 0.00-54.11 17.19(17.71) 0.871 -0.651 LN (value + 3.38) 0.000 -1.315
% perinatal fibres 0.00 -  50.34 14.74 (16.48) 0.865 -0.731 LN (value + 1.9) -0.001 -1.534
% a-cardiac fibres 0.00 -  34.49 6.18(8.57) 2.110 4.392 LN (value + 0.47) 0.000 -1.003
% CSA Type I fibres 20.50-95.22 64.30 (19.47) -0.358 -0.574 -(SQRT (117-value)) 0.000 -0.678
% CSA Type I/IIa fibres 0.09-52.14 17.15(15.36) 0.704 -0.507 LN (value + 8) -0.008 -1.382
% CSA hybrid fibres 0.00-55.32 12.39(14.21) 1.497 1.958 LN (value+1.975) 0.000 -1.190
% CSA perinatal fîbres 0.00-41.97 10.34(12.36) 1.238 0.735 LN (value + 0.978) 0.000 -1.553
% CSA a-cardiac fibres 0.00-25.28 4.73 (7.03) 1.939 3.053 LN (value + 0.1515) 0.000 -1.238

Table 31: The outcome variables and their properties before and, where required, after transformation
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Multivariate multiple regression

Multivariate multiple regression was undertaken on the adjusted study data in order 

to simultaneously explore the role of several explanatory variables on the five groups 

of outcomes. The statistical package used to perform this was MLwiN (Rasbash et 

al, 2000a). The adjusted data were exported from SPSS as a tab-delimited text file, 

after having assigned any missing data the value of -99. The data were then 

imported into MLwiN as an ASCII file, the assigned value of -99 allowing MLwiN 

to recognise the data as missing.

It was necessary to introduce the VFF group to the model through the use of 

“dummy” variables, which took the value of 0 or 1, since this variable was 

categorical with more than two categories. Generally, for variables with n > 2 

categories, n - \ dummies are required to adequately express all variable options. 

The reference category, against which others are contrasted (in this case Normal 

VFF), is that for which all dummy variables (in this case LFS and SFS) adopt the 

value zero. When dummy variables are entered within the model, each set of 

dummies must be considered together as a “single variable”. It is possible to 

estimate their joint chi-squared distribution within MLwiN's “Intervals and Tests” 

procedure (Rasbash et al., 2000b) and assess the level of significance of the variable 

overall. If a categorical variable attains overall significance, all dummies must 

remain in the model, even though in some instances one, or both, may not be 

significant in isolation.

The method of analysis works on the construction of an equation for each separate 

outcome (e.g., P-cardiac MyHC protein, perinatal MyHC protein) in which each 

explanatory variable (e.g., gender, VFF, number of pre-surgical occlusal contacts) 

may have an effect.

Building the model

With such a potentially large number of possible explanatory variables it was 

necessary to build up the model step by step.

1. The first step was to set up a Variance Components (VC) model. This multilevel 

model contained no explanatory variables, i.e., only the intercept was present.
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The Variance Components model is often termed the null model and its key 

aspects are:

• it establishes whether sufficient variation exists across a particular level for it to 

be included in the model structure

• it provides a starting point for which the variation at each level is known prior to 

the introduction of explanatory variables, allowing the subsequent effect of each 

covariate to be assessed.

In order to set up the VC model it was necessary to introduce a constant (with all 

values equal to one) into the fixed part of the model, i.e., as an explanatory 

variable. However, this constant variable acted as a covariate that did not contain 

any explanatory information. It was necessary in order to estimate the intercept 

coefficient and also it was used to specify random variation at each level, 

“around” the intercept.

2. The next step was to establish which of the many variables generated had an 

explanatory effect on the outcomes. This was achieved by adding the variables 

into the model one at a time, removing all others, and evaluating the coefficient 

and standard error for the variable. In order for the variable to have been deemed 

to have had a significant effect on the model, the coefficient needed to be 

approximately twice the value of the standard error, although exact levels of 

significance were ascertained using the chi-square statistic evaluated within the 

“Intervals and Tests” procedure. A variable that did not reach significance at the 

10%-level was not considered further in the modelling process unless a specific 

motive gave rise to further consideration. The 10%-level of significance was 

chosen at this stage for the following reason: the small sample size could prevent 

an explanatory variable reaching significance at the 5% level due to Type II 

statistical errors. However, when added to the model with other explanatory 

variables, significance at the 5% level may be achieved. Setting the significance 

level at 10% at this stage of the model building process ensured that potentially 

significant explanatory variables were not excluded wrongly from the model. An 

example of this occurred with one explanatory variable, whether or not the subject 

had undergone previous orthodontic treatment. This variable did not exhibit any
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explanatory power when added to the model on its own, even at the 10%-level. 

However, when it was added to the model with other explanatory variables, it 

exhibited a highly significant explanatory effect. This is an extreme occurance 

and is an example of one explanatory variable having the ability to explain some 

of the “error” in other explanatory variables. Therefore, the “explanatory” power 

of these independent variables in the model is greater if they are added in 

combination than if they are added alone.

3. Once the variables that had a significant effect on the model (at the 10%-level) 

had been established, it was important to take account of any significant 

correlations that may exist between the explanatory variables, in order to reduce 

the effects on the model of, what is termed, colinearity. As would be expected, 

the majority of the cephalometric variables selected to depict VFF were 

significantly correlated with each other. The number of pre-surgical occlusal 

contacts was significantly correlated with the percentage of occlusal contacts 

remaining following pre-surgical orthodontics and with the pre-surgical SNMnP 

angle. The SNMnP angle was significantly correlated with VFF, unsurprisingly, 

as this was one of the parameters used to classify VFF; but VFF was not 

correlated with the number of occlusal contacts either pre-treatment or pre

surgery.

4. The models were built up by adding the explanatory variables one at a time and 

evaluating that these variables still had a significant effect on the model. Again, 

this was performed using the chi-squared test in the “Intervals and Tests” 

procedure on the change in value of the -2 loglikelihood score (Miller, 1990). For 

highly correlated independent variables, their joint contribution to the model was 

assessed and, where significant at the 5%-level, both variables were retained in 

the model for further development.

5. If any one explanatory variable exhibited a significant effect on a number of 

different outcomes in each model, with very similar coefficients, then the 

“Intervals and Tests” procedure was used to check whether the coefficients 

differed significantly across the different outcomes. If the effect of the 

explanatory variable was not significantly different across different outcomes, 

these parameters were constrained to be equal, i.e., the value for the explanatory
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variable was made to be the same for each outcome. This is a more parsimonious 

approach to the modelling and increases the statistical power of the model. 

Constraining may apply across all outcomes within a particular model or just to 

certain combinations of outcomes. The parameters that were constrained are 

detailed in Table 32.

Model
Explanatory variable

Gender
Pre

surgery 
ceci cons

Age at 
biopsy PUDH SFS

SFS/pre- 
surg occl 

cons
Prev.
ortho

MyHC
protein

Ila and 
IIx

Ila, IIx 
and a- 
cardiac

Ila and a- 
cardiac

Ila, IIx, a- 
cardiac 

and 
perinatal

MyHC
mRNA

Fibre
CSA

Ila/IIx 
and IIx

All, Type I 
and Type 

I/IIa

All and 
Type I, 
Ila/IIx 
and IIx

All, 
Type I, 
Type 

I/IIa and 
Ila/IIx

All and 
Type I, 

Ila/IIx and 
IIx

Fibre
%

Type I 
and Type 

I/IIa

Fibre no., 
hybrid, 

perinatal 
and a- 
cardiac

Fibre 
% CSA

Type I, 
hybrid, 

perinatal 
and a- 
cardiac

Type I, 
Type 

I/IIa and 
hybrid

Type I 
and a- 
cardiac

Table 32: Outcome variables for each model that were constrained

during modelling

6. Certain explanatory variables, when added to the model together, dramatically 

changed other parameter coefficients, resulting in the impact of these other 

variables increasing in the degree of significance within the model. This is an 

example of an interaction between some explanatory variables that could arise as 

a consequence of confounding, or be a result of a direct interaction effect, or both. 

In order to analyse the magnitude of the latter effect on the model, it was 

necessary to formally include an ‘interaction’ term explicitly for each pair of 

explanatory variables. Potentially significant interactions explored were those 

between the number of pre-surgical occlusal contacts and VFF. The effects that 

these interaction terms had on the model were illustrated graphically.
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At the end of this model development, the following illustration of a model equation 

had been generated for each different group of outcomes:

yij = Po Pii(gender)ij + P2 i(Pre-Surg Occ Con)ij + P3 i(pudh)ij + P4i(SFS)ÿ + 

Psi(LFS)ij + P6i(SFS/PS0C) + P7i(LFS/PS0C) + P8i(prev. ortho) + p 9i(age biopsy)

where yij is the value of the z-th outcome measure for the j-th  subject; gender = 0 for 

males, 1 for females; LFS = SFS = 0 for normal VFF (the reference or baseline 

category), LFS = 1 or SFS = 1 respectively for LFS or SFS; prev. ortho = 0 for no 

previous orthodontic treatment, 1 for previous orthodontic treatment; LFS/PSOC and 

SFS/PSOC respectively were the terms for the interaction between the pre-surgical 

occlusion and VFF; and Po is the predicted score of the z-th outcome for all normal 

VFF males, aged 27 years at the time of biopsy, with 21 pre-surgery occlusal 

contacts and a PUDH of 23mm, who had not had previous orthodontic treatment.

The multivariate method produced a number of simultaneous regression models, one 

for each outcome variable in that particular group of outcome categories. For every 

explanatory variable (or its dummies), coefficients and standard errors were 

evaluated and the exact significance determined with the “Intervals and Tests” 

procedure.

Dependent variable intercorrelations

For each outcome variable, there is a measure of variance (=Standard Deviation^) 

estimated. This might be thought of as the square of the standard deviation of the 

differences between the predicted mean outcome (theoretical value derived from the 

model) and the actual outcome (observed values). For the null model (VC model), 

where there are no explanatory variables, the variance is, by design, 1.0 for all 

standardised outcomes, although some deviation may occur for unbalanced data sets, 

i.e. uneven numbers of missing data. This will reduce as explanatory variables are 

introduced to “explain” differences in the outcome. Since there are multiple 

outcomes, the multivariate method also determines a covariance term for each pair of 

dependent variables. The covariance is related to the correlation coefficient. For 

two outcome variables. Ok and O/, the formula for their correlation is given by:

C 0T (0.,0 ,)=
^var (Ok) var (Oi) 
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The output of the MLwiN software provides a covariance matrix, in which the 

diagonals are variances (one for the regression model of each outcome) and the off- 

diagonal elements are the covariances (one for each pair of outcomes). The software 

also provides calculated correlation coefficients. These correlations provide insight 

into how similarly, or dissimilarly, each of the outcomes responds within the model 

to the various explanatory factors (if present). Correlations were evaluated for the 

null model, i.e. the model that had no explanatory variables, and the final model 

containing all significant explanatory variables, to reveal more about the outcome 

inter-relationship before and after covariates were considered.

Differences between the variances for the VC model and the covariate model may be 

thought of as indicating the amount of variation in a particular outcome that is 

explained by a particular model. For example, if the variance reduces from 1.00 in 

the VC model to 0.40 in the covariate model, this means that, in effect, the model 

can explain 60% of the variation in that particular outcome.

The correlation between two outcomes can do one of three things between the VC 

and covariate models: a) they can stay the same -  the correlation coefficient and the 

p-value do not alter considerably; b) the correlation coefficient can reduce by more 

than one standard error, which may affect the p-value; c) the correlation coefficient 

may increase by more than one standard error, again this may affect the associated 

p-value. However, in both b) and c) above, it is the change in value of the 

correlation that is considered to be of more importance than the change in its 

associated p-value, although changes which occur for consistently non-significant 

correlations may be less informative.

If, for example, a correlation (that was significant) between two outcomes in the VC 

model reduces considerably in the covariate model (greater than one standard 

deviation), then this indicates that the variation that remains is less correlated when 

covariates are added. The original correlation between the two outcomes occurred or 

was manifest in factors that are now “explained” in the model, i.e. the inter

correlation was present only in the part of the outcome variation that the covariate(s) 

explained. If the correlation becomes non-significant then most of the association is 

contained via the covariates, otherwise the covariates only contain part of the 

association.
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However, if, for example, a correlation between two outcomes in the VC model 

increased considerably in the covariate model, this can be more difficult to explain. 

The explanation is often that one of the explanatory variables in the model is having 

the opposite effect on one outcome compared to the other. When explanatory 

variables are included in the model, and the variation due to this has been accounted 

for, the residual (or unmodelled) variation may show a significant correlation 

between the two outcomes. The outcome inter-correlation had been masked in the 

VC model by the opposing influences of the explanatory variable(s). Where the 

correlation was initially insignificant, this was where masking was considerable, 

whereas if the initial correlation was significant, the masking was moderate.

If the correlation in the VC model was non-significant, but reduces in the covariate 

model, this is indicative of a spurious correlation. However, the change itself could 

be spurious and so no firm conclusions regarding the data can be made. If the 

correlation remains the same in the two models, but changes from being significant 

to non-significant (or vice versa), then this is likely to reflect that the covariates have 

little explanatory power. However, the changing model yields uncertainty in the 

estimated significance level as this is probably on the margin of being determined 

definitely. This simply could indicate borderline statistical power of the model 

parameters being tested.

Checking residuals

When undertaking multiple regression analysis, it is assumed that the residuals -  the 

differences between the observed values and their predicted or fitted values -  are 

independent, with each subject being represented once in the sample. It is also 

assumed that the residuals are normally distributed with zero mean and constant 

variance.

In order to verify that the data conforms to these assumptions it is necessary to plot 

the standardised residuals against the dependent variable or outcome. This plot 

should represent a random scatter whose “fitted” slope is horizontal. In addition, the 

standardised residuals plotted against the cumulative Normal score (as derived for a 

Standard Normal Distribution) should look like a straight line which goes through 

the origin.
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Results

The results are presented as a series of tables for each of the five models. The initial 

table for each model illustrates the model equation together with the transformed 

coefficient and standard error for each explanatory variable. The level of 

significance (p-value) is also indicated. The second table displays the results of the 

multivariate analysis, together with confidence intervals, for each model once the 

data have been reverse transformed back to their original values. The third table 

shows the correlations between the outcome variables for the VC model and the final 

(covariate) equation for each model. The fourth table demonstrates the variance 

change between the VC model and the covariate model for each outcome in the 

model.

Model for MyHC protein

The different isoforms varied considerably with regard to the explanatory power of 

the models. The presence of the p-cardiac MyHC protein could not be explained by 

any of the explanatory variables, whilst the Ila MyHC protein was effectively 

modelled by a number of explanatory variables (Tables 33 and 34).

The explanatory variables that exhibited the greatest effect on the outcomes were the 

interaction of VFF with PSOC, the PUDH and the number of PSOC per se. The age 

at biopsy, the VFF, gender, and whether the subject had undergone orthodontic 

treatment previously, also had significant effects upon the model, although to a lesser 

extent. All the effects were with respect to the reference (a male aged 27 years with 

Normal VFF, 21 PSOC and a PUDH of 23 mm), and taking into account that the 

model represented change per unit of measurement and the effect needed to be 

considered over the range of the explanatory variable.

None of the explanatory variables had a significant effect on the p-cardiac MyHC. 

For the Ila MyHC, all explanatory variables, except for PSOC, had a significant 

effect, with the interaction term VFF/PSOC having the greatest effect and gender the 

least. VFF had a positive effect with both LFS and SFS having an increased 

expression of Ila MyHC over Normal VFF. However, the interaction term 

VFF/PSOC had a positive effect for LFS and a negative effect for SFS compared to
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Normal VFF. Previous orthodontics had a positive effect while age at biopsy, 

PUDH and gender all had negative effects. PUDH, previous orthodontic treatment 

and gender had significant effects on the IIx MyHC, PUDH having a negative effect 

that was three times greater than the effect of either of the other two explanatory 

variables (previous orthodontics -  positive effect, age at biopsy -  negative effect). 

PUDH (negative effect) and previous orthodontics (positive effect) were also 

significant for the a-cardiac MyHC, as was the VFF/PSOC interaction term. As with 

the Ila MyHC, the interaction term was the most important, with a negative effect for 

both LFS and SFS subjects. Previous orthodontics was the least important 

explanatory variable. The perinatal MyHC had two significant explanatory 

variables, PSOC (negative effect) and previous orthodontics (positive effect) with 

the effect of PSOC double that of previous orthodontics.

The correlations between the outcomes differed between the VC model and covariate 

model (Table 35). The p-cardiac MyHC was not correlated with any of the other 

outcomes in the VC model yet, in the covariate model, it was strongly and 

significantly correlated with the a-cardiac MyHC (correlation change from 0.25 to 

0.61). This is an example of considerable masking effects by one or more of the 

explanatory variables. The Ila MyHC was highly significantly correlated with both 

the IIx MyHC (corr = 0.53) and the a-cardiac MyHC (corr = 0.56) in the VC model, 

although both of these correlations decreased (corr = 0.14 and 0.22 respectively) and 

became insignificant in the covariate model. The IIx MyHC was also highly 

significantly correlated with the a-cardiac MyHC (corr = 0.56) and the perinatal 

MyHC (corr = 0.65) in the VC model but was not correlated with the a-cardiac 

MyHC in the covariate model (corr = 0.01) and the correlation with the perinatal 

MyHC decreased to 0.45 in the covariate model. The perinatal and a-cardiac 

MyHCs were also highly significantly correlated in the VC model (corr = 0.61), but 

not in the covariate model (corr = 0.17). All the above are examples of the original 

correlations between outcomes being manifest in factors explained by the covariates 

in the model.

Table 36 demonstrates the change in variance between the VC and covariate models. 

These results indicate that, apart from the p-cardiac MyHC, the model has explained 

much of the outcome variation, between 68% (a-cardiac MyHC) and 42% (IIx
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MyHC). The reason that the p-cardiac MyHC model exhibited elevated total 

variance is that none of the independent variables explained any outcome variation, 

yet retaining them in the model simply created “noise” and the final covariate model 

was, thus, unsatisfactory.

The interaction terms between number of PSOC and VFF exhibited very interesting 

effects (Tables 33 and 34 and Fig. 23). These explanatory variables had a highly 

significant effect on both the Ila and the a-cardiac MyHCs and exhibited the greatest 

effect of all explanatory variables when the range was taken into account. For the Ila 

MyHC, the effect of the interaction terms was opposing for LFS (positive) and SFS 

(negative), indicating that an increase in PSOC increased the expression of Ila 

MyHC in LFS subjects, but decreased it in SFS subjects, with little change in 

Normal VFF subjects. For the a-cardiac MyHC, the effect of increasing the number 

of PSOC was to decrease the expression in LFS, Normal VFF and SFS subjects, 

although the effect in SFS subjects was much greater than that in LFS or Normal 

VFF subjects. A similar pattern to that displayed by the a-cardiac MyHC expression 

was also demonstrated graphically for the IIx and perinatal MyHCs, although not 

statistically significant. Again, there was a decrease in expression of these two 

isoforms as the number of PSOC increased in all three VFF groups and again the 

effect in the SFS subjects was much greater than in the other two groups.
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p-cardiac protein: respi = -0.114 (0,431) + 0.430 (0.601) LFS + 0.021 (0.886) SF S-0.010 (0.020) PSOC + 0.022 (0.034) agebiopsy +

0.334 (034S)prev.ortho-0Ml(0.07l)pudh-0.\S5(0A^3)gender+0.034 (0M3)LFS/PSOC + 0.019 (0.122)SFS/PSOC

lia protein:

IIx protein:

resp2 = 0.078 (0.245) + 0.577 (0.345) LFS + 1.372 (0.448) 5^5-0.009 (0.011) PSOC - 0.046 (0.019) agebiopsy +
< ------------ (p = 0.003)-------------- >  (p = 0.016)

0.800 (0.167)prev.ortho -  0.184 (0.035)pudh - 0.737 (0.258) gender + 0.087 (0.025) LFS/PSOC-0 2 ^^  (0.054) SFS/PSOC 
(p< 0.001) (p< 0.001) (p =0.005) < -------------------- (p< 0.001)--------------------->

resp3 = 0.090 (0.275) + 0.373 (0.397)LFS^ 0.210 (0.586)SF S-0.018 (0.013)PSOC-OMS (0.022) agebiopsy +

0.800 (0.167)prev.ortho -  0.184 (0.035)pudh -  0.737 (0.258) gender + 0.015 (0.029) LFS/PSOC -  0.129 (0.084) SFS/PSOC 
(p< 0.001) (p< 0.001) (p =0.005)

a-cardiac protein: resp  ̂= -0.061 (0.227) + 0.204 (0.308) LFS + 0.253 (0.425) SFS-0.014 (0.010) PSOC + 0.003 (0.017) agebiopsy +

Perinatal protein:

0.800 (0.167)prev.ortho -  0.184 (0.035)pudh - 0.198 (0.273) gender - 0.005 (0.022) LFS/PSOC-0.2^^ (0.054) SFS/PSOC
(p< 0.001) (p< 0.001) < -------------------- (p< 0.001)--------------------->

resps = -0.228 (0.251) + 0.356 (0.353) LFS - 0.836 (0.527) SF S-0.025 (0.011) PSOC - 0.031 (0.020) agebiopsy +
(p = 0.029)

0.800 (0.167)prev.ortho -  0.086 (0.050)pudh - 0.096 (0.301) gender - 0.002 (0.025) LFS/PSOC -  0.031 (0,073) SFS/PSOC
(p< 0.001)

Table 33: Results of multivariate multiple regression analysis of transformed and standardised MyHC protein quantities
Values presented are regression coefficients with standard errors in parentheses. Where a variable coefficient is significant, the p-values are included below 
the regression coefficient. The regression coefficients represent the change per unit of measurement for each explanatory variable in relation to the reference

figure, i.e. for a male aged 27 years with Normal VFF, 21 PSOC and a PUDH of 23mm.
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Outcome Intercept LFS
(wrt Normal VFF)

SFS
(wrt Normal VFF)

PSOC
(change per occl. con)

Age biopsy
(change per year)

p-cardiac protein 

lia  protein 

llx  protein 

a-cardiac protein 

Perinatal protein

1.122 (0.543,2.058) 

1.317(0.765,2.186) 

-0.316 (-0.419, -0.257) 

0.192 (0.097, 0.318) 

0.045 (0.013, 0.129)

0.417 (-0.529, 2.265) 

1.086 (-0,142,3.418) 

0.043 (-0.072, 0.100) 

0.053 (-0.087, 0.252) 

0.052 (-0.025, 0.359)

0.018 (-0.947, 2.605) 

3.966 (0.876,11.063) 

0.025 (-0.244, 0.109) 

0.067 (-0.117, 0.363) 

-0.041 (-0.049, 0.026)

-0.009 (-0.042, 0.025) 

-0.013 (-0.044, 0.019) 

-0.003 (-0.006, 0.001) 

-0.003 (-0.008, 0.002) 

-0.002 (-0.005, 0.000)

0.019 (-0.038, 0.078) 

-0.064 (-0.114, -0.012) 

-0.005 (-0.011,0.001) 

0.001 (-0.008, 0.009) 

-0.003 (-0.007, 0.001)

Outcome Prev. ortho
(wrt no prev.ortho)

PUDH
(change per mm)

Gender
(females wrt males)

LFS/PSOC
(change per occl. con)

SFS/PSOC
(change per occl. con)

p-cardiac protein 

lia  protein 

llx  protein 

a-cardiac protein 

Perinatal protein

0.314 (-0.275, 1.182) 

1.691 (0.840,2.851) 

0.078 (0.053, 0.098) 

0.248 (0.133, 0.379) 

0.197 (0.078, 0.426)

-0.067 (-0.178, 0.052) 

-0.239 (-0.320, -0.153) 

-0.028 (-0.040, -0.017) 

-0.043 (-0.057, -0.027) 

-0.008 (-0.016, 0.001)

-0.150 (-0.721,0.827) 

-0.753 (-1.040, -0.290) 

-0.159 (-0.408, -0.036) 

-0.046 (-0.139, 0.093) 

0.011 (-0.032, 0.149)

0.030 (-0.043,0.106) 

0.128 (0.054, 0.206) 

0.002 (-0.006, 0.010) 

-0.001 (-0.012, 0.009) 

0.000 (-0.005, 0.005)

0.016 (-0.179, 0.241) 

-0.358 (-0.467, -0.237) 

-0.019 (-0.048, 0.005) 

-0.064 (-0.085, -0.042) 

-0.003 (-0.015, 0.013)

Table 34: Results of multivariate analysis for the MyHC protein model.

Values presented are differences derived from regression coefficients converted back to the original outcome measure scales (confidence intervals in 
parentheses). All changes are relative to the “intercept” or baseline value that represents a male aged 27 years with Normal VFF, 21 PSOC and a PUDH of

23mm. Significant variable effects are shaded.

190



Chapter 5: Multilevel Modelling

MyHC
Protein

p-cardiac MyHC Ila MyHC IIx MyHC
VC model Covariate model VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-
value Covar (SE) Corr P -

value

Ila 0.18(0.17) 0.18 0.30 0.19(0.14) 0.27 0.17

IIx -0.16(0.17) -0.16 0.37 -0.31 (0.17) -0.37 0.07 0.53 (0.19) 0.53 0.01 0.07 (0.09) 0.14 0.46

a-
cardlac 0.25 (0.18) 0.25 0.15 0.39(0.14) 0.61 0.01 0.56 (0.20) 0.56 0.01 0.08 (0.07) 0.22 0.26 0.56 (0.20) 0.56 0.01 0.01 (0.08) 0.01 0.95

Perinat -0.01 (0.17) -0.01 0.95 -0.09 (0.13) -0.13 0.50 0.26 (0.18) 0.26 0.15 -0.00 (0.08) -0.01 0.96 0.65 (0.20) 0.65 0.00 0.22 (0.10) 0.45 0.03

MyHC
Protein

a -c a rd ia c  M yH C
VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value

Ha

IIx

a-
cardiac

Perinat 0.61 (0.20) 0.61 0.00 0.06 (0.07) 0.17 0.38

Table 35: Covariances (and standard errors), correlations and their significance for the MyHC protein model before (VC

model) and after (Covariate model) multivariate multiple regression analysis.
The values for the correlations are highlighted as changes in value of the correlation are of more importance than the change in covariance or p-value.
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MyHC p-cardiac lia IIx a-cardiac Perinatal

protein VC Covariate VC Covariate VC Covariate VC Covariate VC Covariate
Var (SE) Var (SE) Var (SE) Var (SE) Var (SE) Var (SE) Var (SE) Var (SE) Var (SE) Var (SE)

P-cardiac 1.00 (0.24) 1.25 (0.33)

lia 1.00 (0.24) 0.43 (0.11)

IIx 1.00 (0.24) 0.58 (0.15)

a-cardiac 1.00 (0.24) 0.32 (0.09)

Perinatal 1.00 (0.24) 0.41 (0.11)

Table 36: Variances (and standard errors) for the MyHC protein model before (VC model) and after (Covariate model)

multivariate multiple regression analysis.

The change in variance is an indication of the explanatory power of the model -  a decrease of 0.57 in variance between the VC and covariate 
models for a particular outcome suggests that 57% of the variation in this outcome was explained by the model.
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Figure 23: Histograms showing the effect of the interaction between the explanatory 
variables VFF and pre-surgery occlusal contacts (PSOC) on the outcome 
variables for the MyHC protein model: a) p-cardiac MyHC, b) Ha MyHC.

The response for each MyHC for each VFF group is for an increase of 10 in the 
number of PSOC over the baseline value of 21 in a male with Normal VFF.
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Figure 23: Histograms showing the effect of the interaction between the explanatory 
variables VFF and pre-surgery occlusal contacts (PSOC) on the outcome 
variables for the MyHC protein model: c) IIx MyHC, d) a-cardiac MyHC, e) 
perinatal MyHC.
The response for each MyHC for each VFF group is for an increase of 10 in the 
number of PSOC over the baseline value of 21 in a male with Normal VFF.
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Model for MyHC mRNA

There were only three explanatory variables of any relevance in modelling the 

expression of the MyHC mRNA: VFF, number of PSOC and the percentage of 

residual occlusal contacts. As both the occlusal variables were highly correlated (see 

Chapter 4) and the residual occlusal contacts gave the model the greatest explanatory 

power, the variables included in the model were VFF and residual occlusal contacts.

VFF exhibited a very highly significant effect on the expression of the embryonic 

MyHC mRNA (p < 0.001), negative for LFS compared to Normal VFF and positive 

for SFS, and a significant negative effect on the expression of the P-cardiac MyHC 

mRNA for both LFS and SFS compared to Normal VFF (p = 0.020). The residual 

occlusal contacts had a highly significant negative effect on both the expression of 

the IIx MyHC mRNA (p = 0.002) and the perinatal MyHC mRNA (p = 0.001). The 

effect of the residual occlusal contacts was greater than that for VFF, taking into 

account change per unit of measurement and the range of the variable (Tables 37 and

3sy

For the VC model, there were significant correlations between the Ila and IIx 

MyHCs (corr = 0.44) and the Ila and embryonic MyHCs (corr = 0.48) that remained 

significant in the covariate model (corr = 0.57 and 0.44 respectively). This indicated 

that the expression of these isoforms had associations that were not explained by any 

of the covariates in the model. The significant correlations in the VC model between 

the a-cardiac and P-cardiac MyHCs (corr = 0.46) and the perinatal and IIx MyHCs 

(corr = 0.54) were reduced in the covariate model (corr = 0.31 and 0.38 respectively) 

indicating that the original correlations between outcomes were manifest in factors 

explained by the covariates in the model. In this model, the embryonic and IIx 

MyHC became significantly correlated (corr = 0.51), indicating that one or more of 

the covariates was involved in masking effects (Table 39).

Table 40 demonstrates the change in variance between the VC and covariate models. 

These results indicate that, for the Ila and a-cardiac MyHCs, the model did not 

explain any of the variation in the outcomes. However, for the other four isoforms 

the model was able to explain between 17% (P-cardiac MyHC) and 69% (embryonic 

MyHC) of the variation in the outcomes.
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p-cardiac mRNA: respi = 0.446 (0.266) -  1.002 (0.427) LFS -  0.850 (0.427) SFS - 0.003 (0.007) resid occ con

 <------------(p = 0.020)-------------- >

Ila mRNA: resp2 = 0.055 (0.296) -  0.386 (0.449) LFS + 0.161 (0.489) SFS - 0.005 (0.007) resid occ con

IIx mRNA: resps = 0.212 (0.232) -  0.496 (0.354) LFS+Q223 (0.383) S F S -0,018 (0.006) resid occ con
(p = 0.002)

a-cardiac mRNA: resp4 = 0.089 (0.284) -  0.333 (0.429) 0.215 (0.468) SFS - 0.003 (0.007) resid occ con

Perinatal mRNA: resps = -0.132 (0.222) + 0.383 (0.354) LFS + 0.307 (0.357) SFS - 0.019 (0.006) resid occ con
(p = 0.001)

Embryonic mRNA: respe = -0.192 (0.150) -  1.205 (0.285) LFS + 1,344 (0.247) SFS - 0.001 (0.004) resid occ con
 <-------------(p < 0.001) ---------------->

Table 37: Results of multivariate multiple regression analysis of transformed and standardised MyHC mRNA quantities
Values presented are regression coefficients with standard errors in parentheses. Where a variable coefficient is significant, the p-values are 

included below the regression coefficient. The regression coefficients represent the change per unit of measurement for each explanatory 
variable in relation to the reference figure, i.e. for a male aged 27 years with Normal VFF, 62% Residual Occlusal Contacts and a PUDH of

23mm.
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Outcome Intercept LFS
(wrt Normal VFF)

SFS
(wrt Normal VFF)

Resid occ con
(change per 1% change)

P-cardiac mRNA 3.202 (2.249, 4.423) -1.638 (-2.531,-0.314) -1.436 (-2.395,-0.016) -0.005 (-0.033, 0.024)

Ila mRNA 0.612(0.296, 1.137) -0.226 (-0.531,0.433) 0.119 (-0.399, 1.320) -0.004 (-0.014, 0.006)

IIx mRNA 0.205 (0.123, 0.329) -0.088 (-0.162, 0.048) 0.054 (-0.093, 0.338) -0.004 (-0.006, -0.001)

a-cardiac mRNA 0.850 (0.557, 1.235) -0.184 (-0.536, 0.348) -0.122 (-0.522, 0.506) -0.002 (-0.010, 0.006)

Perinatal mRNA 0.296 (0.173, 0.484) 0.159 (-0.093, 0.661) 0.123 (-0.113, 0.593) -0.006 (-0.010, -0.003)

Embryonic mRNA 0.217(0.137, 0.319) -0.227 (-0.274, -0.150) 0.781 (0.389,1.382) -0.0002 (-0.003, 0.002)

Table 38: Results of multivariate analysis for the MyHC mRNA model.

Values presented are differences derived from regression coefficients converted back to the original outcome measure scales (confidence intervals in 
parentheses). All changes are relative to the “intercept” or baseline value that represents a male aged 27 years with Normal VFF, 62% residual occlusal 
contacts and a PUDH of 23mm. Significant variable effects are shaded.
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MyHC
mRNA

P-cardiac MyHC Ila MyHC IIx M'y n c
VC model Covariate model VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-
value Covar (SE) Corr P-

value
Ila 0.14(0.18) 0.14 0.43 0.11(0.18) 0.12 0.53
IIx -0.05 (0.18) -0.05 0.79 0.09 (0.14) 0.12 0.52 0.44 (0.18) 0.44 0.02 0.49 (0.17) 0.57 0.01
a-
cardiac 0.46 (0.19) 0.46 0.02 0.28 (0.17) 0.31 0.11 -0.03 (0.17) -0.03 0.87 -0.06 (0.18) -0.06 0.73 0.10(0.17) 0.10 0.56 0.23 (0.15) 0.28 0.13

Perinat -0.28 (0.18) -0.29 0.12 -0.01 (0.13) -0.02 0.91 0.17(0.18) 0.18 0.33 0.25 (0.15) 0.32 0.10 0.54 (0.20) 0.56 0.01 0.24 (0.12) 0.38 0.06
Embry 0.03 (0.20) 0.03 0.86 -0.13 (0.10) -0.25 0.21 0.50(0.21) 0.48 0.02 0.26 (0.12) 0.44 0.03 0.30 (0.20) 0.28 0.14 0.23 (0.10) 0.51 0.02

MyHC
mRNA

a-cardiac MyHC Perinatal MyHC
VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value
Ha
IIx
tt-
cardiac
Perinat -0.08 (0.18) -0.08 0.64 0.14(0.14) 0.19 0.31
Embry -0.03 (0.20) -0.02 0.90 -0.0 1 (0.11) -0.02 0.91 -0.17(0.20) -0.16 0.39 0.10(0.08) 0.25 0.22

Table 39: Covariances (and standard errors), correlations and their significance for the MyHC mRNA model before (VC

model) and after (Covariate model) multivariate multiple regression analysis.

The values for the correlations are highlighted as changes in value of the correlation are of more importance than the change in covariance or p-
value.
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MyHC
mRNA

P-cardiac lia IIx a-cardiac Perinatal Embryonic

VC
Coeff
(SE)

Covar
Coeff
(SE)

VC
Coeff
(SE)

Covar
Coeff
(SE)

VC
Coeff
(SE)

Covar
Coeff
(SE)

VC
Coeff
(SE)

Covar
Coeff
(SE)

VC
Coeff
(SE)

Covar
Coeff
(SE)

VC
Coeff
(SE)

Covar
Coeff
(SE)

p-cardiac 0.99
(0.25)

0.82
(0.21)

lia 0.99
(0.24)

1.09
(0.27)

IIx 0.99
(0.24)

0.68
(0.17)

a-cardiac 1.01
(0.24)

0.98
(0.24)

Perinatal 0.97
(0.24)

0.57
(0.15)

Embryonic 1.14
(0.29)

0.31
(0.08)

Table 40: Variances (and standard errors) for the MyHC mRNA model before (VC model) and after (Covariate model)

multivariate multiple regression analysis.

The change in variance is an indication of the explanatory power of the model -  a decrease of 0.17 in variance between the VC and covariate 
models for a particular outcome suggests that 17% of the variation in this outcome was explained by the model.
Due to standardisation of the outcome variables during data preparation, the variance in the VC model should be exactly 1.0. However, the fact 
that there were different numbers of missing values across the different outcomes gave rise to estimated variances that might differ from 1.0 
when each outcome was considered alongside others.
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Model for fibre CSA

Out of all the models, the model for fibre CSA was the one with the greatest 

explanatory power. Four explanatory variables had a very highly significant effect 

on fibre CSA: the number of PSOC, the age of the subjects at the time of biopsy, 

VFF, and whether or not the subject had undergone previous orthodontic treatment. 

Gender had a significant effect on Type Ila/IIx and Type IIx only.

The magnitude of the effect of the different explanatory variables differed across the 

different outcomes when the change per unit of measurement and the range of 

explanatory variable were taken into account. PSOC (positive effect) had double the 

effect of VFF (negative effect for LFS and positive effect for SFS in all fibres. Type 

I and Type I/IIa) and age at biopsy (negative effect in all fibres and Type I), but the 

effect of age at biopsy (positive effect) was double that of PSOC (positive effect) in 

Type Ila/IIx fibres and was four times the effect of age at biopsy in all fibres and 

Type I fibres. The effect of previous orthodontics was also much greater in Type 

Ila/IIx fibres (negative effect) than in all fibres and Type I fibres (positive effect) and 

in Ila/IIx fibres the effect was similar in size to the effect of VFF (Tables 41 and 42).

In the VC model the CSA of Type I fibres was significantly correlated with the 

overall fibre CSA (corr = 0.95) and this remained the case in the covariate model 

(corr = 0.79), indicating that there was a strong relationship between these two 

outcomes that was not influenced by the covariates. There were also significant 

correlations between Type I/IIa fibre CSA and overall fibre CSA (corr = 0.74), Type 

I/IIa and Type I fibre CSA (corr = 0.70) and Type I/IIa and Type Ila/IIx fibre CSA 

(corr = 0.61). None of these correlations remained significant in the covariate model 

(corr = 0.26, 0.23 and 0.33 respectively), indicating that the original correlations 

between outcomes were manifest in factors explained by the covariates in the model. 

However, three pairs of outcomes became significantly correlated in the covariate 

model. These were Type Ila/IIx with overall fibre CSA (0.39 to 0.51), Type IIx with 

Type I/IIa (0.01 to -0.70) and Type IIx with Type Ila/IIx (0.33 to -0.63), indicating 

that one or more of the covariates were involved in masking contrary effects (Table 

43).
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Table 44 demonstrates the change in variance between the VC and covariate models. 

These results indicate that, for all outcomes, the model was able to explain much of 

the variation in the outcomes. The explanatory effect ranged from between 38% 

(Type Ila/IIx) and 82% (all fibres).
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All fibres: respi = -0.288 (0.152) - 0.237 (0.196) LFS+ 1.027 (0.194) SFS+0.043 (0.006) PSOC - 0.042 (0.012) agebiopsy +
(p = 0.061) < ----------- (p< 0.001)--------------->  (p< 0.001) (p< 0.001)

0.486 (0.162)prev.ortho - 0,282 (0.157) gender 
(p = 0.003)

Type I fibres: resp2 = -0.627 (0.186) - 0.139 (0.251) LFS+ 1.027 (0.194) SFS+0.043 (0.006) PSOC - 0.042 (0.012) agebiopsy +
(p <  0.001) < ------------- (p <  0.001) ------------------>  (p <  0.001) (p <  0 .001)

0.486 (0.162)prev.ortho - 0.106 (0.218) gender 
(p = 0.003)

Type I/IIa: resp3 = -0.456 (0.232) - 0.676 (0.331) LFS+ 1.027 (0.194) SFS+ 0.043 (0.006) PSOC - 0.013 (0.018) agebiopsy -
(p = 0.051) < ---------- (p< 0.001)-------------- >  (p< 0.001)

0.295 (0.281)prev.ortho + 0.306 (0.268) gender

Type Ila/IIx: resp4 = 0.583 (0.301) + 0.629 (0.452) LFS+ 1.027 (0.194) 5F5+ 0.022 (0.012) PSOC + 0.105 (0.016) agebiopsy -
(p = 0.055) < ---------- (p< 0.001)--------------->  (p = 0.069) (p< 0.001)

1.714 (0.173)prev.ortho - 0.680 {0.334) gender 
(p< 0.001) (p = 0.044)

Type nx: resps = 0.681 (0.299) - 0.664 (0.417) LFS-0.794 (0.268) SFS + 0.004 (0.013) PSOC + 0.105 (0.016) agebiopsy -
(p = 0.024)--- < ------------(p = 0.004) >  (p< 0.001)

1.714 (0.173) prev.ortho + 0.680 {0.334) gender 
(p< 0.001) (p = 0.044)

Table 41: Results of multivariate multiple regression analysis of transformed and standardised fibre CSAs
Values presented are regression coefficients with standard errors in parentheses. Where a variable coefficient is significant, the p-values are included below 
the regression coefficient. The regression coefficients represent the change per unit of measurement for each explanatory variable in relation to the reference

figure, i.e. for a male aged 27 years with Normal VFF, 21 PSOC and a PUDH of 23mm.
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Outcome LFS
Intercept Normal VFF)

SFS
(wrt Normal VFF)

PSOC Age biopsy
(change per occl. con) (change per year)

Prev. ortho
(wrt no prev.ortho)

Gender
(F wrt M)

All
fibres

1335.5(1190.2, 1506.9) -116.4 (-277.4, 81.9) 717.4(402.4, 1104.6) 23.0(16.7, 29.4) -21.4 (-33.3, -9.3) 290.8 (90.8, 528.5) -136.7 (-265.4, 15.4)

Type I 1579.7 (1400.9, 1792.4) -71.7 (-290.8,206.4) 703.4 (399.4,1068.8) 22.9(16.5,29.3) -22.1 (-34.2, -9.9) 290.0 (91.1,521.8) -55.0 (-251.4, 186.6)

Type
I/IIa

1083.1 (824.2, 1385.5) -368.0 (-652.2,-12.5) 749.3 (438.2, 1104.0) 26.3 (19.0, 33.6) -8.2 (-29.8, 13.6) -171.1 (-450.2, 166.5) 196.1 (-131.6, 588.8)

Type Ila 1224.2 (830.3,1701.0) 506.1 (-185.2, 1383.8) 873.8 (518.6,1263.3) 16.5 (-1.3, 34.4) 78.3 (55.1, 101.7) -909.9 (-1009.5, -782.9) -443.0 (-769.9, -14.4)

Type IIx 798.4 (574.7, 1100.0) -246.9 (-458.1,73.5) -286.2 (-422.5, -108.0) 1.8 (-9.6,13.3) 47.4(33.3,61.7) -501.9 (-559.8, -433.1) 355.1(8.7, 838.6)

Table 42: Results of multivariate analysis for the fibre CSA model.

Values presented are differences derived from regression coefficients converted back to the original outcome measure scales (confidence intervals in 
parentheses). All changes are relative to the “Intercept” or baseline value that represents a male aged 27 years with Normal VFF, 21 PSOC, a PUDH o f  
23mm and no previous orthodontics. Significant variable effects are shaded.
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Fibre
CSA

All fibres Tyip e l Type I/IIa
VC model Covariate model VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-
value Covar (SE) Corr P-

value
Type I 0.99 (0.24) 0.95 0.00 0.19(0.05) 0.79 0.00
Type
I/IIa 0.75 (0.22) 0.74 0.00 0.07 (0.06) 0.26 0.19 0.74 (0.23) 0.70 0.00 0.08 (0.07) 0.23 0.24

Type
Ila/IIx 0.40 (0.22) 0.39 0.07 0.18(0.08) 0.51 0.02 0.33 (0.23) 0.30 0.15 0.07 (0.09) 0.16 0.44 0.64 (0.25) 0.61 0.01 0.18(0.12) 0.33 0.14

Type
IIx 0.08 (0.24) 0.08 0.73 -0.03 (0.07) -0.09 0.68 0.09 (0.25) 0.09 0.71 -0.01 (0.09) -0.01 0.95 0.01 (0.24) 0.01 0.97 -0.34 (0.12) -0.70 0.01

Fibre
CSA

Tyije Ila/IIx
VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value

Type I
Type
I/IIa
Type
Ila/IIx
Type
IIx 0.33 (0.26) 0.33 0.20 -0.39(0.16) -0.63 0.02

Table 43: Covariances (and standard errors), correlations and their significance for the fibre CSA model before (VC model)
and after (Covariate model) multivariate multiple regression analysis.

The values for the correlations are highlighted as changes in value of the correlation are of more importance than the change in covariance or p-
value.
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All fibres Type I Type I/IIa Type Ila/IIx Type IIx
VC Covariate VC Covariate VC Covariate VC Covariate VC Covariate

C oeff(SE ) C oeff(SE ) C oeff(SE ) C oeff(SE) Coeff(SE) C oeff(SE) C oeff(SE) C oeff(SE ) C oeff(SE ) Coeff(SE )

All fibres 1.00 (0.24) 0 .18(0 .04)

Type I 1.08 (0.27) 0.30 (0.08)

Type I/IIa 1.05 (0.27) 0.43 (0.12)

Type Ila/IIx 1.06 (0.32) 0.68 (0.21) •

Type IIx 0.99 (0.34) 0.56 (0.18)

Table 44: Variances (and standard errors) for the fibre CSA model before (VC model) and after (Covariate model)

multivariate multiple regression analysis.

The change in variance is an indication of the explanatory power of the model -  a decrease of 0.82 in variance between the VC and covariate 
models for a particular outcome suggests that 82% of the variation in this outcome was explained by the model.
Due to standardisation of the outcome variables during data preparation, the variance in the VC model should be exactly 1.0. However, the fact 
that there were different numbers of missing values across the different outcomes gave rise to estimated variances that might differ from 1.0 
when each outcome was considered alongside others.
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Model for fibre percentage composition

The most important explanatory variable for this model, in terms of magnitude of 

effect and statistical significance, was the number of PSOC (Tables 45 and 46). This 

had a highly significant negative effect on the percentage of hybrid fibres, fibres 

containing the perinatal MyHC, fibres containing the a-cardiac MyHC and the 

number of different fibre types. As with the perinatal mRNA model, the occlusion 

was the only significant explanatory variable for the percentage of perinatal MyHC 

containing fibres. VFF (fibre types, % hybrid fibres and % a-cardiac fibres) and 

previous orthodontic treatment (positive effect on fibre types and % a-cardiac fibres) 

also exhibited a significant explanatory effect, although the magnitude of these 

effects was between one quarter and one half of the effect associated with PSOC. 

The effects of VFF, were positive for LFS and negative for SFS, indicating that LFS 

had more fibre types and a higher percentage of hybrid and a-cardiac containing 

fibres than Normal VFF, whilst SFS had fewer.

With the other two outcomes (% Type I and % Type I/IIa) it was the demographic 

explanatory variables that were important, with gender having a strong negative 

effect on % Type I fibres and a positive effect of similar magnitude on % Type I/IIa 

fibres i.e. females had fewer Type I, but more Type I/IIa fibres than males. 

However, for Type I/IIa fibres, the age at biopsy was the most important explanatory 

variable with the positive effect of this variable being double that of gender.

For the majority of the pairs of outcomes, the correlations in the VC and covariate 

model remained high and significant (Type I and a-cardiac (-0.46 to -0.43); Type 

I/IIa with fibre type (-0.54 to -0.48), hybrid fibres (-0.60 to -0.64) and perinatal 

fibres (-0.64 to -0.59); fibre type with hybrid (0.88 to 0.77), perinatal (0.83 to 0.74) 

and a-cardiac fibres (0.79 to 0.64), and hybrid fibres with perinatal (0.96 to 0.96) and 

a-cardiac fibres (0.77 to 0.61)), indicating that there were strong relationships 

between these pairs of outcomes that were not influenced by the covariates. For 

three pairs of outcomes, the correlations reduced and became non-significant in the 

covariate model, indicating that the original correlations between outcomes were 

manifest through shared properties of factors explained by the covariates in the 

model. These pairs of outcomes were Type I and hybrid fibres (-0.41 to -0.25), Type 

I/IIa and a-cardiac fibres (-0.43 to -0.33) and perinatal and a-cardiac fibres (0.62 to 

0.43) (Table 47).
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Table 48 demonstrates the change in variance between the VC and covariate models. 

These results indicate that, for the majority of outcomes, the model was able to 

explain some of the variation. The explanatory effect ranged from between 10% 

(perinatal fibres) and 44% (a-cardiac fibres).
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%  Type I: respi =  0.192 (0.329) +  0.204 (0.491) 1^^94-0.710 (0.500) S F S + ^ m S  (0.013) P 5'0C - 0.051 (0.032) agebiopsy -

0.032 (0 .430)prev.ortho 4- 0.128 (0.070)pudh - 0.787 (0.332) gender
(p = 0.019)

resp2  = -a .l^ \ (0 .3 2 1 )-0 .4 9 7  (0.480) 4-0.171 (0.489) 0.017 (0.011) P SO C 4-0.061 {0.02>\) agebiopsy-
(p = 0.048)

0.565 (0.422)prev.ortho - 0.031 (0.069)pudh 4- 0.787 (0.332) gender
(p = 0.019)

resp3 =  0.203 (0.327) 0.230 (0.512) L F S -  0.979 (0.495) SFS - 0.035 (0.011) PSOC - 0.016 (0.031) agebiopsy -k
 < (p = 0.050)------------------ >  (p =  0.002)

0.873 (0.429) prev.ortho - 0.092 (0.072) pudh - 0.258 (0.422) gender
(p = 0.044)

resp4  = 0.193 (0.347) 4- 0.092 (0.530) Z P S -0.973 (0.528) SFS - 0.035 (0.011) PSOC - 0.002 (0.033) agebiopsy +
 < (p = 0.067)-------------------->  (p = 0.002)

0.577 (0 .457)prev.ortho - 0.076 (0.075)pudh - 0.014 (0.403) gender

resps = 0.233 (0.382) + 0.009 (0.597) L F S - 0.767 (0.581) SFS - 0.035 (0.011) PSOC - 0.017 (0.036) agebiopsy 4-
(p = 0.002)

0.542 (0 .505)prev.ortho - 0.048 (0.085)pudh -0 .111  (0.489) gender

respi = 0.226 (0.304) -k 0.257 (0.470) LFS - 1.393 (0.458) SFS - 0.035 (0.011) PSOC + 0.025 (0.029) agebiopsy +
 < (p = 0 .003) >  (p = 0.002)

0.823 (0 .397)prev.ortho - 0.104 (0.066)pudh - 0.171 (0.375) gender
(p = 0.040)

Table 45: Results of multivariate multiple regression analysis of transformed and standardised fibre proportions
Values presented are regression coefficients with standard errors in parentheses. Where a variable coefficient is significant, the p-values are included below  
the regression coefficient. The regression coefficients represent the change per unit o f  measurement for each explanatory variable in relation to the reference

figure, i.e. for a male aged 27 years with Normal VFF, 21 PSOC and a PUDH o f 23mm.

% Type I/IIa:

No. fibre types:

% hybrid fibres:

% perinatal:

% a-cardiac:
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Outcome Interceot SFS PSOC Agebiopsy Prev.ortho PUDH Gender
(wrt Normal VFF) (wrt Normal VFF) (change per occl. con) (change per year) (wrt no prev.ortho) (change per mm) (F wrt M)

% Type I 58.3(45.4,71.2) 4.0 (-15.2, 23.3) 14.1 (-5.5, 33.6) 0.3 (-0.2, 0.8) -1.0 (-2.2, 0.2) -0.6 (-17.5, 16.2) 2.5 (-0.2, 5.3) -15,6 (-28.6, -2.6)

% Type I/IIa 10.6 (3.9, 20.8) -5.6 (-11.0, 6.9) 2.4 (-7.9, 20.9) 0.2 (-0.1,0.5) 0.8 (0.0,1.7) -6.2 (-11.0,3.9) -0.4 (-2.1, 1.4) 13.2(1.8,28.4)

No. o f fibre types 9.2 (6.6, 11.7) 0.9 (-3.1,4.9) -3.8 (-7.7,0.0) -0.1 (-0.2, 0.0) -0.1 (-0.3, 0.2) 3.4 (0.1,6.8) -0.4 (-0.9, 0.2) -1.0 (-4.3, 2.3)

% hybrid fibres 13.1 (5.2, 28.4) 1.5 (-9.9, 32.6) -10.0 (-14.1,1.1) -0.5 (-0.9, -0.2) 0.0 (-1.0, 1.0) 12.1 (-4.4,51.4) -1.2 (-3.2, 1.2) -0.2 (-8.9, 18.4)

% perinatal fibres 10.1 (2.9, 27.9) 0.1 (-9.1,38.3) -7.2 (-10.8, 7.0) -0.5 (-0.8, -0.2) -0.3 (-1.2, 0.8) 11.1 (-5.1,64.8) -0.7 (-2.7, 1.9) -1.5 (-8.7,21.6)

% a-cardiac fibres 3.7 (1.4, 8.9) 1.7 (-2.5,16.2) -3.54 (-3.99,-2.00) -0.2 (-0.3, -0.1) 0.1 (-0.2,0.5) 8.4(0.2,31.5) -0.5 (-1.1, 0.2) -0.9 (-2.9,4.8)

Table 46: Results of multivariate analysis for the fibre proportion model.

Values presented are differences derived from regression coefficients converted back to the original outcome measure scales (confidence
intervals in parentheses). All changes are relative to the “intercept” or baseline value that represents a male aged 27 years with Normal VFF, 21
PSOC, a PUDH of 23mm and no previous orthodontics. Significant variable effects are shaded.
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% fibre 
type

Type I Type I/IIa No. fibre types
VC model Covariate model VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-
value Covar (SE) Corr P-

value
Type
I/IIa -0.19(0.19) -0.19 0.32 0.03 (0.13) 0.04 0.83

Fibre
types -0.37 (0.20) -0.37 0.07 -0.13 (0.13) -0.19 0.34 -0.54 (0.22) -0.54 0.01 -0.31 (0.14) -0.48 0.03

Hybrid -0.41 (0.20) -0.41 0.05 -0.17(0.14) -0.25 0.22 -0.60 (0.22) -0.60 0.01 -0.45 (0.16) -0.64 0.01 0.88 (0.25) 0.88 0.00 0.54 (0.17) 0.77 0.00
Perinat. -0.25 (0.19) -0.25 0.21 -0.09 (0.15) -0.12 0.56 -0.64 (0.22) -0.64 0.01 -0.45 (0.17) -0.59 0.01 0.83 (0.25) 0.83 0.00 0.56(0.19) 0.74 0.00

a-
cardiac -0.46 (0.21) -0.46 0.03 -0.26 (0.13) -0.43 0.05 -0.43 (0.21) -0.43 0.04 -0.20 (0.12) -0.33 0.11 0.79 (0.24) 0.79 0.00 0.38(0.14) 0.64 0.01

% fibre 
type

Hybrid Perinatal containing
VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value
Type
I/Ha
Fibre
types

Hybrid
Perinat. 0.96 (0.26) 0.96 0.00 0.78 (0.22) 0.96 0.00

a-
cardiac 0.77 (0.24) 0.77 0.00 0.40 (0.15) 0.61 0.01 0.62 (0.22) 0.62 0.01 0.30(0.15) 0.43 0.05

Table 47: Covariances (and standard errors), correlations and their significance for the fibre proportion model before (VC
model) and after (Covariate model) multivariate multiple regression analysis.

The values for the correlations are highlighted as changes in value of the correlation are of more importance than the change in covariance or p-
value.
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Type I Type I/IIa No. fibre types Hybrid Perinatal
containing

a-cardiac
containing

VC Covar VC Covar VC Covar VC Covar VC Covar VC Covar
Coeff Coeff Coeff Coeff Coeff Coeff Coeff Coeff Coeff Coeff Coeff Coeff
(SE) (SB) (SE) (SE) (SE) (SE) (SE) (SE) (SE) (SE) (SE) (SE)

Type I 1.00
(0.27)

0.67
(0.19)

Type I/IIa 1.00
(0.27)

0.64
(0.18)

No. fibre types 1.00
(0.27)

0.65
(0.18)

Hybrid 1.00
(0.27)

0.75
(0.21)

Perinatal 1.00 0.90
containing (0.27) (0.25)

a-cardiac 1.00 0.56
containing (0.27) (0.15)

Table 48: Variances (and standard errors) for the fibre proportion model before (VC model) and after (Covariate model)

multivariate multiple regression analysis.

The change in variance is an indication of the explanatory power of the model -  e.g. a decrease of 0.33 in variance between the VC and covariate 
models for a particular outcome suggests that 33% of the variation in this outcome was explained by the model.
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Model for fibre percentage CSA

The number of PSOC had a very highly significant negative effect on the percentage 

CSA of both perinatal MyHC containing fibres and a-cardiac MyHC containing 

fibres (p < 0.001) and a highly significant positive effect on the percentage CSA of 

both Type I and hybrid fibres. As with the previously discussed models, this 

explanatory variable was the only one of relevance for the perinatal fibres. Age at 

biopsy had a negative effect of similar magnitude to that of PSOC in both Type I and 

hybrid fibres, but a positive effect of half the magnitude for a-cardiac fibres. PUDH 

also had a positive effect of similar magnitude to PSOC in Type I fibres and two- 

thirds of the effect in a-cardiac fibres. The a-cardiac fibres % CSA was also 

influenced to a lesser degree by VFF, negatively for SFS and positively for LFS. As 

in the fibre proportion model, the Type I/IIa fibre % CSA was positively influenced 

purely by the demographic variables, age at biopsy again having a greater effect (1.5 

times) than gender (Tables 49 and 50).

Comparing the VC and covariate models (Table 51), three pairs of outcomes reduced 

their correlation and became non-significant: Type I and Type I/IIa fibres (-0.46 to 

0.21), Type I/IIa and hybrid fibres (-0.50 to -0.40) and perinatal and a-cardiac fibres 

(0.66 to 0.44), indicating that the original correlations between outcomes were 

manifest in factors explained by the covariates in the model. However, in two pairs 

of outcomes, the correlations remained high and significant, but changed from a 

positive to a negative correlation or vice versa. These pairs of outcomes were Type I 

and hybrid fibres (0.66 to -0.42) and Type I and a-cardiac fibres (-0.42 to 0.50). 

This is indicative of an extremely high level of masking coupled with an underlying 

correlation not modelled by covariates.

Table 52 demonstrates the change in variance between the VC and covariate models. 

These results indicate that, for all outcomes, the model was able to explain some of 

the variation in the outcomes, although this explanatory effect varied between 

different outcomes. The explanatory effect ranged from between 8% (perinatal 

fibres) and 48% (a-cardiac fibres). This may be related to the high level of masking 

exhibited in Table 49.
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% CSA Type I/IIa:

% CSA Type I: respt = -0.113 (0.304) + 0.495 (0.497) LFS + 0.677 (0.445) SFS+  0.033 (0.010) PSOC  - 0.075 (0.022) agebiopsy +
(p< 0.001) (p< 0.001)

0,095 (0-400)prev.ortho + 0.144 (0.057)pudh - 0.479 (0.437) gender
(p = 0.013)

resp2  = -0.246 (0.293) - 0.919 (0.480) L F S -0.192 (0.434) 5F5+ 0.005 (0.007) PSO C+ 0.015 (0.022) agebiopsy -
(p< 0.001)

0.584 (0.390)prev.ortho -  0.025 (0.057)pudh + 1.134 (0.427) gender
(p = 0.009)

resp3 = 0.184 (0.356) + 0.256 (0.602) LFS+  0.665 (0.516) 5FS+ 0.033 (0.010) PSOC  - 0.075 (0.022) agebiopsy -
(p< 0.001) (p < 0.001)

0.314 (0.465)prev.ortho + 0.093 (0.081)pudh - 0.831 (0.540) gender

resp4  = 0.333 (0.373) + 0.051 (0.621) LF5- 0.721 (0.546) SFS - 0.033 (0.010) PSOC - 0.009 (0.025) agebiopsy +
(p< 0.001)

0.440 (0.489)prev.ortho -  0.083 (0.082)pudh - 0.278 (0.557) gender

resps = 0.357 (0.280) + 0.383 (0.463) L F S -  1.427 (0.407) SFS - 0.033 (0.010) PSOC + 0.036 (0.018) agebiopsy +
< ------------ (p< 0.001)------------->  (p< 0,001) (p = 0.049)

0.707 (0.367)prev.ortho -  0.144 (0.057)pudh - 0.379 (0.411) gender 
(p = 0.056) (p = 0.013)

Table 49: Results o f multivariate multiple regression analysis of transformed and standardised fibre percentage CSA

Values presented are regression coefficients with standard errors in parentheses. Where a variable coefficient is significant, the p-values are included below 
the regression coefficient. The regression coefficients represent the change per unit of measurement for each explanatory variable in relation to the reference

figure, i.e. for a male aged 27 years with Normal VFF, 21 PSOC and a PUDH of 23mm.

% CSA hybrid:

% CSA perinatal:

% CSA a-cardiac:
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Outcome Intercept LFS
(wrt Normal VFF)

SFS
(wrt Normal VFF)

PSOC
(change per occl. con)

Age biopsy Prev. ortho PUDH Gender
(change per year) (wrt no prev.ortho) (change per mm) (F wrt M)

% CSA 
Type I ■68.2 (-79.0, -56.2) 9.8 (-8.8, 32.0) 13.7 (-3.8, 34.0) 0.6 (0 .3 ,1 .0) -1.4 (-2.2, -0.6) 1.8 (-12.3, 18.3) 2.8 (0 .6 ,5 .0 ) -8.7 (-22.2, 7.6)

% CSA
Type
I/IIa

9.7 (4.2, 17.8) -7.9 (-12.4, 0.3) -2.1 (-8.7, 9.5) 0.1 (-0.1, 0.2) 0.9 (0.4, 1.4) -5.6 (-10.3, 2.3) -0.3 (-1.5, 1.0) 19.0 (3.6, 45.5)

% CSA 
hybrid 8 .7 (3 .1 ,2 0 .5 ) 3.3 (-6.7, 38.5) 10.9 (-3.3, 52.4) 0.4 (0.2, 0.6) -0.8 (-1.2, -0.4) -3.0 (-7.8, 9.5) 1.1 (-0.7, 3.3) -6.2 (-9.2, 3.0)

% CSA 
perinatal 7.5 (2 .2 ,21.9) 0.6 (-6.8, 38.8) -5.3 (-7.7, 5.3) -0.4 (-0.6, -0.2) -0.1 (-0.6, 0.5) 6.8 (-4 .3 ,47 .7) -0.9 (-2.4, 1.0) -2.6 (-7.2, 17.1)

% CSA 
a-
cardiac

2.7 (1.0, 7.2) 2.6 (-1 .7 ,23 .4 ) -2.6 (-2 .8 ,-1 .9 ) -0.2 (-0.2, -0.1) 0.2 (0 .0 ,0 .3) 6.7 (-0.1, 30.1) -0.6 (-1.0, -0,1) -1.4 (-2.5, 3.1)

Table 50: Results of multivariate analysis for the fibre percentage CSA model.

Values presented are differences derived from regression coefficients converted back to the original outcome measure scales (confidence 
intervals in parentheses). All changes are relative to the “intercept” or baseline value that represents a male aged 27 years with Normal VFF, 21 
PSOC, a PUDH of 23mm and no previous orthodontics. Significant variable effects are shaded.
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Fibre 
%  CSA

Type I Type I/IIa Hybrid
VC model Covariate model VC model Covariate model VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-value Covar (SE) Corr P-
value Covar (SE) Corr P-

value
Type
I/na -0.46 (0.21) -0.46 0.03 -0.13 (0.12) 0.21 0.26

Hybrid 0.70 (0.24) 0,66 0.00 0.32(0.15) -0.42 0.04 -0.52 (0.22) -0.50 0.02 -0.28 (0.15) -0.40 0.06
P erinat -0.17(0.19) -0.17 0.38 -0.06 (0.15) 0.05 0.70 -0.47 (0.21) -0.47 0.03 -0.33 (0.16) -0.48 0.04 -0.31 (0.21) -0.30 0.13 -0.31 (0.18) -0.34 0.10
a-
cardiac

-0.42 (0.20) -0.42 0.04 -0.26 (0.12) 0.50 0.04 -0.34 (0.20) -0.34 0.09 -0.18(0.11) -0.31 0.12 -0.38 (0.21) -0.36 0.08 -0.24 (0.14) -0.40 0.08

Fibre 
%  CSA

Perinaltal containing
VC model Covariate model

Covar (SE) Corr P-value Covar (SE) Corr P-value
Type
I/H a
H ybrid
Perinat
a-
cardiac

0.61 (0.22) 0.61 0.01 0.29 (0.15) 0.44 0.05

Table 51: Covariances (and standard errors), correlations and their significance for the fibre percentage CSA model before

(VC model) and after (Covariate model) multivariate multiple regression analysis.

The values for the correlations are highlighted as changes in value of the correlation are of more importance than the change in covariance or p-
value.
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Type I Type I/IIa Hybrid Perinatal containing a-cardiac containing

VC
Var (SE)

Covariate 
Var (SE)

VC
Var (SE)

Covariate 
Var (SE)

VC
Var (SE)

Covariate 
Var (SE)

VC
Var (SE)

Covariate 
Var (SE)

VC
Var (SE)

Covariate 
Var (SE)

Type I 1.00 (0.27) 0.61 (0.17)

Type I/IIa 1.00 (0.27) 0.57(0.16)

Hybrid 1.10(0.30) 0.84 (0.24)

Perinatal containing 1.00 (0.27) 0.92 (0.26)

a-cardiac containing 1.00 (0.27) 0.52 (0.14)

Table 52: Variances (and standard errors) for the fibre percentage CSA model before (VC model) and after (Covariate

model) multivariate multiple regression analysis.

The change in variance is an indication of the explanatory power of the model -  a decrease of 0.39 in variance between the VC and covariate 
models for a particular outcome suggests that 39% of the variation in this outcome was explained by the model.
Due to standardisation of the outcome variables during data preparation, the variance in the VC model should be exactly 1.0. However, the fact 
that there were different numbers of missing values across the different outcomes gave rise to estimated variances that might differ from 1.0 
when each outcome was considered alongside others.

216



Chapter 5: Multilevel Modelling

Checking residuals

The straight line relationship demonstrated in Fig. 24 when the standardised 

residuals were plotted against standard Normal score verified the underlying 

assumptions of multiple regression and confirmed that the data were normally 

distributed. Although all outcomes and their standardised residuals were plotted and 

exhibited a similar straight line relationship, only the graphs for the MyHC protein 

model are shown.

a)

b)

nscore

Figure 24: Plot of standardised residuals against their corresponding normal 

score for a) p-cardiac MyHC protein, b) Ila MyHC protein
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c)

d)

e)

▲ ▲▲

A A

a a a '

Figure 24: Plot of standardised residuals against their corresponding normal 
score c) IIx MyHC protein, d) a-cardiac MyHC protein, e) perinatal
MyHC protein
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Discussion

There were a number of reasons for using multivariate multilevel modelling to 

analyse the data: the multivariate approach allowed multiple outcomes to be 

simultaneously modelled; MLM avoided the necessity for close demographic 

matching between the different VFF groups, and MLM provided greater insight into 

real biological systems. The benefits of the third reason were demonstrated by the 

results of the multivariate multilevel modelling that confirmed the results of the 

previous two chapters, but also provided substantially more information into the 

inter-relationship between the various outcomes and the explanatory variables.

Apart from the model for the MyHC isoform mRNA, all other models exhibited 

similarities in the types of variables that had significant explanatory effects on the 

model. VFF, the number of PSOC, the subjects’ age at time of biopsy, previous 

orthodontics, PUDH and gender all had a significant explanatory effect on at least 

one of the outcomes in these models. The only explanatory variables of relevance to 

the mRNA model were VFF and the percentage of residual occlusal contacts.

The robustness of the models was confirmed by the fact that outcomes that were 

related, but were in different models, e.g the amount of perinatal MyHC protein, the 

percentage of perinatal containing fibres and the percentage CSA of perinatal 

containing fibres, had identical, or near identical, explanatory variables across the 

models. In the case of the perinatal MyHC, the explanatory variable was the number 

of PSOC.

The number of PSOC (or the percentage of residual occlusal contacts) was the only 

explanatory variable of any significance for the expression of the perinatal MyHC, 

both protein and mRNA and the prevalence of fibres containing this isoform. 

However, the number of PSOC also influenced the presence of other MyHC 

isoforms and fibre types previously thought to have been a unique feature of 

masseter muscle, such as the a-cardiac MyHC and the hybrid fibres. These results, 

in relation to the occlusion, confirmed the results of Chapter 4 and the magnitude of 

the effects emphasised the importance of the occlusion in determining certain 

distinct features of the structure of the masseter muscle, through the muscle’s
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adaptive response to changes in the occlusion. The highly significant increase in the 

number of different fibre types and the increased prevalence of hybrid, perinatal- 

containing and a-cardiac-containing fibres, together with the very highly significant 

reduction in fibre CSA associated with a reduction in occlusal contacts, were 

indicative of muscle fibres that were adapting to a change in functional environment. 

However, the adaptation would appear to be for a functional environment in which 

less use is being made of the muscle fibres, i.e. the muscle displayed features of 

disuse atrophy following a reduction in the number of occlusal contacts. Obviously, 

the only certain method of assessing that the change in occlusion is determining the 

muscle structure is to biopsy the masseter muscle both prior to the commencement of 

orthodontic treatment as well as at the time of surgery. However, the lack of 

explanatory power of the number of pre-treatment occlusal contacts when added to 

the models as an explanatory variable, and the fact that the explanatory variable that 

measured change in the occlusion, i.e. the percentage of residual occlusal contacts, 

did have significant explanatory power, indicated that it is the reduction of occlusal 

contacts during the pre-surgical orthodontic treatment that is the major determinant 

of perinatal MyHC and one of the main determinants of a-cardiac MyHC expression 

in the human masseter muscle.

It is very interesting, therefore, that whether or not the subject had received 

orthodontic treatment previously also had such an influence on the explanatory 

power of the models, especially as this only became influential in the presence of 

other explanatory variables. The most likely reason for this was because “previous 

orthodontics” was acting as a suppressor variable. A suppressor variable is one 

which has no correlation with the outcome, but has a correlation with another 

explanatory variable which does correlate with the outcome. The suppressor variable 

is able to account for some of the “discrepancy” in other explanatory variables’ 

ability to correlate well with the outcome. Accounting for variation in the 

explanatory variable, due to say measurement error, thus improving its predictive 

accuracy, “previous orthodontics” increased the explanatory power of the model as a 

whole.

The demographic explanatory variables, gender and age at biopsy, exhibited a 

number of significant effects across the different models, although the explanations
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of the effects for the age at biopsy were not straightforward. This may reflect poor 

matching between the groups for this variable and, although differences in mean age 

across the three VFF groups did not reach significance, there was a trend for the 

members of the SFS group to be older (see Chapter 3). Initially it would appear that 

there was poor matching also for gender across the VFF groups, with females being 

more numerous than males in both the LFS and SFS groups. However, the results 

for this variable are more straightforward to explain and conform to previous data on 

differences in fibre profile between males and females (Tuxen et al., 1992; Tuxen et 

al, 1999, Staron et al, 2000). There was significantly less lia and llx MyHC 

protein in females than males, and this corresponded to a decrease in fibre CSA for 

lla/llx fibres and llx fibres in females. Both the MyHC isoforms and the fibre size 

are determinants of the force of muscle contraction and the reduction in these two 

fast contracting isoforms and the reduction in fibre CSA in females may well relate 

to the decrease in masseter muscle bite force observed in females when compared to 

males (Helkimo et al, 1977). The increased prevalence of Type 1 fibres and 

decreased prevalence of Type 1/lla fibres in males compared to females is 

interesting, but the possible reasons for this are not immediately apparent. Previous 

reports on adult skeletal muscle have indicated that muscle fibres have a larger CSA 

in males than in females (Tuxen et a l, 1992; Tuxen et a l, 1999, Staron et al, 2000). 

In this study, it is only the lla/llx and llx fibres that demonstrated this gender effect, 

possibly due to the fact that other explanatory variables, e.g. number of PSOC, were 

masking this effect on other fibre types such as Type 1 fibres.

The influence of VFF as an explanatory variable is extremely interesting, with some 

results confirming the findings of Chapter 3 and others questioning those findings. 

The main effect was on the model for fibre CSA, where the SFS subjects had a very 

highly significantly greater fibre CSA than Normal VFF subjects; although there was 

no significant difference between LFS and Normal VFF subjects. Despite the fact 

that SFS had an increased number of PSOC over LFS individuals, the occlusal 

contacts and VFF both had a highly significant effect on the model when added 

together or considered separately, indicating that the VFF effect was real and was not 

only acting through the occlusal contacts, confirming the results of the ANOVA in 

Chapter 3. Therefore, it is apparent that the fibre CSA is greater in SFS, irrespective

221



Chapter 5: Multilevel Modelling

of other external influences, and may point to genetic differences between the SFS 

subjects and the subjects from the two other VFF groups. The significantly greater 

fibre CSA in SFS certainly explains the significant differences in bite forces seen 

between this group and the other groups.

VFF also exhibited a significant influence on both the percentage of a-cardiac 

containing fibres and the percentage CSA of these fibres, with LFS subjects having 

increased values for these parameters over Normal VFF, and SFS subjects having 

decreased values. This is in agreement with the results of the ANOVA in Chapter 3, 

which showed significantly greater prevalence of these fibre types in LFS than SFS 

subjects. As with the fibre CSA, both VFF and PSOC significantly affected these 

two a-cardiac MyHC related outcomes independently of each other. Further 

confirmation of the validity of this result is given by the fact that the interaction term 

between VFF and PSOC in the MyHC protein model has a vey highly significant 

effect on the the expression of the a-cardiac MyHC protein.

Interestingly, in the other models, the association of VFF with different outcomes 

became visible, whereas in the ANOVA tests, the large variation within the groups 

prevented significant differences between the groups from being identified. This 

was apparent with the Ila MyHC protein, where, although there was a trend for there 

to be increased expression of this isoform in SFS, this became significant only with 

the MLM approach and when other explanatory variables had reduced the variation 

associated with this outcome. However, the isoform that did appear to be 

significantly different between the three VFF groups at both the protein and mRNA 

level, i.e. the perinatal MyHC, was not influenced by VFF in the MLM models, only 

by the PSOC. This would indicate that the results seen with the ANOVA 

methodology in Chapter 3 were influenced by the fact that LFS had significantly 

fewer PSOC than SFS and it was this, rather than the VFF per se, that was causing 

the difference between the three VFF groups to become apparent.

With respect to the fibre prevalence and fibre percentage CSA, again it was the SFS 

subjects who differed from the subjects in the other two VFF groups, by having a 

decreased number of a-cardiac MyHC containing fibres, concomitant with decreased 

percentage CSA for a-cardiac MyHC containing fibres, a reduction in the number of
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different fibre types, and a trend towards a decreased prevalence of hybrid fibres. It 

is these fibre types that increase their prevalence following orthodontic treatment and 

a reduction in the number of occlusal contacts. Hence, there are two possible 

reasons for a reduction in prevalence of these fibre types being seen in SFS 

individuals: firstly, it may be due to the fact that there were more PSOC in SFS 

compared to LFS subjects and, secondly, the SFS individuals may exhibit a different 

adaptive response in their masseter muscles due to changes in the functional 

environment.

The second possibility is strengthened when the influence of the interaction term 

between VFF and pre-surgery occlusal contacts is considered in the MyHC protein 

model. With this interaction term, if all three VFF groups reacted in a similar 

manner to changes in the occlusion during orthodontic treatment, then the magnitude 

of the changes in outcome due to the effect of changing the number of PSOC would 

be similar in each VFF group. Although the LFS and Normal VFF were not 

significantly different in their response to the interaction term, graphically the LFS 

subjects appeared to express more P-cardiac and Ila MyHC due to an increase in 

PSOC, whilst the expression in the Normal VFF subjects did not alter. This may 

reflect the presence of greater numbers of hybrid fibres in LFS subjects to convert to 

Type I or Type I/IIa fibres due to changes in the functional environment. The 

response of LFS and Normal VFF subjects was very similar for the other three 

MyHC isoforms and confirmed a reduction in expression as the PSOC increased. 

However, the SFS subjects reacted with a much greater response for four out of the 

five isoforms: Ila, IIx, a-cardiac and perinatal MyHCs as indicated graphically, and 

for Ila and a-cardiac MyHCs as indicated statistically in the model. For these 

isoforms, there was a decreased expression in SFS compared to the other groups in 

response to the same alteration in occlusion. It is the IIx, perinatal and a-cardiac 

isoforms that are expressed in the hybrid fibres and contribute to the increase in 

number of different fibre types. These differences in adaptive response between the 

VFF groups are suggestive of genetic differences in the muscle adaptive response 

that has been reported previously in relation to other skeletal muscle (Simoneau and 

Bouchard, 1989). Anecdotally, all clinical orthodontists are aware of patient
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variation in response to supposedly identical treatment plans, and these differences in 

adaptive response of the muscles may well be influential in the treatment response.

The inability of the models to influence outcomes associated with the p-cardiac 

MyHC (protein, mRNA, Type I fibre prevalence. Type I fibre percentage CSA) as 

greatly as outcomes associated with the other MyHC isoforms, indicated that few of 

the explanatory variables were important in influencing the expression of this 

isoform, although they were of significant importance in influencing the other 

isoforms. Type I fibres were generally the most common fibre type and, because of 

their prevalence, and the fact that they had the largest fibre CSA, they had a much 

greater percentage CSA than any other fibre type. The percentage CSA was the only 

p-cardiac associated outcome that was influenced by the number of PSOC. 

Interestingly, it was influenced in a positive manner as opposed to the negative 

association seen with outcomes associated with other MyHC isoforms. This 

suggested that it is the Type I fibres that are transforming into hybrid fibres during 

muscular adaptation in the masseter. However, there are other, as yet unaccounted 

for, explanatory variables with a greater role to play in the expression of the P- 

cardiac MyHC. The Type I fibres are frequently referred to as postural or anti

gravity fibres, i.e. they produce the slow sustained contractions associated with 

maintenance of posture and work against the effects of gravity. The masseter 

muscle, as one of the main elevators of the mandible, is involved in the maintenance 

of the rest position of the mandible and the muscle activity required for this may well 

be associated with the size and weight of the mandible. It is theoretically possible, 

therefore, that the prevalence of Type I fibres is influenced by the weight of the 

mandible, heavier mandibles requiring more Type I fibre activity to maintain the rest 

posture. This may also be a possible explanation for the increase in Type I fibres in 

male masseter muscles over female masseter muscles.

As described in the Materials and Methods section, the software calculated a 

covariance term for each pair of dependent variables. This allowed any change in 

the relationships of the outcomes, once explanatory variables had been added to the 

model, to be studied. For the fibre CSA model, almost all the outcome inter

correlations changed from the VC model to the covariate model indicating that the 

original correlations had been adequately explained by the model. The fact that the

224



Chapter 5: Multilevel Modelling

strong correlation between all fibres CSA and Type I fibre CSA remained in the 

covariate model was indicative of Type I fibres being the most prevalent fibre type. 

For the MyHC protein model, the fact that the p-cardiac MyHC increased its 

correlation with the a-cardiac MyHC in the covariate model was indicative of a 

masking effect with the explanatory variable(s) having opposing effects on these two 

outcomes. These results conform to the theory that the a-cardiac MyHC isoform is a 

transitionary isoform that is expressed as Ila is changing to P-cardiac MyHC and vice 

versa (Peuker et al, 1998). This is also confirmed by the strong negative correlation 

between the percentage of pure Type I fibres and a-cardiac containing fibres. The 

reduction in correlation for the IIx, a-cardiac and perinatal MyHCs indicated that the 

model is explaining the associated variation between these outcomes and this 

relationship is confirmed by the strong positive correlations between the percentage 

of fibre types that contained these isoforms (hybrid, perinatal containing and a- 

cardiac containing). The model with the least good explanatory power, according to 

this method of assessment, was the model for the MyHC mRNA. The measurement 

of the level of mRNA expression is highly technique-sensitive and it is possible that 

because of this sensitivity, the outcome data are less reliable than for the other 

models. However, the expression of the mRNA can be switched on and off very 

quickly -  the half-life is approximately six hours -  a factor that may explain the lack 

of a good explanatory model.

Comparing the variance terms between the VC model and the covariate model can 

yield valuable information as to the appropriateness of the model and about its 

degree of explanatory power. For example, in the model for fibre CSA, the 

coefficient for the variance for “All fibres” is 1.00 in the VC model, but in the 

covariate model this reduced to 0.18 as the explanatory variables “explain” 

differences in this outcome. In effect, this means that this particular part of the 

model can explain 82% of the variation in overall fibre CSA. Similarly, for the a- 

cardiac MyHC protein expression, the variance coefficient reduces from 1.00 in the 

VC model to 0.32 in the covariate model, indicating that the model can explain 68% 

of the variation in expression of this MyHC isoform.
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Conclusions

1. The different models indicated that a small number of explanatory variables were 

able to explain a significant amount of the variation seen within the outcomes. 

These explanatory variables were: VFF; number of pre-surgery occlusal contacts; 

gender; age at biopsy; PUDH, and a history of previous orthodontic treatment.

2. The explanatory power for the MyHC protein model ranged from 42% -  68% for 

the isoforms, excluding the p-cardiac MyHC. The model had no explanatory 

power for the variation in this isoform, indicating that the expression of the p- 

cardiac MyHC is influenced by completely different factors from the other 

isoforms. As the P-cardiac MyHC is expressed mainly in Type I fibres, the “anti

gravity” fibres, it is possible that the size and weight of the mandible are 

responsible for determining the level of expression of the p-cardiac isoform.

3. MLM confirmed that the major determinant of the expression of the perinatal 

MyHC was the occlusion. Also, together with VFF, the occlusion was a key 

determinant of the expression of the a-cardiac MyHC and the fibre CSA. The 

importance of orthodontic treatment in causing iatrogenic changes in masseter 

muscle structure were highlighted by both the explanatory power of the number 

of pre-surgical occlusal contacts and by the influence of previous orthodontic 

treatment on the explanatory power of the models.

4. The significant explanatory effect of the interaction term between VFF and the 

number of pre-surgical occlusal contacts on the level of protein expression was 

indicative of differences in adaptive response to changes in the functional 

environment between subjects from different VFF groups. These differences 

were concentrated on the SFS group. This finding, together with the results for 

fibre CSA, suggests that there is a greater genetically determined difference 

between the SFS subjects and other subjects than there is between Normal VFF 

and LFS subjects.
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Chapter 6: Investigating the regulation of the perinatal

MyHC gene

Introduction

The results of the previous chapters demonstrate that there is a strong inverse 

relationship between the expression of the perinatal MyHC, at both the mRNA and 

protein level, and the number of pre-surgery occlusal contacts. The conclusions 

drawn from this are that the masseter muscle undergoes disuse atrophy during pre- 

surgical orthodontic treatment. However, as well as being expressed in conditions of 

disuse atrophy, the perinatal MyHC has been reported to be expressed in numerous 

other situations, such as fibre regeneration, denervation, stretch and fibre 

transformation. Despite the mounting evidence on the widespread expression of this 

isoform in adult skeletal muscle, the specific role of the perinatal MyHC in these 

diverse circumstances remains unclear. In order to enhance understanding of the 

expression of this particular MyHC isoform, it is necessary to appreciate how the 

expression of the gene is regulated. Differences in regulation between different 

functional conditions, between different muscle types and between different 

individuals then may be investigated.

The expression of mammalian genes is regulated mainly at the level of initiation of 

transcription. The regulatory structure of the mammalian genes consists of the 

coding region, an upstream (5’) promoter region, which binds the basal transcription 

factors, and distant enhancer regions which bind the inducible transcription factors. 

The transcription factors are proteins that bind to specific sequence motifs on the 

DNA to initiate transcription (basal) or regulate transcription (inducible). The DNA 

sequences are referred to as cw-activating factors while the proteins that bind to them 

are referred to as rra«5-activating factors. Other proteins that do not bind 

specifically to the DNA, but influence transcription by interactions with the proteins 

that are bound to the DNA, are termed co-activators. Transcription factors share 

common structural motifs; the most frequent are zinc finger, leucine zipper and 

helix-loop-helix structures.
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The promoter region consists of the core promoter and the proximal promoter region. 

Core promoters direct transcriptional initiation by the basal RNA polymerase II 

transcriptional machinery and comprise DNA sequence motifs within -40 to +40 

nucleotides relative to the RNA start site. These sequence motifs include the TATA 

box, which is found in many mammalian genes and is normally located within 30 

base pairs (bp) 5’ of the transcriptional start site (TSS) (Blackwood and Kadonaga, 

1998). The proximal promoter region is formed by multiple recognition sites 

situated immediately upstream of the core promoter (-50 to -200 bp relative to the 

RNA start site). These sites recognise a subgroup of sequence specific DNA-binding 

transcription factors (Blackwood and Kadonaga, 1998).

Enhancers and silencers are cw-acting DNA sequences that increase or decrease 

respectively transcription in a manner that is independent of their orientation and 

distance relative to the RNA start site (Blackwood and Kadonaga, 1998). 

Transcriptional control regions often contain multiple cw-acting elements that vary 

from about 50bp to 1.5kbp in length. Each of these elements may perform a specific 

function, such as the activation of its gene in a specific cell type or at a particular 

stage in development. Therefore, a gene may contain many enhancer/silencer 

elements, each of which contributes to the overall spatial and temporal regulation of 

the gene (Blackwood and Kadonaga, 1998).

Binding of the inducible transcription factors to the enhancer/silencer elements 

affects the activity of the promoter region by a variety of mechanisms, the most 

likely of which are interactions between the basal and inducible transcription factors 

and/or by changes in conformation of the DNA. Although the enhancers/silencers 

may appear to be located at some distance form the promoter region, folding of the 

DNA allows the various transcription factors to come into close proximity. Large- 

scale silencing of genes is mediated by the packing of DNA in highly condensed 

heterochromatin structures and DNA méthylation at cytosines in defined guanine- 

cytosine (GC)-sequences (Beyersmann, 2000). Acétylation of histones in the 

nucleosomes of the chromatin structure by histone acetyl transferases (HATs) allows 

relaxation of the chromatin structure and facilitates binding of transcription factors 

(Struhl, 1998).
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Muscle-specific inducible transcription factors

There are two main families of muscle specific transcription factors involved in 

skeletal muscle myogenesis. The first to be discovered was the basic Helix-Loop- 

Helix (bHLH) family of muscle regulatory factors (MRFs) (Davis et al., 1987); 

(Weintraub et a l, 1991). These factors control the specification and differentiation 

of skeletal muscle cells. The second family, the MEF2 (myocyte enhancer factor 2) 

family of MADS (MCMl, agamous, deficiens, Serum-Response-Factor) domain 

proteins, were discovered slightly later (Gossett et al., 1989; Cseijesi and Olson, 

1991; Yu et al., 1992). However, although originally MEF2 proteins were thought 

to be muscle specific, now it is appreciated that, in adult tissues, mRNA for MEF2C 

(see below) is restricted to skeletal muscle, brain and spleen, whereas mRNA for the 

other MEF2 proteins is expressed ubiquitously. The corresponding proteins are 

mainly restricted to muscle and neural cells (reviewed in Black and Olson, 1998)

There are four MRF proteins, Myf-5, MyoD, Myogenin and MRF4, that are the 

products of four separate genes and are expressed at different stages throughout 

skeletal muscle myogenesis, although they are not expressed in cardiac muscle 

(Buckingham, 1992). Gene knock-out and in vitro studies have indicated that, 

although there is some redundancy exhibited between Myf-5 and MyoD, each MRF 

protein has a specific role during myogenesis and in adult muscle during 

regeneration and muscle adaptation (reviewed in Arnold and Braun, 1996; Sabourin 

and Rudnicki, 2000). MyoD and/or Myf-5 are expressed in undifferentiated 

myogenic cells, prior to activation of the differentiation program (Rudnicki et al., 

1993; Tajbakhsh and Cossu, 1997) and MyoD is capable of converting fibroblasts 

into myogenic cells when over-expressed (Choi et al., 1990). Myogenin is expressed 

in cells that are differentiating and forming myotubes and is thought to be necessary 

for the activation of differentiation (Rawls et al., 1995; Venuti et al., 1995), whereas 

MRF4 is expressed at low levels during foetal development, but is the main MRF 

expressed in the adult (Patapoutian et al., 1995; Olson et al., 1996). It is the basic 

part of the bHLH region of the MRF proteins that is involved in DNA binding, with 

the helices being involved in interactions with other proteins (Ma et al., 1994). 

Regions located at the C-terminal end are thought to promote chromatin remodelling 

at binding sites in muscle gene enhancers (Gerber et al., 1997). MRFs form
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heterodimers with the ubiquitous products of the E2A gene, E l2 and E47, and bind 

to DNA at 6 bp recognition sites called E boxes located in the enhancer regions of 

muscle specific genes (Lassar et ai, 1989). E boxes have the consensus sequence 

CAA7VTG, with different MREs preferring different combinations of nucleotides for 

the two central bps. Without dimerising to E proteins, the MRFs are 

transcriptionally inactive (Lassar et al., 1991) and a number of negative regulators of 

muscle specific transcription make use of this {vide infra).

The MEF2 family also consists of four genes in vertebrates, although these genes can 

be alternatively spliced. There are four main products, MEF2A, MEF2B, MEF2C 

and MEF2D with MEF2A and MEF2C being the most important in terms of skeletal 

muscle myogenesis (reviewed in Black and Olson, 1998). There is disagreement as 

to whether MEF2 proteins have the same muscle-inducing activity as MRF proteins. 

MEF2 factors have been reported to fully activate myogenesis in transfected 

fibroblast cell lines (Kaushal et al., 1994), although the majority of reports have 

indicated that MEF2 proteins require interaction with MRFs to activate myogenesis 

(Yu et al., 1992; Molkentin et al, 1995; Omatsky et al., 1997). MEF2D is the first 

MEF2 protein to be expressed in undifferentiated myoblasts (Breitbart et al., 1993). 

MEF2A is expressed in differentiating myoblasts and myotubes at a similar time to 

Myogenin and coincides with the earliest expression of contractile proteins, while 

MEF2C is expressed a few hours later (Yu et al., 1992; McDermott et al., 1993). 

The MADS domain of the MEF2 proteins is important in DNA binding and protein- 

protein interactions. The DNA binding site is an A/T rich site 

((C/T)TA(T/A)4TA(G/A)) present in many muscle gene regulatory regions (Cseijesi 

and Olson, 1991) and MEF2 proteins can bind as homo- and heterodimers to this site 

(Sharrocks et al., 1993). The main groups of proteins that the MEF2 proteins 

interact with are the bHLH MRFs (Molkentin et a l, 1995), the histone 

acetyltransferases p300/CBP (CREB binding protein) (Sartorelli et al., 1997), 

p3 8/M APR (mitogen activated protein kinase) (Han et al., 1997), thyroid hormone 

receptors (Lee et al., 1997) and calcium signalling pathways (Chin et a l, 1998; Wu 

et al., 2000a). However, this area of research is highly active and new interactions 

are being discovered continuously.
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Interaction between MRF and MEF2 proteins

Several studies suggest that MEF2 proteins function as the essential myogenic co

regulator required by MRF proteins to initiate myogenesis and that members of these 

two families of transcription factors act through a combinatorial mechanism to 

control skeletal myogenesis (Kaushal et al., 1994; Molkentin et al., 1995; Black et 

al., 1998; Molkentin and Oison, 1996). Both the MRF and MEF2 proteins have 

been shown to be necessary for the activation of myogenesis and they synergistically 

/ra«5-activate muscle specific target genes (Funk and Wright, 1992; Kaushal et al., 

1994; Molkentin et al., 1995). This synergism arises through a direct association 

between the basic region of the bHLH and the MADS domain of MEF2C (Molkentin 

et al., 1995). However, MRF-MEF2 synergism can also be achieved without 

physical interaction between the proteins (Novitch et al., 1999) as MEF2 DNA 

binding sites are frequently found at muscle specific enhancers, closely spaced with 

E boxes. Therefore, cooperation between the two families of proteins may occur via 

both protein-protein dependent and independent mechanisms (Black et al., 1998).

MEF2 proteins were initially thought to stabilise myogenin expression during 

myogenesis (Edmondson et al., 1992), but inhibition of MEF2A activity was shown 

to prevent myotube formation and the expression of myogenin and MyHCs 

(Omatsky et al., 1997). The same study also demonstrated that myogenic 

conversion of fibroblasts by MyoD was blocked by lack of MEF2A activity 

(Omatsky et al., 1997). A recent study has indicated that MEF2 protein binds to the 

MEF2 binding site in the myogenin promoter and then a Myf-5/E protein 

heterodimer binds to MEF2 to activate myogenin. Neither Myf-5 nor MEF2 can 

activate myogenin on their own (Johanson et al., 1999). However, myogenin is 

capable of switching on MEF2C expression, indicating that myogenin is capable of 

inducing its own cofactors (Ridgeway et al, 2000). Overexpression of MEF2C 

activates myogenin expression much more than MyoD expression and, therefore, 

myogenin and MEF2C appear to be involved in a positive feedback loop (Ridgeway 

et al., 2000).

Recent studies have indicated that the initiation of myogenesis requires activation 

signals by both MRF and MEF2 proteins to be transmitted to the transcriptional 

machinery through the MRF factor bound to DNA (Black et al., 1998), suggesting a
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two-step model for transcriptional synergy. In step one (cofactor binding), the MRF 

and MEF2 proteins associate via their DNA-binding domains. In step two 

(transmission of the activation signal), the transcriptional activation domains of these 

factors contact the basal transcriptional machinery to establish an active 

transcriptional complex, which may involve conformational change resulting in 

exposure of a unique binding surface "(Black et a i, 1998).

Other interactions regulating myogenesis

Numerous proteins either facilitate or are required to enhance the myogenic 

activation function of MRF and MEF2 proteins by physical association. Some of 

these are transcription factors while others are coactivators. Negative regulation of 

myogenesis also occurs via similar methods. Some of the most important 

mechanisms that positively/negatively regulate myogenesis are histone acétylation / 

de-acetylation and transcription factor phosphorylation / dephosphorylation.

Two important coactivors for both the MRF and MEF2 proteins are p300 and PCAF 

(p300/CBP associated factor) which both have acetyltransferase activités (Puri et al.,

1997). These proteins can regulate transcription by inducing chromatin remodelling 

through histone acétylation as well as by direct acétylation of sequence-specific 

transcription factors (Giordano and Avantaggiati, 1999; Struhl, 1998). p300-PCAF- 

MyoD complexes are detectable on E box target sites and disruption of these 

prevents myogenic transcription (Puri et al., 1997). The positive effect on 

myogenesis of the p300-PCAF-MyoD complex appears to be driven by PCAF 

mediated acétylisation of specific lysine residues on MyoD (Sartorelli et al., 1999), 

while p300 anchors PCAF to MyoD (Puri et al., 1997).

Histone de-acetylases (HDAC) can be placed into two groups, the members of one of 

these groups being expressed in exactly the same tissues as MEF2 proteins (heart, 

brain and skeletal muscle). Binding of HDAC-5 to MEF2 proteins in the nucleus 

prevents activation of transcription mediated by MEF2. Phosphorylation of HDAC- 

5 by calcium/calmodulin protein kinase signalling stimulates MEF2 activity by 

disrupting the HDAC-5/MEF2 complex with the resulting export of HDAC-5 from 

the nucleus (Lu et al., 2000; McKinsey et a l, 2000).
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Phosphorylation and dephosphorylation have both positive and negative effects on 

myogenesis dependent upon the particular protein that is the target of the kinase and 

phosphatase enzymes, the signalling pathway involved and the protein that has 

initiated the signalling cascade. Both MRF and MEF2 proteins are expressed as 

nuclear phosphoproteins in both undifferentiated myoblasts and differentiated 

myotubes (Omatsky et al, 1997; Tapscott et a l, 1988). Phosphorylation of MyoD 

has been linked to control of its half-life which is normally between 20 and 45 

minutes (Song et at., 1998). Several growth factors, that activate specific kinases 

and phosphatases, were originally thought to have an inhibitory effect on muscle 

differentiation, perhaps the most studied of which have been the fibroblast growth 

factors (FGFs) (Spizz et al., 1986). However, the information relating to the role of 

FGFs in myogenesis may have been confused by the fact that endogenous FGFl in 

myoblast cell lines enhanced myogenin expression and muscle differentiation 

whereas exogenous FGFl inhibited muscle differentiation (Umno et al., 1999).

BFGF, or FGF2, has been shown to activate Protein Kinase C (PKC) in a number of 

muscle cell lines and primary cell cultures (Hannon et al., 1996). PKC 

phosphorylates a threonine residue in the basic region of both MyoD and myogenin 

which is conserved in all the MRFs (Li et al, 1992). Transcriptional activation by 

MyoD and myogenin is repressed when this residue is phosphorylated (Li et al., 

1992; Liu et al., 1998). MAPK signalling is induced by FGF2 and is responsible for 

inhibiting myogenic differentiation in C2C12 (Tortorella et al., 2001). However, 

this inhibitory effect of FGF2 is only active in the initial 16-20 hours after plating 

out of the cells and FGF2 has no effect if added after 24 hours (Tortorella et al., 

2001). Blocking of all FGF activity affects both myoblast and fibroblast numbers 

and decreases muscle differentiation as evidenced by the decrease in MyHC 

production (Flanagan-Steet et al., 2000). The results of this study suggested that 

signalling between fibroblasts and myoblasts occurs in vivo, although this is not seen 

in vitro (Flanagan-Steet et al., 2000). Very recent studies have indicated that 

different FGFs have very different roles in myogenesis (Kastner et al., 2000; 

Standley et al., 2001). FGF6 is expressed in muscle fibres and satellite cells, but not 

fibroblasts, and prolongs the myogenin positive stage in myotubes (Kastner et al., 

2000). FGF5, FGF6 and FGF8 have been reported to exhibit a similar community 

effect in humans as eFGF does in Xenopus (Standley et al., 2001). eFGF has also
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been reported to be able to stimulate muscle-specific gene expression in isolated 

muscle precursor cells (Standley et al., 2001). FGFl, FGF2 and FGF4 all increase 

the proliferation of muscle cells, but do not result in a delay in differentiation 

(Kastner et a l, 2000).

Insulin-like growth factor-1 (IGF-1) is able to cause both proliferation and 

differentiation of myoblasts, but uses two different kinase pathways to achieve these 

contrasting results (Coolican et al., 1997). It is known that MyoD and myogenin 

genes contain binding sites for IGF-1 and IGF-II upstream of the transcriptional start 

site and that IGF-1 increases the expression of myogenin (Florini et al., 1996). 

However, as myogenin is also able to activate IGF-1 expression, a positive feedback 

loop exists between myogenin and IGF-1 (Musaro and Rosenthal, 1999). 

Interestingly, it has been demonstrated recently that IGF-1 has an inhibitory effect on 

myogenin in the first 24 hours of exposure and that only subsequent to this are IGF-I 

effects stimulatory (Adi et al., 2000). These opposing effects appear to be mediated 

by different regions of the myogenin gene (Adi et a l, 2000). MAPK is activated by 

IGF-1 during proliferation, although to a much lower level than MAPK activation by 

FGF2 (see above), while the phosphatidyl inositol (PI) 3-kinase pathway is activated 

by IGF-1 to cause differentiation (Coolican et al., 1997). It has been shown that 

IGF-1 expression in differentiating myocytes can enhance the promoter activity of 

both the myogenin and MEF2C gene promoters, although the exact mechanisms 

have not been elucidated (Musaro and Rosenthal, 1999). However, more recently it 

has been suggested that a product of the MAPK pathway, p38, is able to activate 

myogenic differentiation (Zetser et al., 1999), although the process by which p38 is 

activated is unclear (Wu et al., 2000b). Once activated, p38 stimulates the 

transcriptional activity of MyoD, MEF2A and MEF2C (Omatsky et al., 1999; Zetser 

et al., 1999; Wu et a l, 2000b; Zhao et al., 1999). In the case of MEF2C and 

MEF2A, activation is achieved by phosphorylation of specific serine (MEF2C) and 

threonine (MEF2C and MEF2A) residues (Zhao et al., 1999).

The Nuclear Factor of Activated T cells (NFAT), which is expressed as a number of 

different isoforms and is not muscle specific, has been shown to be an important 

component in the activation of slow contractile proteins. All slow fibre associated 

proteins have NFAT binding sites flanking the promoter region and DNA binding of
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NFAT, in conjunction with MEF2 proteins, is required for the activation of genes 

coding for slow contractile proteins (Chin et al., 1998). NFAT is translocated to the 

nucleus following dephosporylation by activated calcineurin. Calcineurin is 

activated, via calcium/calmodulin protein kinase, by sustained levels of calcium 

which are seen in slow fibres due to the tonic activity of the nerve impulses. 

However, ablation of NFAT binding motifs within slow or oxidative fibre-specific 

promoter/enhancer regions does not completely abolish transcriptional regulation by 

calcineurin or fibre-type specifc gene expression (Chin et al., 1998). This suggested 

that other transcription factors are capable of responding to calcineurin-dependent 

signals in skeletal muscles. MEF2 proteins were shown to function in skeletal 

muscles as downstream effectors of calcium-regulated signalling pathways that were 

triggered initially by nerve activity, thereby contributing to fibre-specific gene 

regulation (Wu et al., 2000a). MEF2 was identified, not only as a downstream 

transducer of calcineurin signalling in skeletal muscle myocytes, but also as a point 

of intergration of other calcium-regulated signalling pathways. Functional activation 

of MEF2 correlated with its dephosphorylation by a calcium regulated, calcineurin- 

dependent mechanism. This indicated that MEF2 serves as a nodal point in the 

molecular signalling pathways by which motor nerve activity controls distinctive 

programs of gene expression in muscle fibres (Wu et al., 2000a)

Nuclear hormone receptors have also been shown to assist myogenesis (Muscat et 

al., 1994). The importance of thyroid hormone (TH) in myogenic differentiation has 

been established by studies showing that TH response elements (TRE) are 

functionally relevant for muscle-specific promoters (Camac et al., 1992; Muscat et 

al., 1994). The TH receptor, one of the family of steroid receptors, have been shown 

to directly interact with MEF2 with the DNA binding domain of TH receptor serving 

as an interface for the MADS domain of MEF2 (Lee et al., 1997). Recently, another 

steroid receptor, GRIP-1, has been shown to be necessary for the 

induction/activation of Myogenin and MEF2 and for the expression of contractile 

proteins and myotube formation. It also coactivates MEF2C mediated transcription 

and the synergistic transactivation of E box-dependent transcription by myogenin 

and MEF2C. These interactions are mediated by the bHLH and MADS domains 

respectively (Chen et al., 2000).
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The CACC box is a cw-acting factor which binds Spl (promoter-specific 

transcription factor) and is found in the promoter region of slow contractile genes in 

association with MEF2 binding sites (Grayson et al., 1998). Spl associates with 

both MRF (Biesiada et al, 1999) and MEF2 (Grayson et al., 1998) proteins and Spl 

sites are frequently found to be necessary for activation of muscle gene expression 

(Sartorelli et a l, 1990). However, the CACC box itself is thought to act as a 

repressor of gene transcription, and once the repressor effect has been removed, 

MEF2 binding is required to activate gene transcription (Esser et a l, 1999). It is 

possible that, although the CACC box may be a negative cw-acting factor, 

interaction with the Spl trans-activator removes the inhibitory effect. This could 

explain why CACC boxes and Spl have been viewed as both positive and negative 

influences on myogenesis.

A serum-induced family of HLH proteins, the Id proteins 1-4, prevent 

heterodimerisation of MyoD and Myf-5 to E2A products by binding to E12 and E47 

themselves (Benezra et al., 1990). As Id proteins do not have a DNA binding 

region, they cannot bind to the DNA and activate the gene, but they sequester the E 

proteins so that the MRFs cannot make use of them (Jen et al., 1992). Interestingly, 

Id-1 levels increase significantly following muscle denervation and over-expression 

of Id-1 results in fibre atrophy while under-expression results in fibre hypertrophy 

(Gundersen and Merlie, 1994). Over expression of Id-1 also causes an increase in 

mRNA levels of all the MRFs (Gundersen et al., 1995) indicating a negative 

feedback system for auto-regulation of MRFs.

Twist is a bHLH protein expressed in the mesoderm and the somites. Like Id, Twist 

can sequester E proteins into inactive complexes and so inhibit transcription (Spicer 

et al., 1996). However, Twist can also interact directly with both MRFs and MEF2 

proteins and inhibit their transcriptional activity (Hamamori et al., 1997; Spicer et 

al., 1996). It has been shown recently that Hepatocyte Gowth Factor (HGF/Scatter 

Factor), which stimulates muscle satellite cells to proliferate but prevents their 

differentiation, upregulates Twist (Leshem et al., 2000).
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Transcriptional regulation of the MyHC genes

As with all research into transcriptional regulation of gene expression, this is a very 

active area of research and new discoveries are being made continually. Most of the 

studies to date have concentrated on the p-cardiac MyHC gene, mainly because this 

isoform is the predominant isoform expressed in the ventricles of the human heart 

and is involved in cardiomyopathies. Some studies have also been performed on the 

transcriptional regulation of the a-cardiac gene, again because of its presence in the 

atria of human hearts, and the Ilb gene in mice. Very recently the perinatal MyHC 

gene in pigs has received attention.

p-cardiac MyHC gene

The activity of the P-cardiac MyHC gene was originally thought to be driven by a 

proximal promoter region situated 300bp upstream of the transcription start site 

which had a negative response element (NRE) situated immediately 5’ to this, from - 

326 to -309bp. The negative effect of this region was only exhibited if it was located 

5’ to the promoter region and was thought to exert its effect by interfering with the 

binding of enhancers to their respective cis elements (Edwards et al., 1992). This 

NRE is highly conserved in rat, rabbit and human (Edwards et al., 1992). The cis 

elements are also highly conserved and consist of, from 3’ to 5’, pe3, C-rich and 

MCAT elements (McCarthy et al., 1999).

An in vitro study using hamster cardiocytes and transiently transfected C2C12 cells 

discovered a further promoter region -2.3kb from the TSS which was 250 bp in 

length (Huang et al., 1997). The sequence had 80% homology with the human p- 

cardiac MyHC gene and contained three E boxes, an AP-2 site, a CArG box and a 

CACC box. Only the AP-2 site was not conserved in humans (Huang et al., 1997). 

However, a more recent study in which embryonic stem cells were stably transfected 

with different constructs of the 5’ upstream region of the p-cardiac MyHC gene has 

indicated that all promoter activity resides in a 3kb segment from -5518 to -2490, 

which agreed with in vivo studies (Schreiber et al., 2000). Expression of the P- 

cardiac MyHC gene driven by the constructs differed between transiently and stably 

transfected cells indicating that the chromatin structure of a gene plays an important
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role in transcriptional regulation. The DNA is linearised, rather than folded, in 

transient transfects (Schreiber et al., 2000).

Transgenic studies on the transcriptional control of p-cardiac MyHC, when 

expressed in skeletal muscle, have indicated the existence of different control regions 

depending on the functional stimulus (McCarthy et a l, 1999; Vyas et al, 1999; Vyas 

et al., 2001). Binding of two proteins with molecular weights of 50kb and 52kb to 

the NRE is responsible for the reduction in p-cardiac gene expression during limb 

suspension (McCarthy et al., 1999) while binding of two proteins of 44kb and 48kb 

to an A/T rich region from -269 to -258 in the proximal promoter is necessary for the 

increased expression of P-cardiac MyHC in response to mechanical overload of a 

muscle (Vyas et al., 1999). However, neither of these sites is involved in the 

unstimulated expression of p-cardiac MyHC (Vyas et al, 2001).

The promoter region of the a-cardiac MyHC gene lies within -368 bp of the TSS and 

contains some identical sequences to those seen in the P-cardiac MyHC gene 

proximal and distal promoters (MCAT and CArG boxes) and some differences (E- 

box, MEF2 and G AT A4 binding sites and a thyroid response element (TRE) 

(summarised in Lee et al., 1997. There are also two A/T rich binding sites (MEF2 

binding sites). It has been shown that MEF2 proteins and TH receptors are able to 

bind together using the MADS domain of MEF2 and the DNA binding region of 

THR and synergistically activate the expression of a-cardiac MyHC by binding to 

the second A/T rich site (-222 to -205) and the TRE in the presence of the thyroid 

hormone T3 (Lee et al., 1997).

Ilb MyHC.

Although this gene has not been shown to be expressed in humans, a small number 

of research groups have investigated the transcriptional control in rodents. All the 

transcriptional activity is located in a fragment within -295 of the TSS (Swoap,

1998). This site contains a TATA box, an E box, a CArG box and three A/T rich 

sites (Swoap, 1998). Earlier studies had indicated that, although the TATA box and 

one of the A/T rich sites were necessary for promoter activity in C2C12 cells 

overexpressing MRF proteins, the E box was not (Takeda et al., 1995). The same 

group proceeded to demonstrate that the specific sequence of the TATA box was
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essential for promoter activation via the TATA box binding protein (TBP) (Diagana 

et al., 1997). However, more recently it has been shown that the E box is necessary 

for gene activation but is not sufficient on its own (Wheeler et al., 1999). Both 

MyoD and myogenin bind to the E box and MyoD activates the gene in an E box 

dependent manner, but myogenin produces less activation and in an E box 

independent manner (Wheeler et al., 1999). In vivo experiments showed that, 

following unweighting of mouse soleus muscle, MyoD expression was switched on 

after 1 day, while Ilb expression was seen after 4 days, with no change in myogenin, 

which suggested to the authors that MyoD switches on Ilb expression (Wheeler et 

al., 1999). However, work performed at similar time has indicated that MEF2 

binding to the first A/T rich site and Oct-1 binding to the second A/T rich site are 

necessary for promoter activity (Lakich et al., 1998). Obviously the findings of 

these two research groups are not mutually exclusive as the MRF and MEF2 proteins 

are able to activate each other and form positive feedback loops (Johanson et al., 

1999; Ridgeway et al., 2000). MyoD gene knock out studies have since confirmed 

that MyoD is involved in both constituitive and stimulated expression of the Ilb 

MyHC gene (Seward et al., 2001).

In accordance with the role of NFAT binding domains and CACC boxes in the 

expression of slow contractile proteins, neither of these elements have been reported 

in the Ilb gene.

Perinatal MyHC gene.

To date, only one study has investigated the perinatal MyHC promoter (Da Costa et 

al., 2000). This group reported alternative splicing in the 5’ UTR and the lack of a 

consensus TATA box in the predicted site in the porcine perinatal MyHC gene. 

They postulated that the absence of a TATA box may illustrate a fundamental 

difference in the regulatory function between developmental and adult MyHC 

isoforms.
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Aims

From the above, it is apparent that investigation of the promoter regions of both 

muscle specific genes in general and MyHC genes specifically, and the associated 

c/5-activating, rm»j-activating and co-activating factors is an area of very active 

research. However, most work specifically related to the MyHC genes has 

concentrated on the p-cardiac MyHC gene. Despite the relatively recent realisation 

that the perinatal MyHC is expressed in response to a number of diverse functional 

stimuli and the lack of a clear understanding as to its exact role in these situations, 

little research attention has been directed toward the promoter region of this gene.

Therefore, the aims of this aspect of the research were:

1. To investigate the gene promoter activity of different lengths of DNA construct 

from immediately upstream of the 5’ coding region in the perinatal MyHC gene.

2. To analyse the construct sequences for potential cw-activating transcription 

factors.

3. To investigate the expression of potential ^ra«5-activating factors in relation to 

the expression of the perinatal MyHC gene.
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M aterials and M ethods 

Materials

Three DNA constructs, Ikb, 2kb and 5kb in length, from the perinatal MyHC gene 

immediately 5’ to the coding region were investigated for promoter activity using the 

SEAP basic vector (Clontech, USA) (Fig. 25). This vector produces a heat stable 

SEcreted Alkaline Phosphatase enzyme, when activated by the appropriate inserted 

construct, which can be detected in samples of the media from cell culture systems 

and quantified by chemiluminescence. This system enables the change in gene 

promoter activity with time to be assayed.

MCS
Not\
(4511h

11-721

SEAP

pSEAP2-Basic
4.7 kb

4ssl
(3185) ^Xba\

(1602)

flamHI
(1864)

pUC

5a/1
(1870)

TB = Transcription blocicer

GGTACCGAGCTCnACGCGTGCTAGCCCGGGCTCGAGATCTGCGATCTAAGTAAGTAAGCTTCGAATCGCgMTTCGCCCACCATGCTG 
/Up71BI M/ul MAP I srfi KJiol BglW «/ndluB*«l Mrol

Figure 25: Design of the pSEAP2-Basic vector showing restriction digest sites

The SEAP vector containing the DNA constructs were transfected into two distinct 

cell lines, the murine skeletal muscle cell line, C2C12, and the murine fibroblast cell 

line, NIH3T3. The C2C12 cell line is routinely used by muscle researchers and was 

chosen because the cells are known to express perinatal MyHC following myotube 

formation and they have been well characterised in terms of MRF expression 

(Molkentin et a!., 1995). The NIH3T3s were chosen as a control cell line, one that 

does not express the perinatal MyHC and exhibits contact inhibition (Holley et ai, 

1976). Both cell lines constituitively express MEF2 proteins, but only the C2C12 

cells express MRF proteins (Molkentin et a i, 1995; Omatsky et a i, 1997).
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Methods 

Primer design

a) The DNA sequence for the perinatal MyHC gene (Accession Number: 

AC005323) was retrieved from GenBank, via the Entrez Genomes^ website. As 

no previous sequence data had been published regarding the putative promoter 

region, a sequence of DNA approximately 5kb in length was selected, the 3’ end 

of which lay immediately upstream of the potential 5’ end of the coding region. 

Primers for three genomic fragments included within the selected 5 kb region, 

which potentially incorporated the perinatal MyHC promoter region, were 

designed using a computer software package (DNAid^). Base pair sequences 

which corresponded to the cut sites of certain restriction enzymes and would also 

cut the SEAP basic vector in the appropriate place were added on to each end of 

the base pair sequence for the primers (Table 53). The three pairs of primers, 

corresponding to Ikb, 2kb and 5kb genomic fragments, were manufactured 

commercially by Genesys.

Length of 
fragment Primer sequence (sense/antisense) restriction

enzyme

953 bases
TActcgagAAAGCATATTACAAGGCACACA (sense) Xhol

CAgaattcAATGCAGGTTCAGAAGTGTTCC EcoRl

1895 bases
CTctcgagAGATTGAGATCGCATAGTAAAGATCA Xhol

CAgaattcAATGCAGGTTCAGAAGTGTTCC EcoRl

4646 bases
AActcgagAGCTAGAAAATAAAAGCTATCAGTAA Xhol

CAcaattgTTAATGCAGGTTCAGAAGTGTTCCAC Muni

Table 53: Sequences of primers for the three genomic fragments from the 
putative promoter region of the perinatal MyHC gene, together with

relevant restriction enzymes.

 ̂http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome

* DNAid 1.8, Public Domain Software © 1992 Bill Goodman
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Cloning of genomic fragments from human genomic DNA by PCR

a) The primers were resuspended in Tris EDTA (TE) solution, pH 8, at a

concentration of 50pmol/pL

b) A 50pl PCR reaction was set up for each pair of primers using reagents supplied 

in the AB Extensor Long PCR kit (Advanced Biotechnologies) and following the 

protocol supplied with the reagents. The reaction mixture was overlaid with 30pl 

of mineral oil and then subjected to the following thermocycler program:

Temperature

94.0°C

Time

2 minutes

The next three stages were repeated 10 times 

92.0°C 10 seconds

63.5°C 30 seconds

68.0°C 60 seconds

The next three stages were repeated 25 times 

92.0°C 10 seconds

63.5°C 30 seconds

68.0°C 80 seconds

Finally

68.0°C 7 minutes

Function

Initial denaturing

Denaturing 

Annealing of primers 

Elongation by the addition of 

the appropriate dNTPs

Denaturing 

Annealing of primers 

Elongation by the addition of 

the appropriate dNTPs

Final elongation

c) An additional PCR reaction for each pair of primers was completed and these 

were then sent to a commercial laboratory (Lark Technologies, (Appendix B)) for 

sequencing and verification that the required section of the human genome had 

been reproduced by the PCR reaction.

d) Following completion of the PCR, 5pi of each of the PCR products were mixed 

with 2pl of DNA loading buffer (Appendix A) and run out on a 2% gel (see
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Northern analysis, Chapter 3, for details), together with a DNA marker, to check 

that products of the appropriate length had been produced i.e. Ikb, 2kb and 5kb 

fragments

e) The remaining 45 pi of PCR mixture were removed from below the mineral oil 

and added to an equal volume of a solution containing 30% polyethylene glycol 

(PEG) and 1.5M NaCl in a 500pl micocentrifuge tube. The tube was vortexed to 

thoroughly mix the components, left to stand at room temperature for 10 minutes 

and then centrifuged at 13 000 rpm for 10 minutes to precipitate the genomic 

fragment. The supernatant was removed and the pellet washed in 200pl of 70% 

ethanol in DEPC water. The pellet was re-dissolved in 21 pi of sterile distilled 

water.

f) Four pi of the pBasic SEAP vector were added to 17pl of sterile distilled water 

to give a total volume of 21 pi. To the three genomic fragments and the vector 

solutions, the following restriction digest enzymes and buffers were added:

DNA Enzymes Buffer

Ikb, 2kb EcoRl (Ipl) 3’ EcoRl (2.5pl) (AB high

pBasic SEAP Xhol (Ipl) 5’ reaction buffer)

5kb Muni (1 pi) 3’ Buffer 2 (2.5pl)

Xhol (Ipl) 5’

g) The tubes were vortexed gently to mix the solutions and then 20pi of mineral oil 

were added. The tubes were incubated overnight in a water bath at 37°C.

h) The following morning four units of calf intestinal alkaline phosphatase were 

added to the mixture containing the pBasic SEAP vector in order to remove the 

phosphate groups from the dNTPS at the cut ends of the DNA and so prevent the 

cut ends of the vector from recombining. This mixture was incubated at 37°C for 

one hour.
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i) Following this, 1/100 volume (0.25pi) of EDTA was added to the vector mixture 

and then all the solutions (vector and genomic fragments) were heated to 70°C 

for 10 minutes in a thermocycler to stop the enzymic reactions.

j) The solutions were then removed from below the mineral oil and added to an 

equal volume (25pi) of a solution containing 30% PEG and 1.5M NaCl in a new 

500pl micocentrifuge tube. The tube was vortexed to thoroughly mix the 

components, left to stand at room temperature for 10 minutes and then 

centrifuged at 13 000 rpm for 10 minutes to precipitate the DNA fragments. The 

supernatant was removed and the pellet washed in 200pl of 70% ethanol in 

DEPC water by spinning at 13 000 rpm for 3 minutes. Following removal of the 

ethanol the pellet was re-dissolved in TE, pH8 to give a concentration of 50ng/pl 

as determined by a spectrophotometer.

k) The next stage involved ligating the three DNA constructs into the pBasic 

Vector. Eight pi of each construct, Ikb, 2kb and 5kb, giving a total amount of 

DNA fragment of 400ng were placed in three separate tubes and Ipl of the 

pBasic SEAP vector solution (total amount of vector 50ng) was added to each. 

DNA ligase (0.7pl) and DNA ligase buffer (Ipl) (AB Gene) were added to each 

tube and the reactions were incubated at 16°C for at least four hours in a 

thermocycler.

Preparation of competant bacterial cells prior to vector transfection

a) Day 1: One loop of the XLl Blue strain of E.Coli contained in a glycerol stock 

was added to 5ml of Luria-Bertani (LB) broth (Appendix A) that contained 5pi 

of tetracycline dissolved in 70% ethanol (concentration 37mg/ml) in a 20ml 

Sterilin tube. This was incubated at 37°C with vigorous shaking overnight to 

allow the bacteria to proliferate.

b) Day 2: One ml of the bacterial culture was added to 100ml of LB broth

containing lOOpl of tetracycline. Again, this was grown up overnight at 37°C 

with vigorous shaking.
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c) Day 3: Once the bacterial growth had reached a hygroscopic reading of 0.3 -  0.5 

measured at an absorbency of 600 on a spectrophotometer, the culture solution 

was split into two 50ml Falcon tubes and centrifuged at 4000 rpm at 4°C for 15 

minutes to precipitate the bacterial cells. The supernatant was discarded and 

40ml of cold MilliQ water (Sigma) were added. The tubes were vortexed to 

break up the bacterial pellet and then centrifuged again at 4000 rpm for 10 

minutes at 4°C. The supernatant was discarded and 40ml of a cold 10% glycerol 

solution were added to one tube. This was vortexed and then added to the 

bacterial pellet in the other tube. This tube was vortexed again at 4000 rpm at 

4°C for 10 minutes. The supernatant was discarded until approximately 300pl 

remained. The bacterial cells were unclumped by pipetting and 30pl aliquots 

were pipetted into sterile clean 500pl microcentrifuge tubes and stored at -80°C 

until required.

Transfecting the vector into competant bacterial cells - electroporation

a) Following the ligation reaction, 20pi of sterile distilled water were added to each 

tube and these were then incubated at 70°C for 10 minutes in a thermocycler in 

order to denature the DNA. Meanwhile, three electroporation cuvettes were 

placed on ice, as were three tubes of previously prepared competant bacterial 

cells.

b) Following the incubation period, 3pi of ligation reaction were pipetted into 30pl 

of competant cells and this mixture was then pipetted into an electroporesis 

cuvette. The cuvette was placed in an electroporator set at 1800 capacitance, 

150Q load resistance and run at 1500V. Immediately following electroporation 

250pl of SOC buffer (Appendix A) were added to the cuvette with vigorous 

pipetting. This mixture was transferred to a 1.5ml microcentrifuge tube and 

incubated at 37°C for 15 minutes.

c) Two hundred pi of this solution were plated out on LB agar plates (see Appendix 

A) containing 1/1000 volume tetracycline (concentration 37mg/ml) and 1/1000 

volume ampicillin (concentration lOOmg/ml) Once dry, these plates were 

incubated at 37°C overnight to allow bacterial colonies to grow. Only bacteria
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containing the vector would be able to grow on agar containing ampicillin as 

incorporation of the vector into the bacterial genome conferred resistance to 

ampicillin.

d) The following day, one colony was selected from the agar plate and placed in 

5ml of LB broth containing 1/1000 volume tetracycline (concentration 37mg/ml) 

and 1/1000 volume ampicillin (concentration lOOmg/ml). The bacteria were 

grown up overnight (12-16 hours) at 37°C with vigorous shaking.

e) The following day, the SEAP vector containing the DNA construct was 

reclaimed from 3.6ml of bacterial solution and purified using the Miniprep kit 

(Qiagen, Germany) to give 50pl of solution containing the vector. All reagents 

came with the kit and the manufacturer’s protocol was followed exactly.

f) In order to confirm the presence of the construct within the vector, 8pi of vector 

solution were incubated with Ipl of buffer and 0.5pl of each of the appropriate 

restriction enzymes at 37°C for 4 hours. After this time, 5pi of the restriction 

digest solution were mixed with 2pi of DNA loading buffer (Appendix A) run 

out on a 2% gel (see Northern analysis. Chapter 3, for details) together with a 

DNA marker. If the construct was present in the vector the restriction digest 

produced two linearised DNA fragments, one of approximately 4.5kb, which was 

the cut vector, and one of the size of the appropriate construct, Ikb, 2kb or 5kb.

g) Following confirmation of the construct in the vector, 1ml of the remaining 

bacterial solution was added to 100ml of LB containing 1/1000 volume 

tetracycline (concentration 37mg/ml) and 1/1000 volume ampicillin 

(concentration lOOmg/ml). This was incubated overnight at 37°C with vigorous 

shaking.

h) A stock solution of bacteria containing the vector was made using 75pl of sterile 

glycerol solution and 425pi of what remained of the 5ml of bacterial solution 

placed in a sterile 500pi microcentrifuge tube. This was stored at -80°C.
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i) After overnight growth the vector was again removed from the bacteria and 

purified using the endotoxin free Maxiprep kit (Qiagen). This yielded 500pl of 

vector dissolved in TE at pH 8. A further check was performed with the 

restriction digest and the concentration of vector was measured using a 

spectrophotometer.

Concentrations: Ikb 1792 ng/pl

2kb 576 ng/pl

5kb 304 ng/pl

The vector solutions were stored at -20°C until required.

Assessment of the promoter activity of the three DNA constructs

a) A 1ml vial each of NIH3T3 and C2C12 cells were removed from the liquid 

nitrogen store and rapidly defrosted in a 37°C water bath. These were than added 

to 12ml of NIH3T3 or C2C12 growth medium (Appendix A) respectively in a 

75cm^ tissue culture flask (T75, Nunc) with a filtered cap. These were left to 

grow to confluence for 3 days in a 37°C incubator with 5% CO2

b) Once confluence had been reached, the cells were split. The growth medium 

(GM) was removed and the cells washed in 8 ml of sterile PBS to remove any 

remaining growth medium as the serum in this would prevent the trypsin working 

during the next stage. The PBS was removed and 1.5ml of Ix trypsin/EDTA 

(Gibco BRL Life Technologies) were added to break down the cell-cell and cell- 

flask adhesions and allow the cells to be separated. The flask was then placed 

back in the incubator and the trypsin was allowed to work for up to five minutes. 

When all the cells had become detached from the flask and had rounded up, 4ml 

of GM were added to stop the trypsin action and the cells were transferred to a 

15ml Falcon tube. The tube was centrifuged at 1000 rpm at 4°C for five minutes 

and then the GM was removed from the cell pellet. The cells were resuspended 

in 2ml of GM and 8pi of this cell suspension were added to a haemocytometer in 

order for the cells to be counted. The cells were than added to 18 of the 24 wells 

in a 24 well plate, one plate for the NIH3T3 cells and the other for the C2C12s at 

a density of 2 x 10"̂  cells per cm  ̂in 1ml of growth medium
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c) The following day (Day 0), when the cells were 50-70% confluent, 50^1 of 

medium were sampled from each well at a designated time, placed in a sterile 

500pl microcentrifuge tube, centrifuged briefly at 13 000 rpm to precipitate any 

cell debris and then stared at -20°C until required.

d) Six hours later, the cells were transfected with the SEAP vector containing the 

various constructs and Green Fluorescent Protein (GFP) as detailed in Table 54. 

All transfections were performed in triplicate. The GFP was co-transfected with 

the SEAP vector as cells that have been transfected with it fluoresce under 

appropriate conditions and can be counted. This allows the transfection 

efficiency for each well to be estimated. The transfections were performed with 

the Effectene transfection reagent supplied by Qiagen and the protocol provided 

by the manufacturers was followed. A total of 0.4pg of DNA was used per well 

in a ratio of 4:1 SEAP vector:GFP with 3.2pl of Enhancer. The transfection 

complexes were added to the cells in the appropriate growth medium.

Wells A B C D E F

1
Ikb 

construct + 
GFP

2kb 
construct + 

GFP

5kb 
construct + 

GFP

Basic 
(empty) 
vector + 

GFP

2kb
construct

only

Untransfect 
ed cells

2
Ikb 

construct + 
GFP

2kb 
construct + 

GFP

5kb 
construct + 

GFP

Basic 
(empty) 
vector + 

GFP

2kb
construct

only

Untransfect 
ed cells

3
Ikb 

construct + 
GFP

2kb 
construct + 

GFP

5kb 
construct + 

GFP

Basic 
(empty) 
vector + 

GFP

2kb
construct

only

Untransfect 
ed cells

4 Empty Empty Empty Empty Empty Empty

Table 54: Layout of 24 well plate containing transfected cells, one plate 

for NIH3T3 cells and one plate for C2C12 cells.

e) The following day (Day 1), at the designated time, a further 50pl of medium 

were sampled as detailed in (c) above.
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f) Day 2 (3 days after initial plating): by now the cells had reached full confluence. 

Samples were again taken at the appropriate time and following this the medium 

was changed. For the 3T3 cells, 1ml of fresh NIH3T3 GM was placed in each 

well. However, for the C2C12 cells the GM was replaced by 1ml of 

differentiation medium (DM). The cells were viewed under a fluorescence 

microscope and several view fields from each well that had been co-transfected 

with GFP were digitally photographed both under fluorecence and under white 

light. These images were stored on a computer to enable analysis of the 

transfection efficiency.

g) Every day until Day 17, the medium was sampled at the designated time. Every 

third day (Day 5, Day 8, Day 11, Day 14) the medium was changed and fresh 

medium added, following the sampling procedure.

h) At the end of the experimental period the samples of medium were analysed for 

the expression of secreted alkaline phosphatase, the presence of which would 

indicate gene promoter activity in the DNA construct within the SEAP vector. 

The analysis was performed using the Great EscAPe SEAP Reporter System 3 

supplied by Clontech. The large number of medium samples necessitated that the 

analysis of each transfection for each cell line be performed in a separate 96 well 

plate. A doubling dilution calibration curve, produced using the positive control 

for alkaline phophatase provided by Clontech, and made up in stock solutions so 

that the concentration would be identical for each of the 96 well plates, was 

added to each plate to enable the results between the plates to be compared 

directly. The chemiluminescence, produced by a reaction between the secreted 

alkaline phosphatase and the assay reagents, was detected by a luminometer 

(Labsystems, Finland) from which the results could be imported directly into an 

Excel file for analysis.

Analysis of the data

a) To assess the transfection efficiency, all cells in a view field were counted as 

were all fluorescing cells. The transfection efficiency was calculated as the 

number of GFP positive cells divided by the total number of cells in a field and
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expressed as a percentage. The data were then normalised for GFP expression 

between the two cell lines.

b) Prior to the analysis of the transfected cells, calibration curves produced using 

the alkaline phosphatase positive control (Clontech) were analysed to confirm the 

linear range and to verify the accuracy of the assay. These were performed in 

triplicate.

c) The calibration curve from each plate was analysed and, if necessary, normalised 

by dividing by a suitable number so that all calibration curves were within the 

same range. The values for the remainder of the samples on a particular plate 

were than divided by the number that the values of the calibration curve had been 

divided by in order to make the data comparable between plates.

d) The triplicate values for each transfection for each time point were averaged and 

the average value for the untransfected cells was subtracted from the average for 

the transfected cells. The data were plotted on a scatter graph against time.

e) In order to maintain viability of the cells, the medium was changed every three 

days. This led to a drop in secreted alkaline phosphatase activity at 24 hours post 

medium change which increased again until 72 hours post medium change, when 

the medium was changed again. Therefore, the rate of accumulation of secreted 

alkaline phosphatase was determined by subtracting the average value for the 

untransfected cells from the value for the medium sample collected 24 hours 

following change of the medium, the value for the sample at 24 hours from that 

for 48 hours, and the value for 48 hours from that for 72 hours post medium 

change. This was performed for every set of three days and gave an 

accumulation rate for alkaline phosphatase for every 24 hours.

f) The differences in total expression and in expression rates for each of the 

different constructs and for the Basic vector were calculated by dividing the 

averaged results for each day for one construct by the averaged results of the 

same day for another construct. The average of these division results was 

calculated to establish the magnitude of the differences in expression between the 

different constructs. These differences were expressed as -fold increase or 

decrease.
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g) Following analysis of the promoter activity of each of the three DNA constructs 

in each of the cell lines, potential transcription sites were detected by analysis 

using the Tess^ transcription site identifyer run by the Universtity of 

Pennsylvania and available over the WWW.

Expression of perinatal MyHC and myogenin mRNA in C2C12 cells

As with the transfection experiment, all cell culture procedures were carried out in a 

flow hood, all the solutions and all the equipment were sterile and all solutions were 

warmed to 37°C in a water bath before addition to the cells. The expression of the 

perinatal MyHC mRNA was investigated over a time course performed in triplicate. 

The mRNA expression was quantified using Northern analysis and labelled probes 

against mouse perinatal MyHC and myogenin mRNAs.

a) A 1ml vial of C2C12 cells were removed from the liquid nitrogen store and 

rapidly defrosted in a 37°C water bath. These were than added to 12ml of C2C12 

growth medium (Appendix A) in a 75cm^ tissue culture flask (T75, Nunc) with a 

filtered cap. These were left to grow to confluence for 3 days in a 37°C 

incubator with 5% CO2.

b) Once confluence had been reached, the cells were split and counted as described 

in b), page 249.

c) A volume of cell suspension, to give a final concentration of 2 x 10"̂  cells per 

cm^’ was added to each well of three 6-well plates and 2ml of GM were added to 

each. The 6-well plates were placed in the incubator until the cells became 

confluent.

d) The day after the cells reached confluence the GM was removed, the cells were 

washed in 2ml of PBS and 2ml of Differentiation Medium (DM) (Appendix A) 

were added to each well. Three wells had the cells harvested at this stage by 

adding 500pl of denaturing solution rather than DM. The cells bathed in the 

denaturing solution were scraped away from the bottom of the well and then 

transferred, in the denaturing solution, to a sterile 1.5ml microcentrifuge tube, the

http://www.cbil.upenn.edu/cgi-bin/tess

253

http://www.cbil.upenn.edu/cgi-bin/tess


Chapter 6: Perinatal MyHC gene promoter

contents of each well being added to a separate tube. The tubes were stored at - 

80°C until required.

e) For the next 15 days the cells were checked every day. Myotubes began forming 

at days 3-4 after the addition of DM.

f) Every 3rd day, the DM was removed and fresh DM added to the wells. Each 

time the DM was changed the cells were harvested from three further wells. The 

final set of three wells was treated with denaturing solution on Day 18 after the 

start of the experiment.

g) At the end of 18 days, the RNA was extracted from all the cells at the same time, 

following the protocol detailed in Chapter 3, and the RNA quantified using a 

spectrophotometer.

h) The procedure for Northern analysis was performed in an exactly identical 

manner to that in Chapter 3. The perinatal MyHC probe was derived from the 3’- 

UTR PstI fragment (spanning 248 nucleotides) within the rat cDNA insert in the 

pBR322 vector (Periasamy et al., 1984). The myogenin probe used was derived 

from the (original) rat cDNA sequence, subcloned into pSKbluescript. M l3 

primers were used to isolate the fragment for labelling. The myogenin fragment 

corresponded to the 5’-UTR EcoRl/PstI fragment (spanning 557 nucleotides) 

within the murine cDNA insert in the pEMSVscribea2 vector (Lassar et al., 

1991). The membrane was probed for perinatal MyHC mRNA first, after which 

it was stripped, as detailed in Chapter 3, and reprobed for myogenin mRNA. 

During the analysis of the autoradiographs with the Phoretix ID program, the OD 

of the autoradiographic band was divided by the 28S ribosomal band seen when 

the membrane was viewed under a UV light.

Method error

Repeat measurements of the perinatal MyHC and myogenin mRNA bands on the 

autoradiographs and the rRNA bands on the membrane were made using the 

Phoretix ID software at least 4 weeks after the initial measurements had been 

performed. The two sets of measurements were analysed for repeatability as 

described in Chapter 2.
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Results

Transfection efficiency

For each individual cell line, the transfection efficiency with GFP was of the same 

order of magnitude when added with each of the four construct containing vectors 

(pBasic SEAP containing the Ikb, 2kb and 5kb DNA fragments and the empty 

vector). However, the overall efficiency rate was low for the C2C12 myoblasts 

(average 0.013%) and was approximately 100 fold greater in the NIH3T3 cells 

(average 1.13%) (Table 55).

DNA
insert

C2C12 NIH3T3
GFP +ve 

Mean 
(SD)

Cell No. 
Mean 
(SD)

Transfection 
efficiency (%)

GFP +ve 
Mean 
(SD)

Cell No. 
Mean 
(SD)

Transfection
efficiency

Ikb 2.0 (1.0) 15575
(1272.5) 0.01 22.0 (5.5) 1713.8

(830.0) 1.3

2kb 3.5 (0.7) 16525
(954.6) 0.02 16.0 (7.7) 1514.8

(837.6) 1.1

5kb 2.0 (0.0) 15805
(1605.1) 0.01 18.3 (5.0) 2176.7

(204.0) 0.8

Basic 1.5 (0.7) 14859
(1060.7) 0.01 28.0 (8.5) 2100.0

(424.3) 1.3

Table 55: Transfection efficiency for C2C12 and NIH3T3 cell lines 

Calibration curves

The calibration curves performed using the positive control at a dilution of two 

different orders of magnitude confirmed that the chemiluminescence reaction was 

linear over a wide range of concentrations of alkaline phosphatase (Fig. 26 a and b), 

producing linear plots with identical slopes over 100 fold difference in concentration.

The calibration curves included with the media samples for each of the transfection 

reactions for each of the cell lines indicated that the level of chemiluminescence 

detected did not alter between the separate 96 well plates and, therefore, the data for 

each transfection reaction could be compared directly (Fig. 27 a and b) without the 

need for normalisation.
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a)

Calibration Curve - Linear range
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3
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b)

0.00

Calibration Curve - Linear Range
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Figure 26: Calibration curves performed using positive control alkaline
phosphatase to show the linear range of the chemiluminescence reaction

a) 100 fold greater concentration than b).
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Figure 27: Calibration curves for each transfection reaction, analysed on separate 

96 well plates for each cell line.

a) NIH3T3 fibroblast transfection reactions, b) C2C12 myoblast transfection 

reactions
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Promoter activity of the different DNA constructs

For the C2C12 cell line, the promoter activity was approximately 12.5-fold higher 

for the 2kb DNA construct than for either the Ikb construct or the empty vector 

(Basic), which had very similar levels of activity. The activity of the 2kb construct 

was initially low until the cells began to differentiate, as indicated by the alignment 

of the myoblasts and the formation of multinucleated myotubes (Fig. 32), which 

began soon after the addition of DM. The 5kb construct had promoter activity that 

was 3-fold greater than the Ikb construct or Basic vector and was 4.5-fold lower than 

the 2kb construct, but showed a similar pattern of activity (Fig. 28a). The 2kb DNA 

construct that had been transfected without GFP had promoter activity which was 

3.5-fold greater than the activity of 2kb construct transfected with GFP. This was 

due, most likely, to the cell death caused by transfecting with GFP (Fig. 29a).

The daily rates of accumulation of alkaline phosphatase demonstrated that 24 hours 

after changing the media, the rate of production was low and then increased over the 

two following days until the media were changed again. All transfection reactions 

followed this pattern, although, as with the total promoter activity, the rate of 

accumulation was greater in the 2kb construct (53-fold) than the Basic vector and 

Ikb construct and was 5-fold greater than the 5kb construct. The rate of 

accumulation for the 5kb construct was 11.5-fold greater than the Basic vector (Fig. 

28b). The activity of the 2kb construct without GFP was again 3.5-fold greater than 

of that the 2kb construct transfected with GFP (Fig. 29b).

For the NIH3T3 fibroblast cell line, the pattern of promoter activity, although at a 

higher level, was completely different for the 2kb construct than for the other 

constructs and was also very different from that seen in the C2C12 cells. The total 

amount of alkaline phophatase peaked at day 5 while the rate of production peaked at 

day 4, as the cells reached confluence and then declined rapidly until day 9, 

following which there was no change in levels of accumulation. The 5kb construct 

showed a similar pattern, but lower level, of activity to the pattern displayed by this 

construct in the C2C12 cells and also showed a similar pattern but lower rate of 

accumulation to the C2C12 cells. Again, there was negligible activity with the Ikb 

construct and empty vector (Figs. 30 a and b). As with the C2C12 cells, the 2kb 

construct, when transfected without GFP, had a higher activity (2-fold) than the 2kb 

construct transfected with GFP (Figs. 31 a and b).

258



Chapter 6: Perinatal MyHC gene promoter
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Figure 28: Promoter activity (a) and rates of accumulation (b) of alkaline

phosphatase in the culture media of C2C12 cells transfected with the empty

vector (Basic) and vectors containing the three DNA constructs.
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a)
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Figure 29: Promoter activity (a) and rates of accumulation (b) of alkaline

phosphatase in the culture media of C2C12 cells transfected with the 2kh DNA

construct, with and without GFP.
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Prom oter activity, 3T3 fibroblast cell line
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Figure 30: Promoter activity (a) and rates of accumulation (b) of alkaline

phosphatase in the culture media of NIH3T3 cells transfected with the empty

vector (Basic) and vectors containing the three DNA constructs.
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Figure 31: Promoter activity (a) and rates of accumulation (b) of alkaline

phosphatase in the culture media of NIH3T3 cells transfected with the 2kb DNA

construct, with and without GFP.
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d)

e)

Figure 32: C2C12 ceils (a -  c) and NIH3T3 cells (d and e) growing in culture 

and viewed under light microscopy

a) C2C12, 1 day after plating, x 600
b) C2C12, 3 days after plating, showing myoblasts aligning prior to fusion, x 

300
c) C2C12, 3 days after addition of DM medium (6 days after plating), showing 

formation of multinucleated myotubes, x 300. Perinatal MyHC is only 
expressed following myotube formation.

d) NIH3T3, 1 day after plating, x 600
e) NIH3T3, 4 days after plating, x 300
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Identification of potential transcription factors

The TESS software program identified a potential TATA box (TATAATA) 

approximately 50 bp upstream of the start of the 5’ UTR. A CAAT box (TCAATT) 

was also identified that was located 26 bp upstream of the TATA box, approximately 

2 turns of the DNA superbelix. All of the above sites were included in all three 

DNA constructs that bad been inserted into the SEAP vector (Figs. 33 and 34).

A consensus myogenin binding site (CACCTGC) was identified from -1227 to -  

1233 bp, i.e. 1227 bp upstream of the start of the 5’UTR. This site was not included 

in the Ikb DNA construct, but was included in both the 2kb and 5kb constructs.

In total, seven consensus TRE binding sites (AGGTCA, TGACCT, TGTCCT, 

AGGACA) were identified in the 5kb construct; five between 2kb and 5kb, and one 

each between 5’ UTR and Ikb (from -149 to 154 bp from 5’ UTR) and between Ikb 

and 2kb (from -999 to -1004 bp from 5’UTR).

No consensus binding sites (A/T rich sites) were identified for MEF2 proteins.
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-1850
AAGATTGAGATCGCATAGTAAAGATCATTATTAAATCAGGAGAAACTTTT

-1800
TAGAACTTGTATAAACAAAATTATTACAATCTTAAACCTACGGAATTTTA

-1750
CACAGAAATTTAAAAATGAGTAATATCAAAATAATCCAGTGATAGAGGGA

-1700
ATGGTGAGAATATATAAGAAACAAGACTGACCATGAACTGATAATTATCA

-1650
GTGCTGGATGATGAATATACTAGGTTCATTATGCTATCCCCTCTACTTTT

-1600
GCATATGTTTGAAATGTTTTCATATTATTATTTATGTACTAACATGGCAA

-1550
ATGATCCAAGAGTGTAGAATGAAAAAAGAAAGTTTGTAAATAAATAATCA

-1500
TACTATCTATATTTTAAACATCTATATTATATATTATAAATTTTCTATGG

-1450
CCCAATTTCCTTAGACCAGTTTTACTAATTTATATTTTCCCAGAAAATAC

-1400
ATATGTAAATGTACAGAAAAGGTCTGCAATATTACAAACTAAACGGGTAT

-1350
CCGTAGTTACCTTGGGAGAAAAGGGAGATACCAGCATTGTGAGTGTTCAT

-1300
CAAAGGGAAAATTTAGCCTAATCTCTAAGGCTTTAATTTTTATGTAATTA 

-1250 Myogenin consensus site
c a g t g t a a g a g g t t a c a C A C C T G C a t a t a t t t a t c a a a c c c a t a g g c c t g

-1200
GAATTGTTCTGCATCCTATCTGTGGTGGTGGCTACATGAATCAATACGTG

-1150
TATAAAAACTCATACAATCATACAACAAAAGAAGTAAATTTTATTATAAA

-1100
GTTTAAAAATTTTTAAAAATAAAAGCAAAAAACCTCATAAAACTGTCACT 

-1050 TRE consensus site
TTAAAAGGGTGAATTTGACTCTATGTAAATTATACCTCAATATATCTGAC

-1000
CTTAAAAAAAGGAAAGAGTTTAATTAAAAAAAATCATAATTTATTTAAAG

-950
AATAGGGTATAAATTACATTAGTGATATGATATATTAATTATTAAAGCAT

-900
ATTACAAGGCACACATGTACTATATATGCATCTATAATATGATCCACTTA

-850
TACGCCTCTATCTTATTTCTGCATTAGAGATTACAGAGACTTTTTTTCTT

-800
ACCTGTATTTTTTTCTGTAATAAACATATTATTTTCTACTAATAATGTTT
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-750
TTCAAAGTTAGATGAGTGGGCACTGGCCCAATGGTGGAGACTCAAGGTAG

-700
AATCTCTGTCTGTCTAAGTCCTGGACTTCAAGAGTGAGCATCTGTAGTGG

-650
CCCAAGGGAATGCAGTTGGGGGGTTCCCGGTAGCAAATAAGGAAACGTGC

-600
TTAAGGCCCTGACAGGCGTGTGCCCCGGGATCTGATCATTTGGCTACCAC

-550
AGGCGTGCATGAAAGAGTTTGCCAAATTGAATATAGCTCTTAAGAACTTA

-500
CTCTGAGGCCCCATCAGGCACTGTCAAAGATTCCCTTCCCAGCACACTAG

-450
AAAGCATTCTCTGCTGGCAGATCGGTCTCTGTCAAATTATTTATAGGAGA

-400
TTGGTTTGCATACACAAAATGATATGAATACTTCTAATTATATCCAAACA

-350
TGACAAATGTCACTACAAACTATGCTGAGGGTTCATGTTGCCAAATGTCT

-300
TGCCCTCAAAAGAGGAGGTAGTTGCAGCATCAGCACATTGGTTCCTATAT

-250
AAGCAGGACTGCCCCTTGTGCCTTATTTCCACCAAGAACCCAGAGGTAAG 

-200 TRE consensus site
TGATGAAGGCCTTGGAACTCGAAAAACCCCAGGTGGGGAAAAGAGCTGAC

-150
CTCGTAGTTATCTGTGAGCATTAAACTGCTCTCTCAATCTTAACTTTTGT 

-100 CAAT box (TATA box?)
CTTCATAGAACCAAGCTTTGGGGTAGGGAAACT TCAA T T C rGTAACT A T  A 

-50
A T A t t g g a a t t t c g g a g c a t c a c t a a t a a g a a g c t t g t t g t t t t a c a g a g

+1(5' UTR) 
TGGAACACTTCTGAACCTGCATT

Figure 33: Sequence of 2kb DNA construct from perinatal MyHC gene 

immediately 5’ to the coding region.

CACCTGC myogenin consensus binding sequence

TCAATTC CAAT box consensus binding sequence

TATAWAW TATA box consensus binding sequence, where W is any base

TGACCT TRE consensus binding sequence
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Figure 34: Schematic diagram of position of potential ci5-acting factors in the DNA 

constructs for the perinatal MyHC gene.

The promoter activity for each construct is demonstrated graphically for each cell 

line as a scatter plot of percentage of peak 2kb DNA construct activity in C2C12 

cells against time.
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Northern analysis of myogenin and perinatal MyHC mRNA 

Error study

Repeated measurements, at least four weeks apart, of the perinatal MyHC and 

myogenin bands from the autoradiograph and the ribosomal bands on the membrane, 

viewed under UV light, using the Phoretix ID gel analysis software demonstrated 

that there were no repeatability errors associated with the measurement procedure 

(Table 56).

MyHC probe (membrane) Paired t-test (p-value) ICC

rRNA (A) 0.912 0.978

rRNA (B) 0.379 0.937

Perinatal MyHC (A) 0.634 0.915

Perinatal MyHC (B) 0.290 0.882

Myogenin (A) 0.421 0.829

Myogenin (B) 0.514 0.944

Table 56: Method error for repeated measurement of myogenin and 

perinatal MyHC mRNA expression in C2C12 cells, measured by Phoretix

ID software
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Results of Northern analysis

The m yogenin  m R N A  expression began to increase from day 3 in culture and 

reached a peak at day 6. The expression remained constant at the day 6 level o f  

expression unitil day 15, after w hich it decreased by day 18 (Fig. 35).

The perinatal M yHC m R N A  expression began to increase from day 6 in culture and 

rose steadily to a peak on day 15, fo llow ing w hich the expression decreased by day 

18 (Fig. 35). The promoter activity o f  the 2kb perinatal M yH C promoter D N A  

construct in the Basic vector in the C 2C12 ce lls very c lose ly  fo llow ed  the expression  

o f  the perinatal M yHC m R N A  (Figs. 29a and 35).

Myogenin and perinatal MyHC mRNA expression and promoter 
activity for the 2kb DNA insert in C2C12 cells 

(expressed as a percentage of peak expression for each)
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Figure 35: Scatter plot of the expression of myogenin and perinatal MyHC mRNA in 

C2C12 cells against time.

The promoter activity o f  the 2kb D N A  construct, transfected into C 2C 12 cells  

w ithout GFP, over the sam e tim e course is also depicted.
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Discussion

The expression of the perinatal MyHC gene and its products increases as the number 

of occlusal contacts decreases following pre-surgical orthodontic treatment (Chapter 

4). The findings of previous reports on expression of the perinatal MyHC isoform in 

muscles that are undergoing disuse atrophy, and the decrease in bite force associated 

with decreased numbers of occlusal contacts, suggests that pre-surgical orthodontic 

treatment may be causing disuse atrophy in the masseter muscle. However, the 

reasons for expression of the perinatal MyHC in this situation and the signalling 

cascades involved are not fully understood. In order to begin to unravel the 

signalling processes involved, it is necessary to have information regarding the 

promoter region of the perinatal MyHC gene. The results described in this chapter 

indicate that the promoter activity resides in a 2kb fragment 5’ of the TSS and that 

the MRP myogenin is a potential /r<3«5-activiating factor.

Three different lengths, Ikb, 2kb and 5kb, of DNA were cloned from human 

genomic DNA and inserted into the reporter vector as previous reports had indicated 

that, in other MyHC genes, promoter activity could reside in each of these fragments 

(Huang et al, 1997; Schreiber et al, 2000). Also, using three different lengths, in 

effect, acted as a deletional study and allowed the area of highest promoter activity 

to be located more precisely. Previously, reporter assays have necessitated analysis 

of promoter activity at a single time point, with out the ability to follow the activity 

over time. The SEAP vector, which secretes the reporter enzyme (alkaline 

phosphatase) into the culture medium, is hugely beneficial in this respect, as the 

activity of the gene promoter can be analysed over a time course by measuring the 

concentration of the enzyme in samples of the media. This allows the pattern of 

gene expression over a period of time to be demonstrated. When the activity of the 

2kb promoter was compared with the actual mRNA expression for the perinatal 

MyHC, it was apparent that the patterns of expression closely corresponded to each 

other. This data indicated that, even in transiently transfected cells, the SEAP 

reporter construct could accurately mimic the in vitro gene activity for up to 18 days.

The skeletal muscle (C2C12) cell line was used to test promoter activity as this cell 

line has been well characterised in the past and differentiates well in culture media to 

form numerous large myotubes (Fig. 32). The fibroblast (NIH3T3) cell line was 

chosen as a control as, in theory, promoter activity in the perinatal MyHC gene
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should only be induced in differentiating myoblasts. Again, this cell line has been 

well characterised and the cells in culture proliferate rapidly and then exhibit contact 

inhibition, and proliferation ceases (Holley et al., 1976). In terms of trans- 

activiating factors, both C2C12 and NIH3T3 cells express MEF2 proteins 

(Molkentin et al., 1995; Omatsky et al., 1997), but only C2C12 cells express MRFs. 

The NIH3T3 cells produce FGFs until contact inhibition stops this.

Co-transfecting with GFP allowed the calculation of the transfection rates for each 

cell line and each reporter construct, allowing promoter activity to be normalised for 

the amount of transfected GFP. The transfection rates were similar for each reporter 

construct within the same cell line, but the transfection rates in the 3T3 cells was 100 

fold greater than in the C2C12 cells. Muscle cells are notoriously difficult to 

transfect. Comparison of the 2kb promoter transfected with and without GFP 

showed that the promoter activity followed an extremely similar pattern of 

expression between the two, but that the activity was less in the co-transfected cells. 

This is likely to be due to cell death in the co-transfected cells as GFP is known to be 

toxic to cells over time. The toxic effects appeared to be similar in both C2C12 and 

NIH3T3 cell lines. In the NIH3T3 cells the activity between the 2kb transfectants 

and the 2kb plus GFP transfectants did not differ once promoter activity had been 

reduced to negligible levels.

In view of what is known about these cell lines, the results of the reporter assays are 

extremely interesting. When transfected into the C2C12 cell line, the promoter 

activity is located in the 2kb fragment. The TESS analysis demonstrated that this 

fragment contains a consensus E box or myogenin binding site which is not present 

in the Ikb fragment. The Ikb fragment had activity that was not increased over that 

seen in the empty vector (Basic), while the 2kb fragment had activity increased 12.5 

fold over the empty vector. The fact that myogenin is the transcription factor that 

promotes the expression of the perinatal MyHC gene is given further weight by the 

evidence form the Northern analyses on untransfected cells. The 2kb promoter 

activity in the transfected C2C12 cells follows an identical pattern to that of the 

expression of the perinatal MyHC mRNA in untransfected cells. The pattern of 

myogenin expression in the untransfected cells also follows a similar pattern of 

expression to the perinatal MyHC mRNA. However, its expression in C2C12 cells 

begins prior to the initial expression of the perinatal MyHC mRNA, reaches a peak
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early on and then plateaus, before decreasing after 18 days in culture. The perinatal 

MyHC expression begins after that of myogenin and climbs steadily to reach a peak 

as the myogenin expression remains high. As the myogenin expression begins to 

decrease again, so does that of the perinatal MyHC.

The 5kb fragment also contained the myogenin binding site, but the activity was 4.5- 

fold less than that seen with the 2kb fragment. This suggested the possibility of 

silencer sequences or NREs within the 5kb fragment that were not present in the 2kb 

fragment. Potential candidates were the numerous TREs found between 2kb and 

5kb. Excess thyroid hormones are known to produce precocious maturity in muscles 

and muscle cells, decreasing the expression of developmental MyHC isoforms and 

increasing the expression of adult MyHC isoforms (Izumo et al., 1986; d'Albis and 

Butler-Browne, 1993; Russell et al, 1988) and it is a possibility that thyroid 

hormones were present in the foetal calf serum or other components of the culture 

media. However, as the exact constituents of the media components are withheld by 

the manufacturer, this effect of thyroid hormones remains hypothetical. Another 

possible reason for the reduced activity seen in the 5kb fragment compared to the 

2kb fragment is that in transiently transfected cells the DNA is linearised and not 

coiled and associated with histones (Schreiber et al., 2000). This can have the effect 

of either reducing the proximity of two co-activating factors and so reducing the 

promoter activity or it can have the effect of removing or diminishing the restraining 

effect of cis- and trans- activating factors on certain NREs, allowing them to exert 

their silencing effect on the gene promoter region. For the 2kb fragment, the 

similarity between the promoter activity and the perinatal MyHC mRNA expression 

would suggest that the linearisation of the DNA has had little or no effect on 

promoter activity and the comparative reduction in activity in the 5kb construct is 

due to unrestrained NRE activity.

The promoter activity of the DNA fragments in the NIH3T3 cells was completely 

different. Again, there was no activity in the Ikb fragment, but the 2kb fragment 

showed significant activity in the first five days after transfection, prior to the 

fibroblasts becoming fully confluent. The analysis of the rate of accumulation 

indicates that the promoter activity decreases after 4 days. The promoter activity in 

NIH3T3 cells cannot be due to MRFs, as these are not expressed, nor can it be due to 

MEF2 as there is no consensus binding sequence for this group of transcription
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factors. However, prior to confluence, NIH3T3 cells express fibroblast growth 

factors (FGFs) and FGF receptors (FGFRs). It has been shown recently that certain 

FGFRs are important for myoblast organisation and differentiation in vivo 

(Flanagan-Steet et al., 2000) and it may be that the increased promoter activity is 

associated with upregulation of FGFs and FGFRs during fibroblast proliferation and 

the reduction in promoter activity associated with down regulation of FGFs and 

FGFRs associated with contact inhibition once confluence has been reached. 

Interestingly, the 5kb fragment had a similar pattern of activity, although at a lower 

level, to that seen in the C2C12 cells, which was unexpected. It is possible, 

therefore, that there is a cis- activating factor in the 5kb fragment that is trans- 

activated by a transcription factor common to both cells lines or both sets of culture 

conditions. The pattern of expression is very different between the 2kb and 5kb 

fragments in the NIH3T3 cells, again suggesting the presence of NRE.

MEF2 and MRFs are known to cooperate in the activation of many muscle specific 

genes (reviewed in Black and Olson, 1998) and yet there is no consensus MEF2 

binding site identified in the 2kb DNA construct. However, MEF2 can bind to 

myogenin once myogenin has heterodimerised with one of the E proteins and 

interacted with the E box (Black et al., 1998) and any ^r<2«5-activating effect of 

MEF2 proteins in the C2C12 cells may be utilising this particular method of gene 

activation. In the NIH3T3 cells, there is no constitutive expression of MRFs, 

although they do express MEF2 proteins, and MEF2 proteins have been reported to 

be able to activate a myogenic program in fibroblast cells (Kaushal et al, 1994). 

However, the lack of an A/T rich site in the 2kb construct would appear to rule out 

MEF2 proteins as the /ra«5-activating factor for activation promoter activation in the 

NIH3T3 cells.

Previous reports on the role of myogenin in muscle differentiation and adaptation, 

together with accumulating knowledge on the patterns of expression of the perinatal 

MyHC, allow the development of an interesting theory. Immobilising a muscle 

causes muscle atrophy (reviewed in Talmadge, 2000), but immobilising a muscle in 

a stretched position has an anti-atrophy effect (Goldspink, 1999). In immobilised 

and stretched muscle, the expression of myogenin, IGF-1 and perinatal MyHC are 

seen (Gundersen, 1998; McKoy et al., 1999; Yang et al., 1997). Over expression of 

IGF-1 prevents the loss of muscle strength and the atrophy associated with the aging
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process (Barton-Davis et al., 1998). Myogenin and MRF4 are upregulated after 

denervation, as is the expression of the perinatal MyHC (Neville et al., 1992). There 

is a binding site for IGF-1 in the promoter region of the myogenin gene that acts to 

upregulate myogenin expression (Florini et al., 1996). Myogenin can also 

upregulate the expression of IGF-1 and so a positive feedback loop is formed 

(Musaro and Rosenthal, 1999). From the results of this chapter, it is apparent that 

myogenin is a strong candidate for being one of the main transcription factors for the 

perinatal MyHC gene. Perinatal MyHC expression increases in the masseter muscle 

as the number of occlusal contacts decreases. Decreased occlusal contacts causes the 

masseter muscle to perform less strongly, as evidenced by bite-force and EMG 

studies, and this current research indicates that the masseter appears to undergo 

disuse atrophy. However, the relevance of the increased expression of the perinatal 

MyHC is not immediately obvious. Taking all the evidence from this research and 

previous reports together, it is interesting to speculate that the increased expression 

of perinatal in the masseter muscle under conditions of under use suggests that the 

perinatal MyHC may be involved in a protective mechanism. Myogenin and IGF-1 

can activate each other and each can stimulate the expression of the perinatal MyHC. 

Each has been detected either singly, or together, in conditions where muscle atrophy 

is being prevented or reduced. Myogenin is a likely transcription factor for the 

perinatal MyHC and the perinatal MyHC is expressed in situations (denervation, 

immobilisation and stretch) where the anti-atrophy effects of myogenin +/- IGF-1 

have been reported. Therefore, are myogenin and IGF-1 achieving their anti-atophy 

effects by causing the re-expression of a developmental MyHC isoform? The 

perinatal MyHC isoform has lower calcium requirements for contraction than the p- 

cardiac MyHC (Torgan and Daniels, 2001). Reduction in muscle function decreases 

neuronal activity, which, in turn, decreases the calcium ion influx, and, 

consequently, the adaptive response in the muscle may be to express MyHC 

isoforms that require lower levels of calcium, i.e. perinatal and IIx MyHCs (Torgan 

and Daniels, 2001). Therefore, the perinatal MyHC may be expressed in order to 

allow optimal function of the muscle in conditions of under-use in order to prevent 

too rapid atrophying, but does it also allow more rapid regeneration to an appropriate 

muscle structure once an adequate functional stimulus has been restored?
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Conclusions

1. Three DNA constructs, Ikb, 2kb and 5kb in length, cloned from the perinatal 

MyHC gene immediately 5’ to the coding region, were inserted into a reporter 

vector. When transfected into the C2C12 myoblast cell line, the 2kb construct 

contained the c/5-acting elements that produced promoter activity that very 

closely mimicked the expression of the perinatal MyHC mRNA in C2C12 cells.

2. Analysis of the DNA sequence of the 2kb construct indicated that a consensus 

myogenin binding site located between -1227 and -1233 from the coding region 

was a strong candidate to be the relevant cw-activating factor.

3. Analysis of the expression of myogenin mRNA in C2C12 cells provided further 

evidence that myogenin was one of the main rra^j-activating factosr involved in 

the initiation of expression of the perinatal MyHC gene.
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Chapter 7: General discussion, conclusions and further 

work

Discussion

Over the last 50 years, evidence has been accumulating in the literature relating the 

facial form of an individual in the vertical dimension to certain aspects of masseter 

muscle fonction, as measured by bite force (Sassouni, 1969) and EMG activity 

(Ahlgren, 1966), with LFS subjects having weaker bite forces and less masseter 

EMG activity than SFS subjects. Subjects with muscular pathology, many of whom 

develop an extreme form of LFS, display the most striking evidence of an 

association (Eckardt and Harzer, 1996; Houston et al., 1994; Kiliaridis et al., 1989; 

Kiliaridis and Katsaros, 1998; Kreiborg et al., 1978; Proffît et al., 1968). Originally, 

the structure of the masseter muscle was considered unique amongst skeletal muscles 

due to the frequent expression of the a-cardiac and perinatal MyHCs (Bredman et 

al., 1991; Ringqvist, 1973b; Soussi-Yanicostas et al., 1990; Stâl et al, 1994). 

However, more recent work, especially on transforming fibres, indicates that the 

expression of these isoforms is common in muscles that are adapting to a new 

fonctional environment (Cormery et al., 2000; Peuker et al., 1998; Peuker and Pette, 

1995). As with all skeletal muscles, the structure and the function of the masseter 

are intimately related and yet, the few studies that have attempted to investigate 

differences in masseter muscle ultra-structure between the three VFF groups have 

failed to demonstrate conclusively that a relationship exists between the structure of 

the masseter and the VFF of an individual (Boyd et al., 1984; Boyd et al., 1989; 

Hunt, 1992; Shaughnessy gr a/., 1989).

The research detailed in this report has benefited from utilising a combination of 

basic science techniques, clinical knowledge, machine-learning and sophisticated 

statistical modelling to demonstrate that many features of masseter muscle structure 

demonstrate a strong association with both the dental occlusion and VFF of an 

individual.

One of the most important differences between this research and previous research 

on the relationship between VFF and masseter muscle structure has been the
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development of an objective and reproducible method of categorising VFF into one 

of the three VFF groups, LFS, Normal VFF and SFS using machine-learning 

techniques (Chapter 2) (Hammond et al., 2001). Undoubtedly in previous work, the 

lack of objectivity during categorisation has made comparison between different 

studies difficult. The machine-learning highlighted the influence of AP facial form, 

especially Class III skeletal pattern, on the classification of VFF and many 

disparities between studies may well have been due to this not having been 

accounted for. Many Class III individuals with Normal VFF will have been 

categorised erroneously as LFS, especially if LAFH was used as the one of the 

parameters (Karlsen, 1997). The development of this relatively simple objective 

assessment, which has both clinical and scientific uses, can, given appropriate 

normative data, be adapted for different ethnic groups and, therefore, should enable 

it to be applicable for VFF classification throughout the world. In time, this will 

allow direct comparison between similar studies on masseter structure and VFF 

between different ethnic groups and populations living in different environments 

(rural/urban). As sample size is often problematical in studies such as this, then the 

use of standardised methodology should also allow multi-centre studies to be 

conducted and/or meta analyses to be performed.

There are no previous data on the quantitative assessment of MyHC protein and 

mRNA expression in the masseter muscle in relation to VFF. However, there have 

been a number of studies involving the prevalence of different fibre types in human 

masseter muscle, not segregated into different VFF groups (Korfage et al, 2000; 

Monemi et al, 1999; Ringqvist, 1971; Ringqvist, 1973; Serratrice et al, 1976; 

Vignon et al, 1980). All the studies that have investigated fibre types and fibre size 

in relation to VFF have used ATPase staining technique, rather than the more 

reliable antibody staining (Boyd et al., 1984; Boyd et al., 1989; Hunt, 1992; 

Shaughnessy et al., 1989). These studies are few in number and lack consensus, 

possibly due to small sample size and the subjective nature of VFF categorisation. 

However, in this study (Chapter 3) there were very few structural parameters that 

demonstrated significant differences between the three VFF groups, with only the 

perinatal MyHC protein and mRNA demonstrating an increased expression in LFS 

subjects, fibre CSA being increased in SFS subjects, and the prevalence and 

percentage fibre CSA of a-cardiac containing fibres being decreased in SFS subjects.
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The lack of significant findings may well indicate that the sample size was not large 

enough, although the sample size calculation does not support this. Alternatively, it 

may be due to the large amount of inter-individual variation exhibited within the 

three VFF groups.

It has been known for many years that skeletal muscle is an extremely adaptable 

tissue and it is possible that the lack of a consistent structural pattern within groups is 

indicative of differing function and, hence, differing adaptive responses. This 

possibility was investigated in Chapter 4 by relating the dental occlusion to the 

masseter muscle structure. From this, it would appear that the high degree of inter

individual variation demonstrated within groups in Chapter 3 is a reflection of the 

range of malocclusions and numbers of occlusal contacts seen in subjects from the 

same VFF group. Chapter 4 also demonstrated that the orthodontic treatment 

undertaken in the majority of subjects prior to their orthognathic surgery altered the 

number of occlusal contacts, mainly causing a reduction, but in a small number of 

cases the orthodontic treatment increased the number of occlusal contacts. There 

were very strong correlations between the number of PSOC and certain structural 

parameters, the expression of perinatal MyHC protein and mRNA, the expression of 

IIx and a-cardiac MyHC protein, the prevalence of fibres containing these three 

isoforms (hybrid fibres) and the overall fibre CSA. The fact that these are the MyHC 

isoforms expressed in fibres transforming their phenotype due to changes in function 

indicated that the occlusion per se, and the orthodontic treatment, were producing an 

adaptive response in the masseter muscle that had not been reported previously.

The basic statistical techniques employed in Chapters 3 and 4 indicated that the 

occlusion was more strongly associated with masseter muscle structure than was the 

VFF of the individual. However, when more sophisticated statistical modelling 

techniques were used it became apparent that, not only were both the occlusion and 

VFF associated with masseter muscle structure, but that the different VFF types 

responded differently to changes in the occlusion and to orthodontic treatment. 

MLM had several advantages over the basic statistics: it allowed simultaneous 

modelling of a number of related outcomes, it reduced the likelihood of Type I and 

Type II statistical errors, it could correct for poor matching of demographic variables 

between groups and for missing values, and it provided valuable insight on the role
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of random biological variation. These factors allowed the modelling to highlight 

significant associations that were not detected with the basic statistical methods and 

to emphasise clearly associations between different outcome variables that had only 

been implied by references in the literature and by the basic statistics. The fact that 

very similar explanatory variables were demonstrated to have significant effects on 

similar outcomes across the different models indicated that the model had accurately 

depicted the explanatory variables that were important in determining masseter 

muscle structure. Across all the models, the number of PSOC had the greatest effect, 

closely followed by VFF and then the demographic variables and whether the 

individual had received orthodontic treatment in the past. The interaction term 

between VFF and the number of PSOC in the MyHC protein model dramatically 

highlighted the different reactions to similar occlusal conditions between the three 

VFF groups.

Taking the findings of Chapters 2-5 together, it is apparent that masseter muscle 

structure is highly adaptable and adapts readily to changes in the dental occlusion. 

However, the adaptive responses differ between different VFF groups. The response 

to changes in occlusion is a necessary physiological phenomenon as the dentition is 

in a fairly continuous state of change during the eruption of the deciduous dentition, 

as the deciduous dentition changes into the permanent dentition and also after any 

dental treatment or intervention. The complete rearrangement of the occlusion 

during orthodontic treatment is perhaps one of the more extreme influences on the 

adaptive response of the masseter muscle that occurs over a long period of time. 

However, the dental occlusion at the end of orthodontic treatment should be 

approaching the optimal situation.

It is well understood amongst orthodontists, albeit based upon anecdotal evidence, 

that different facial types react differently to similar treatment modalities. The 

reason behind this may well lie in the apparent differences in muscle adaptability 

that have been highlighted by the MLM. These differences in adaptability are almost 

certainly due to the genotype of the subject and are likely to be one of the main 

determining factors in the development of extremes of VFF in non-pathological 

conditions. It is the SFS subjects who, from the evidence presented in this report, 

would appear to be more different from the LFS and Normal VFF groups than they

281



Chapter 7: General discussion, conclusions and further work

are from each other. From the data on MyHC isoform expression and fibre CSA, 

SFS subjects appear more able to adapt without deleterious effects to new functional 

situations. In the other two groups, especially the LFS group, the adaptive response 

to a reduction in occlusal contacts, again based on MyHC isoform expression and 

fibre CSA, may well weaken the muscle structure sufficiently to predispose to the 

backward growth rotation of the mandible that has been associated with weak 

masticatory musculature. Indeed, a vicious circle could be instigated whereby a lack 

of occlusal contacts, either through genetic growth pattern or the environment (dental 

treatment), causes a weakening, or failure to mature adequately, of the masticatory 

musculature that predisposes to the backward rotation, which reduces further the 

number of occlusal contacts (Fig. 36).

VFF

Genotype

Occlusion

Environment

Habits
Diet

Habits 
Dental treatment

Masseter muscle 
structure

Figure 36: Interactions between masseter muscle structure, VFF and occlusion, 

together with the possible effects of genetics and the environment

It is the perinatal MyHC that has the closest association with the number of occlusal 

contacts, exhibiting a strong inverse relationship. However, the role of this isoform 

in a number of diverse functional environments is not understood at the present time. 

Before the exact function of a particular protein can be determined it is useful to 

have information on the signalling processes required to initiate transcription. No 

previous research has been performed on the promoter region of the human perinatal 

MyHC gene and, therefore, it was necessary to clone the putative promoter region 

from complete human genomic DNA sample, place in a reporter vector and transfect 

this into a relevant cell line to investigate promoter activity and the likely cis- and 

Irans-dLoXivdAmg factors. The results of Chapter 6 demonstrate conclusively that the
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substantial promoter activity in the perinatal MyHC gene lies within 2kb of the 5’ 

coding region and that one of the most important transcription factors is likely to be 

the MRF, myogenin.

These findings discussed in this report merit consideration by clinical dentists and 

orthodontists, as well as academics, as the ability of a subject’s masseter muscle to 

adapt to occlusal rearrangement during orthodontic treatment may well have an 

important influence on the efficacy of treatment and the relapse potential. It is 

possible that, in genetically predisposed individuals, orthodontic treatment per se 

may accentuate a posterior growth rotation of the mandible by reducing occlusal 

contacts during the course of treatment and so weakening the masseter muscle. 

Early loss of deciduous teeth may also produce a similar effect. However, 

confirmation of these theories could add to treatment planning dilemmas for both 

general dentists and orthodontists. Further work in this area, combined with 

advances on the signalling pathways involved in the activation of the perinatal 

MyHC gene, will eventually reveal the relevance of the expression of the perinatal 

MyHC protein in so many diverse functional situations. Elucidating the activation 

pathways will also enable differences amongst the three VFF groups in terms of 

adaptation to be investigated, although the differences may well be pre- or post- 

translational. Understanding the differences in control of the MyHC genes may 

eventually lead to successful preventative interventions to prevent the development 

of the extremes of VFF and reduce the need for surgical intervention.
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Conclusions

1. An objective, simple to use, cephalometric assessment for the categorisation of 

VFF patients has been developed and verified with the aid of machine-learning 

techniques.

2. The structure of the masseter muscle (mRNA and protein expression and fibre 

profile) is associated with the number of pre-surgery occlusal contacts. This is 

indicative of an adaptive response in the masseter to changes in the occlusion.

3. The VFF of an individual is associated with variation in the adaptive response to 

changes in functional stimulus. The SFS subjects respond differently from the 

LFS and Normal VFF subjects.

4. The perinatal MyHC is the isoform most closely associated with the occlusion. 

Substantial elements that regulate this gene reside within 2kb 5’ of the start of the 

coding region. Myogenin is likely to be one of the important transcriptional 

regulators of the perinatal MyHC gene.
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Further w ork

The findings of this report impact directly on both the clinical practice of 

orthodontics and on scientific progress in the understanding of the transcriptional 

activation of the MyHC genes. There are a number of different stratagies that may 

be pursued in order to further current understanding in these areas.

1. Further information on the adaptive processes that take place in the masseter 

muscle during orthodontic treatment would be gained from undertaking a 

prospective clinical study on subjects who require an orthognathic approach to 

their treatment. A prospective study would not only allow in vivo analysis of 

both the static and the functional occlusion, but would also allow, in individuals 

who require third molar removal prior to the start of treatment, the collection of 

masseter muscle biopsies at two time points. Having muscle structural 

information at two time points will help to confirm or refute the conclusions of 

this study with regard to the role of the occlusion in masseter muscle structure.

2. A prospective trial, with long-term subject follow up, would yield valuable data 

on the factors predisposing to post-surgical relapse of the jaw positions. 

Appropriate interventions to either strengthen the masseter or stabilise the 

occlusion during treatment could also be investigated for their potential role in 

reducing relapse.

3. Continuing work on the perinatal MyHC promoter both under static and different 

functional conditions will reveal the different signalling pathways involved in the 

activation of the perinatal MyHC gene. Differences in control of this gene 

between different VFF groups could be investigated in primary cultures of 

myoblsts. The accumulation of this knowledge may eventually lead to the 

development of preventative stratagies for the extremes of VFF.

4. If further work provides conclusive proof of the importance of the occlusion in 

determining the structure of the masseter muscle, it will be valuable to undertake 

a long-term epidemiological study on the effects of early loss of deciduous teeth 

and different dietry habits on the dvelopment of VFF.
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Material Constituents Supplier
Ix Running buffer 50mM Tris (base) 

75mM glycine 
0.05% SDS

Sigma
BDH (Merck) 
Gibco BRL 
(Invitrogen)

20x SSC 3MNaCl
0.3M sodium citrate, pH 7.0

BDH (Merck)

24 and 96 well plates Nunc
2x Sample buffer 1% P-mercaptoethanol 

4% SDS
16% IMTris pH 6.8
20% glycerol
0.2% bromophenol blue

Sigma 
Gibco BRL 
Sigma 
Sigma 
Sigma
Amersham

3T3 growth medium DMEM 
10% PCS
1% penicllin/streptomycin 
1% fungizone

Gibco BRL 
PAA Labs 
Gibco BRL 
Gibco BRL

6x Running buffer 300mM Tris (base) 
450mM glycine 
0.3% SDS

Sigma
BDH (Merck) 
Gibco BRL 
(Invitrogen)

AB Extensor Long PCR kit Advanced
Biotechnologies

Agarose Gibco BRL 
(Invitrogen)

Alginate (alginoplast) Bayer
APS Sigma
APTES Sigma
BFA8 Dr. Simon Hughes
Biotinylated anti-mouse 
secondary antibody

Vector

Biotinylated detection system Biogenex
Biotinylated molecular weight 
marker

Bio-Rad

Bite wax (modelling wax) De Trey
Blotting buffer Tris 3.03 g/1 

Glycine 14.419 g/1 
Methanol 15%

Sigma
BDH (Merck) 
BDH (Merck)

BSA Sigma
C2C12 differentiation medium DMEM 

2% PCS
1% penicllin/streptomycin 
1% fungizone

Gibco BRL 
PAA Labs 
Gibco BRL 
Gibco BRL
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C2C12 growth medium DMEM 
20% FCS
1% penicllin/streptomycin 

10 OOOU/ml Penicllin G 
10 OOO^g/ml steprtomycin 

1% fungizone 
Amphotericin B 250 UG/ml

Gibco BRL 
PAA Labs 
Gibco BRL 
(Invitrogen)

Gibco BRL 
(Invitrogen)

Casting plaster 70% Stone, 30% plaster British Gypsum
Chloroform BDH (Merck)
CIAP Biolabs
DAB labelling solution Vector
DC protein assay Bio-Rad
Denaturing solution 25g guanidium thiocyanate 

(4M)
1.76ml 0.75M sodium 
citrate (25mM)
1.32ml 20% sarcosyl

BDH (Merck)

Sigma

Sigma

30.6ml distilled DEPC H2O BDH (Merck)

DNA ligase and buffer AB Gene
DNA loading buffer 30% glycerol

0.1% saturated xylene 
cyanol

Sigma
Sigma

0.1% saturated bromophenol 

blue (Electran)
Sigma

ECL Plus Amersham 
Pharmacia Biotech

EDTA Sigma
Effectene transfection reagent 
and trasnfection Enhancer

Qiagen

Electroporator Invitrogen
Ethanol BDH (Merck)
Ethidium bromide Gibco BRL 

(Invitrogen)
F 1.165 antibody Alexis
F88.12F8 antibody Alexis
Filter paper Whatman
Formaldehyde BDH (Merck)
Gel blotting tank (Western) Bio-Rad
Gel loading tips (Eppendorf) Merck
Gel tank (Northern) Sigma
GFP Clontech
GHM articulating paper GHM Hanel Dental 

GmbH
Glycerol BDH (Merck)
Great Escape SEAP reporter 
system 3

Clontech
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High reaction buffer AB Gene
Hydrogen peroxide Sigma
Hydrophobic pen Vector
Isopentane BDH (Merck)
Isopropanol(propan-2-ol) BDH (Merck)
LB agar plates 50ml LB broth 

0.75g agar
50|il tetracycline (37mg/ml) 
50pl ampicillin (lOOmg/ml)

DIFCO
Merck
Merck

LB Broth lOg bactotryptone 
lOgNaCl 
5 g yeast extract 
IL distilled H2O

Oxoid
BDH (Merck) 
Oxoid

Liquid nitrogen BOG
Luminometer Labsystems
Mastercycler 5440 Eppendorf
Microcentrifiige tubes BDH (Merck)
Microscope slides BDH (Merck)
Millers forceps GHM Hanel Dental 

GmbH
MilliQ water Sigma
Mineral oil Sigma
Miniprep and Maxiprep kits Qiagen
MOPS Sigma
Multiprime DNA labelling 
system

Primer
Buffer with dNTPs 
Klenow enzyme

Amersham

N2.261 anti-MyHC antibody Alexis
NCL MHCf antibody Novacastra Labs
NCL MHCneo antibody Novacastra Labs
Nylon membrane Osmonics
OCT embedding compound Histological 

Equipment Ltd.
PBS tablets Oxoid
PEG Sigma
Phenol Sigma
Pipette tips BDH (Merck)
Primers Genesys
Protean Xi electrophoresis 
apparatus

Bio-Rad

Protein lysis buffer 1% SDS

ImM sodium ortho
vanadate
lOmM Tris pH 7.4

Gibco BRL 
(Invitrogen) 
Sigma

Sigma
pSEAP2 vector Clontech
PVDF membrane Osmonics
Quickhyb® Stratagene
Radiographic developer GDIS Photosol
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Radiographic film (Fujifilm 
Super RX))

Genetic Research 
Instruments

Radiographic fixer CF40 Photosol
Rainbow molecular weight 
marker

Bio-Rad

Restriction enzymes EcoRl
Xhol
Muni

AB Gene 
AB Gene 
Stratagene

RNA loading buffer 720pl de-ionised formamide 
160pl lOx MOPS buffer 
260|il 37% formaldehyde 
ISOpl distilled DEPC H2O 
50pl ethidium bromide

80pl saturated bromophenol 

blue

Sigma
Sigma
BDH (Merck)

Gibco BRL 
(Invitrogen) 
Sigma

RTPCRkit Oligo (dT) primer 
(lOOng/pl)
Rtranscription buffer 
solution
RNase block ribonuclease 
inhibitor (40U/pl) 
lOOmM dNTPs (25mM 
each)
MMLV reverse transcriptase 
(5U/pl)

Stratagene

Salmon sperm DNA Gibco BRL 
(Invitrogen)

SDS Gibco BRL 
(Invitrogen)

Separating gel (60ml) 18ml 100% glycerol 
16ml30% acrylamide 
8ml 1.5M Tris pH 8.8 
6ml IM glycine 
2.4ml 10% SDS 
8.97ml d H2O 
30pl TEMED 
600pl 10% APS

BDH (Merck)
Sigma
Sigma
BDH (Merck) 
Gibco BRL

Sigma
Sigma

Shimstock foil GHM Hanel Dental 
GmbH

SOC buffer 0.5% yeast extract 
2% bactotryptone 
lOmM NaCl 
2.5mM KCl 
lOmM MgCh 
lOmM MgS0 4  

20 mM glucose

Oxoid
Oxoid
BDH (Merck)
Sigma
Sigma
Sigma
Sigma

Sodium acetate Sigma
Sodium chloride BDH (Merck)
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Spectrophotometer Pharmacia Biotech
Stacking gel (30ml) 9ml 100% glycerol 

4ml 30% acrylamide 
4.2ml 0.5M Tris pH 6.7 
1.2ml lOOmM EDTA pH 
7.0
1.2ml 10% SDS 
9.928ml d H2O 
22pl TEMED 
450pl APS

BDH
(Merck)Sigma
Sigma
Sigma

Gibco BRL

Sigma
Sigma

Sterile PBS solution Gibco BRL 
(Invitrogen)

Streptavidin tertiary antibody Vector
Taq polymerase AB gene
TEMED Sigma
Tissue culture flasks Nunc
Tris Sigma
Trysin/EDTA xl Gibco BRL 

(Invitrogen)
Tween 20 Sigma
UV transilluminator and 
digital camera appartus

Alpha Innotecb 
Corporation

a-actinin antibody Sigma-Aldricb
(3-actin probe Clontech
(3-mercaptoetbanol Sigma
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Appendix B: Supplier company addresses

ABgene,
ABgene House,
Blenheim Road,
Epsom,
Surrey. KT19 9AP. 
http://www.abgene.com

Advanced Biotechnologies Ltd.,
Units B1-B2,
Lonmead Business Centre,
Blenheim Road,
Epsom,
Surrey. KT19 9QQ. 
http://www.adbio.co.uk

Alexis Corporation (UK) Ltd.,
P.O. Box 6757,
Bingham,
Nottingham. NG13 8LS. 
http://www.alexis-corp.com

Alpha Innotech Ltd.,
Trademark House,
Hyssop Close,
Hawkes Green,
Cannock,
Staffordshire. W Sll 2GA. 
http://www.alphainnotech.com

Amersham Pharmacia Biotech UK 
Ltd.,
Amersham Place,
Little Chalfont,
Buckinghamshire. HP7 9NA. 
http://www.apbiotech.com

Bayer Corporation,
Dental Products,
4315 South Lafayette Boulevard,
South Bend, IN 46614.
USA.

BD Biosciences Clontech UK,
Unit 2, Intec 2,
Wade Road,
Basingtoke,
Hampshire. RG24 8NE. 
http://www.clontech.com

Biogenex
A. Menarini Diagnostics UK,
405 Wharfedale Road,
Winnersh Wokingham,
Berkshire. RG41 5RA. 
http://www.biogenex.com

Bio-Rad Laboratories Ltd., 
Bio-Rad House,
Maylands Avenue,
Hemel Hempstead,
Hertfordshire. HP27TD. 
http://www.bio-rad.com

Dentsply De Trey 
De-Trey-StraBe 1 
78467 Konstanz 
Germany
http://www.dentsplv.de

DIFCO laboratories,
Detroit,
MI 48232-7058 
USA

Genesys,
Cell Genesys, Inc.,
342 Lakeside Drive,
Foster City, CA, 94404.
USA.
http://www.cellgenesvs.com

Genetic Research Instruments Ltd., 
Gene House,
Queen borough Lane,
Rayne, Braintree,
Essex. CM7 8TF. 
http://www.gri.co.uk

GHM Hanel Dental GmbH, 
D-72622 Nurtingen,
Germany.

GraphPad Software, Inc.,
5755 Oberlin Drive #110,
San Diego, CA 92121.
USA.
http ://www. graphpad.com
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Histological Equipment Ltd.,
70 Davies Road,
West Bridgford,
Nottingham. NG2 5JA. 
http://www.labnages.com

Invitrogen Ltd. (GIBCO, Life 
technologies),
3 Fountain Drive,
Inchinnan Business Park,
Paisley. PA4 9RF. 
http://www.lifetech.com

Labsystems,
Life Sciences International (U.K.) 
Ltd.,
Unit 5, The Ringway Centre 
Edison Road 
Basingstoke,
Hampshire. RG21 2YH. 
http://www.labsvstems.fi

Lark Technologies, Inc.,
Radwinter Road,
Saffron Walden,
Essex. CBll 3HY. 
http://www.lark.com

Merck Ltd., (incorporating BDH) 
Hunter Boulevard,
Magna Park,
Lutterworth,
Leicestershire. LE 17 4XN. 
http://www.merck-ltd.co.uk

Novocastra Laboratories Ltd.,
Balliol Business Park West,
Benton Lane,
Newcastle upon Tyne. NE 12 8EW. 
http://www.novocastra.co.uk

Nunc Products,
Fisher Scientific U.K. Ltd.,
Bishop Meadow Road,
Loughborough,
Leicestershire. LEI 1 5RG 
http://www.fisher.co.uk

Osmonics,
135 Flanders Road,

Westborough, MA 01581, USA 
http://www.osmolabstore.com

Oxoid Ltd.,
Wade Road,
Basingstoke,
Hampshire. RG24 8PW. 
http://www.oxoid.com

PAA Laboratories Ltd.,
1. Technine, Guard Avenue, 
Houndstone Business Park, 
Yeovil,
Somerset. BA22 8YE 
http://www.paa.at

Phoretix Ltd.,
Nonlinear Dynamics,
Tyne House,
26 Side,
Newcastle upon Tyne. NEl 3JA. 
http://www.phoretix.com

Qiagen Ltd.,
Boundary Court,
Gatwick Road,
Crawley,
West Sussex. RHIO 2AX. 
http://www.qiagen.com

Photosol Ltd.,
Basildon,
Esssex.
http://www.photosol.com

Sigma-Aldrich Company Ltd., 
The Old Brickyard,
New Road,
Gillingham,
Dorset. SP8 4XT. 
http://www.sigma-aldrich.com

SPSS UK Ltd.,
Floor St. Andrew’s House, 

West Street,
Woking,
Surrey. GU21 lEP. 
http://www.spss.com
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Stratagene,
11011 North Torrey Pines Road 
La Jolla, CA 92037 USA 
http ://www. stratagene. com

TEMA analysis,
Checkvision,
Copenhagn,
Denmark.
http ://checkvi vion. dk

Vector Laboratories, Ltd.,
3, Accent Park, Bakewell Road, 
Orton Southgate,
Peterborough. PE2 6XS. 
http://www.vectorlabs.com

Whatman International Ltd., 
Whatman House,
St Leonard's Road,
20/20 Maidstone,
Kent. ME16 OLS 
http://www.whatman.co.uk
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Classifying Vertical Facial Deformity using 
Supervised and Unsupervised Learning
P. Hammond, T. J. Hutton, Z. L Nelson-Moon, N. P. Hunt, A. J. A. Madgwick
E a stm an  D enta l In s titu te  fo r Oral H ealtti C are S c ie n c e s , U niversity  C o llege London , UK

Summary
Objectives: Jo evo iu ote  the potential for m ochine  
leorning tech niq ues to  identify objective criteria for 
clossifying verticol fociol deform ity.
Methods: 1 9  porom eters w ere  determ ined from 1 3 1  
loterol skull rodiogrophs. C lossificotions w ere induced  
from row doto with sim ple visuolisotion, C 5 .0  ond 
Kohonen feoture m ops; ond using o Point Distribution 
M odel (POM) of sh o p e  tem p lo tes com prising points 
token  from digitised rodiogrophs.
Results:'W\e induced decision  trees en ob le  o  direct 
com porison  o f clinicions' idiosyncrasies in clossifico- 
tion. U nsupervised algorithm s induce m od els thot ore 
potentiolly  m ore ob jective, but their blockbox nature 
m o k es th em  unsuitoble for clinicol opplicotion. The 
POM m eth odo logy  g iv es  dromotic visuolisotions of 
tw o m od es seporoting horizontol ond verticol fociol 
grow th. Kohonen feotu re m ops fovour o n e  clinicion 
ond PDM th e other. Clinicol response su g g ests  thot 
w hile Clinicion 1 p loces greoter w e ig h t on 5 of 
6  p orom eters, Clinicion 2  relies on m ore porom eters 
th at copture fociol sh o p e .
Conclusions: W hile m ochine leorning ond stotisticol 
o n o ly se s  clossify  subjects for verticol fociol height, 
th ey  h ove lim ited opplicotion in their present form .
The supervised  leorning olgorithm  C 5 .0  is effective  
for generating  rules for individuol clinicions but its in
h erent b ios invalidates its u se  for objective clossifico- 
tion o f fociol form for research purposes. On th e  other  
h ond, prom ising results from unsupervised  strategies  
(especio lly  the PDM) su g g est o potentiol use for ob
jective clossificotion ond further identificotion ond onol- 
y sis  o f om biguous c o se s . At present, such m eth odo lo 
g ie s  m oy  b e unsuitoble for clinicol opplicotion b eco u se  
o f th e  invisibility o f their underlying p rocesses. Further 
stu dy  is required w ith  odditionol potient doto ond o 
w ider group of d im cions.

Keywords
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1. Introduction
Individuals with very long faces and p eo p le  
with very short faces are exam ples o f  the 
tw o  extrem es o f vertical facial grow th. The 
form er extrem e. L ong Face Syndrom e or 
LFS (1). arises from an elon gation  o f the 
face as the low er jaw  rotates aw ay from  the 
upper jaw  during grow th as illustrated in 
Fig. la  (2). C onversely , in Short Face 
Syndrom e or SFS (3 ), the low er jaw  rotates  
tow ards the upper jaw. reducing the vertical 
length o f  the face (Fig. Ic). T h ese growth  
patterns not on ly  a ffect the shape o f  
the face but also result in m alocclu sions  
o f varying severity  w h ere the teeth  fail 
to  m eet properly. For exam ple, in LFS 
only  the back teeth  o f each  jaw  touch  
tog eth er  w hen the m outh  is c lo sed  b ecau se  
the low er jaw  Tias grow n aw ay from  the  
upper jaw.

P atien ts with extrem es o f  vertical facial 
form s o ften  require a com bin ation  o f  
orth od ontic  realignm ent o f  the teeth  and  
surgery on the jaw s to  correct their m a loc
clu sion . D ifferen t facial typ es require s ig 
n ificantly  d ifferent orth od ontic  treatm ent 
plans and respond d ifferen tly  to  o rth o d o n 
tic treatm ent. Thus, it is im portant to 
correctly  identify a subject's vertical 
facial form  b efore starting treatm ent. 
Furtherm ore, d ifferences in the horizontal 
grow th o f  t i l .  ' n e e  m ay con fu se  the d iag n o 
sis o f  vertical; :acial form .

In the U K . patients with SFS or LFS are 
norm ally  referred to  a specialist for treat
m ent. D iagn osis  and treatm ent planning  
are based on exam in ation  o f  the patient 
tog eth er  with analysis o f appropriate re
cords. including a standardized  lateral skull 
radiograph (cep halogram ) designed  sp ecif
ically  for use in orthodontics. A n gu lar and  
linear m easu rem ents o f skeleta l landm arks

are ob ta in ed  from  the cephalogram  (see  
Fig. 2a). T he clin ician  a ssesses facial form  
by com p arin g  th e patient s m easurem ents  
with tab les o f  re levan t m eans and standard  
d ev ia tion s com p iled  from  growth studies  
grouped by ethnicity, age and sex (see Fig. 2b) 
(4). T h ese  cep h a lom etr ic  m easurem ents, in 
con ju nction  with th e results o f the clinical  
assessm ent, act as a guide when the clinician  
form ulates a treatm en t plan. In cases w here  
the c la ssification  grou p  is not im m ediately  
apparent, the clinician's perception o f facial 
form , in form ed  by clin ical exp erience, may  
determ ine the final classification. U n fortu 
nately. if the classification  is erroneous, 
then orth o d o n tic  treatm ent can exacerbate  
the original prob lem . F low ever. there is 
no in ternationally  agreed  upon objective  
classification  o f  vertical facial form.

The biom echanical relationships between  
the sk e le ta l c o m p o n en ts  o f  the jaw s and 
face, th e  a ssoc ia ted  m usculature and the 
teeth  m ay be im portant factors in the 
origins o f  vertical facial discrepancy. A n  
im portant goa l for basic science research is 
to  id en tify  sp ecific  develop m en ta l an om a
lies that cau se ex trem es o f  facial growth. 
H o w ever, it is im portant that objective  
schem a are first determ ined  for the 
classification  o f  facial form . These should  
a llow  ind ividual subjects to  be in d ep en 
dently  and reprodu cib ly  classified  irrespec
tive o f  the exp er ien ce  o f  th e clinician. O nly  
then can h y p o t h e s e s  be deduced  for the 
biolog ica l p r o c e s s e s  invo lved  in the origin 
o f  facial form .

T he analysis o f  th e  dataset considered in 
this study is d escrib ed  in three sections. 
T he m eth od  d escr ib ed  in the first section  
was based on a straightforward visualization  
and provided  a s im p le  classificatory m odel 
that agreed  strongly  with o n e o f the tw o  
clin icians tak ing  part. The second section  
d escribes the u se  o f  a supervised learning
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û) b)

Fig. 1 Lateral rodiographs of the skull illustrating o) "long lace", b) "normal" and c) "short face" potients

algoritf im. C5.0.  with e a c h  c l in ic ian's  c la s s i 
f ication. in turn, a c t in g  as a g o ld  standard .  
T h e  o b je c t iv e  w as  to  g e n e r a t e  s \ m b o l i c  
r ep resen ta t io n s  o f  the in d u c e d  m o d e l s  
for in spect ion  and  in te r p r e ta t io n  by the  
c lin ic ians to clarify and  c o r r o b o r a te  the  
p a ra m eters  upon  w h ic h  th e y  p lace  g rea tes t  
em phas is .  T h e  third s e c t io n  fo c u s e s  o n  tw o  
u n su p e r v ise d  a lgor ithm s,  the first g e n e r 
ated  a K o h o n e n  n e tw o r k  (5 )  in d u c e d  from

the c e p h a lo m e tr ic  m e a s u r e m e n t s .  B y  w a y  
o f  contrast ,  the s e c o n d  m o d e l  w a s  c o m 
puted using a statistical tech n iq u e ,  the Point  
Distr ibution  M o d e l  (0 ) .  o n  p o in t - s e t  t e m 
plates  fitted to the sk e le ta l  s tru c tu res  and  
inc lud ing  lan d m ark s  t \ p i c a l l \  u se d  in 
c e p h a lo m e tr ic  analysis .  T h e  a im  w a s  to  
d e te r m in e  the ob jec t iv i ty  and uti l i ty  o f  the  
c luster ings  in d u ced  by  u n s u p e r v i s e d  t e c h 
niques.

Vertjca
grow th

(a)
Cr: C ran iu m
Mx; M axilla 
Mn; M an d ib le

H orizontal grow th

Cepti.
param ete r Mean S.D.

SNMn an g led ) 35 1" 5.6

i  MM angle g) 27 8° 5 4

Ar-Go-Me (3) 130 0° 4 5

LAFH (mm) 
(males) (♦) 59.3 4 3

LAFH (mm) 
(females) (4) 5 8 3 4 3

LAFH% (4/5) 54 2% 1 8

(b)

LAFH; L ow er a n te r io r  f a c e  h e ig h t

Fig. 2 Tracing of cephalogram (a) showing o selection of cephalometric measurements and (b) the published means and 
stondard deviations (SD) for cephalometric meosurements [2]. The letters N, S, Go and Me refer to skeletal londmorks 
identifiable in the cephologrom

2. The D ataset and  M ethods 
for Comparing Clinicians 
an d  Induced Clossificotions

D a ta  w e r e  c o l l e c t e d  for each  o f  131 p a 
tients attending  a specialist clinic in the E a s t 
m an D e n t a l  H o sp i ta l  for an o n - g o in g  stu d y  
into  the  a e t io lo g y  o f  vertical facial d i s c r e 
pancy. Pat ien ts  w e r e  r a n d o m ly  s e l e c t e d  
from  m e d ic a l ly  h e a l th y  C au cas ian  ' sub jec ts  
u n d e r g o in g  o r t h o d o n t ic  trea tm en t  with or  
w ithout  orthognath ic  surgery. O f  the 131 su b 
jects .  6 3 .4 %  (n =  8 3 )  required a c o m b i n a 
t ion  o f  o r th o d o n t ic s  and surgery w h e r e a s  
36.6%  (n =  48)  required o r th o d o n t ic s  
a lone .  A p a r t  from  age  and sex.  all m e a s u r e 
m e n ts  w ere  taken  from m anual  tracings o f  
c e p h a lo g r a m s .  T w o  specia l is t  c l in ic ians  
i n d e p e n d e n t ly  c lass i f ied  the facial typ e  o f  
the 131 p at ien ts  in to  o n e  o f  three  c a te g o r ie s  
{long, norm al ,  short)  by co m p a r in g  their  
c e p h a lo m e t r ic  m e a s u r e m e n t s  to p u b l ish ed  
m e a n s  and s tandard  dev ia t ions .  S o m e  o f  
the ava i la b le  p a r a m e te r s  w ere  rejected  by  
the c l in ic ians  as irrelevant or not i n f o r m a 
tive for this studv. T h e  rem ain in g  s ix te e n

' O n ly  C au cas ian  sub jec ts  w ere used to  avo id  
the  in fluence  o f  v aria tion  in facial fo rm  
b e tw een  e th n ic  g roups
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p aram eters ,  inc lud ing  each  c l in ic ian's  
c lass i f ica t ion  o f  vertical  facial de form ity ,  
w e r e  u sed  for the su p erv ised  and u n s u p e r 
v ised  learning.

T able  1 in d icates  a raw class i f ica tory  
a g r e e m e n t  o f  84 out  o f  131 for the tw o  
spec ia l is t  c l in ic ians  or. equ iva lent ly ,  a p r o 
port ion a l  a g r e e m e n t  o f  0.64. R a w  a g r e e 
m en t  is t o o  s im plist ic  so  the kappa stat ist ic  
( K ). or ch a n ce -co rrec ted  proportional a g r e e 
m en t .  IS used instead (7). The  k a p p a  
statist ic  tak es  into  accou n t  the c h a n c e  
o c c u r r e n c e  o f  a g r e e m e n t  and also w h e r e  m 
the f r e q u e n c y  table  the a g r e e m e n t  o ccu rs  
( s e e  A p p e n d i x  a). H o w e v e r ,  k treats all  
d is a g r e e m e n t s  equally ,  which is not a p p r o 
priate here  since the ca teg o r ie s  {long, n o r 
mal. 'h o r t j  can be ordered ,  and d i s a g r e e 
m e n ts  can be w e ig h te d  a ccord ing  to  their  
"distance" from the d iagonal  o f  the f r e 
q u e n c y  table.  For Table 1. the w e ig h t e d  
kappa  ( k^) is 0.38.  earn ing  an a g r e e m e n t  
c a te g o r isa t io n  o f  " m o d era te ly  g o o d "  on  
.Altman's su g g e s te d  in terpretive  sca le  (7) .  
T hrou gh ou t  the rem a in d er  o f  the paper ,  the  
w e ig h te d  kappa  statist ic  will be u sed  as a 
c o n v e n ie n t  m e a n s  for sum m aris ing  a c o m 
parison o f  c lass i f icat ion  schem es .  H o w e v e r ,  
as A l t m a n  r e c o m m e n d s ,  the f r e q u e n c y  
table  is a lw a y s  p rov id ed  in a d d it io n  to  
su p p ort  a d e ta i le d  c o m p ar ison .

U p o n  c o m p le t in g  the analysis  o f  the  
m o d els ,  the  c l in ic ians  were  asked  to list the  
p a r a m e te r s  used in their c e p h a lo m e t r ic  
diagnosis .  T h e y  w ere  then a sked  to  c o m 
m e n t  u p o n  the results  p r e se n te d  b e l o w  
a nd for the ir  view o f  the suitability o f  t h e s e  
m o d e ls  for clinical diagnosis .

3. Use of Data Visualisation 
to Identify o Simple 
Classificatory Modei
A  visual in sp ec t io n  o f  a matrix o f  sca t ter  
grap h s  (n o t  s h o w n )  o f  param eters  in the  
d ataset  iden t i f ied  tw o  o f  these  p a r a m e te r s  
( th e  a n g les  S W l n  and MM.  s ee  e x p l a n a 
tion  in Fig. 2 )  as providing  an e x c e l l e n t  
basis  for a g r e e m e n t  with Clinic ian 1. A  
plot o f  S S M n  against  M M  (Fig.  3)  o v e r 
laid bv  C l in ic ian I's c lass if ication s u g g e s t e d

C lo s s ify in g  V e a ic c i  f o c io l  D e fo rm ir

Table 1 Frequency table ond weighted kappo statistics of 131 patients by two specialist clinicians (see Appendix for o I 
definition of the koppo statistics and an example calculation for the data in Toble 1 )

Clinician 1 
K» = 0.58

Clinician 2 
long normal short Interpretation of k w  values

long 37 1 0 <0.20 = poor agreement
normal 35 24 7 0.21-0 .40  = fair agreement

0 .41-0 .60  = moderate agreement
short 0 4 23 0.61 -0 .8 0  = good agreement

0 .81-1 .00  = very good agreement

Table 2 Linear combination (SNMn+17'MM/28) compared with both clinicians

StIMn/
combination

Clinician 1 
K* = 0.96 
long normal short

Clinician 2 
K , = 0.57 
long normal short

long
normal
short

37 0
63

3

0
0

27

31
33

2

2
42

5

Table 3 Parameter sets nominated by the two clinicians 
as being used in their respective classification schemes. The 
starred parameters were typically used in ambiguous or 
borderline coses

Clinician 1 Clinician 2

MM MM
SNMn SNMn
ArGoMe ArGoMe
PFH/AFH% PUDH
LAFH% LAFH%

*UFH (mm)
"08

a s im p le  linear c o m b in a t io n  S \ M n  * 
17*.'V/.V//28. with the  ranges  "<44". "44 to  
6 0 .27".  "> = 60 .27" c h o s e n  to m in im ise  
m isc lass i f ica t ion  a n d  to  prov ide  pu ta t ive

short, norm al  a n d  long c lass if ication  re 
spectively .  For Clin ic ian 2. the plot o f  S.\M i  
a g a in s t  M M  (Fig.  3 )  se p a r a te d  the three 
groups, but less obv iously than for Clinician I 
T h e  a g r e e m e n t  b e t w e e n  ea ch  cl inician anc  
th e  c lass i f ica t ion  by the l inear co m b in a t io n  
o f  S S M n  an d  M M  are s h o w n  in Table 2 
Thus,  th ere  w a s  very  g o o d  a g r e e m e n t  
for  this  d a ta s e t ,  b e t w e e n  a s im p le  c o m b in a  
t ion  o f  t w o  p a r a m e t e r s  and Clinic ian 1. Foi  
C lin ic ia n  2. the  a g r e e m e n t  w as  less g o o d  
N o  s ing le  v a r ia b le  o r  linear c o m b in a t io n  o  
t w o  va r ia b le s  c o u ld  be fo u n d  to separate  
the  g r o u p s  for  C l in ic ian  2 as well  as foi 
C lin ic ia n  1.

B o t h  c l in ic ia n s  w e r e  a sk ed  in d e p e n 
d e n t ly  to  id e n t i fy  the var iables  used  in 
the ir  c e p h a l o m e t r i c  analysis  ( s e e  Table 3

Clinician 1 Clinician 2

5  40- 5  40

0 1060 20 30 40 SO 60

M M M M

Fig. 3 Graph of MM againsi SNMn overlaid by each clinician's classification and by boundary separators (dashed lines) for 
the values 44.00 and 60.27 of SNMn + 17"MM/28
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H a m m o n d  e f  o l.

T h e y  both listed .V/.V/ and S . \ M n  an d  s u g 
g e s te d  that they w e r e  s ign if ican t  factors  in 
the d iagnos is  o f  facial form . T his  m a y  e x 
plain the a g r e e m e n t  id e n t i f ie d  b e t w e e n  the  
c linic ians and their l inear c o m b i n a t i o n  as  
d escr ib ed  ab ove .  H o w e v e r ,  the  c l in ic ians  
c o m m e n t e d  that o th e r  p a r a m e t e r s  w e r e  
g iven  w e igh t  in a m b ig u o u s  or  b o r d e r l in e  
cases.  Thus, the lack o f  p e r fe c t  a g r e e m e n t  
su ggests  that o th e r  p a r a m e te r s  m a y  f ine-  
t u n e  the d iagn ost ic  process.

4. Supervised Learning
A lth o u g h  It is the overal l  c l in ica l  a s s e s s 
m en t  o f  an individual p a t ien t  that d e t e r m i 
n es  correct ive  trea tm en t ,  c e p h a lo m e t r ic  
analysis  con tr ib u tes  s ign if ican t ly  to the  
c lass if ication  o f  vertical  facia l  d e fo rm ity ,  
e sp ec ia l ly  for research p u r p o se s .  H o w 
ever .  both clinical and c e p h a l o m e t r i c  
a sse ssm e n ts  are p rone  to su b jec t iv i ty  ( r e 
f lecting training and e x p e r i e n c e )  an d  lead  
to  d if feren ces  in c a te g o r i s a t io n  b e t w e e n  
clinicians.  B e c a u s e  o f  this, the  a im  w as  to  
d e te r m in e  a m ore  o b jec t iv e  a s s e s s m e n t  o f  
vertical facial form  from  the  c e p h a lo g r a m .  
T h e  induct ion o f  s y m b o l i c  m o d e l s  o f  
clinical ch aracter isa t ions  o f  facial  form  
m a y  identify  s im ilarit ies  a n d  d i f f e r e n c e s  
b e tw e e n  h o w  c e p h a lo m e tr ic  m e a s u r e m e n t s  
a p p ea r  to be u sed  and h o w  c l in ic ians  
suggest  they  are used .  T h e y  m a y  a lso  h e lp  
to  articulate d i f feren ces  b e t w e e n  cl inicians.

4.1 C5.0 for Inducing Decision Trees
T h e  C5.0 algor ithm  (8)  w as  u s e d  w ith in  the  
C L E M E N T I N E  m a c h in e  l e a r n in g  e n v i r o n 
m e n t  to induce d e c is io n  t r e e s  w ith  ea ch  
c linician's c lass if ication ,  in turn,  a c t in g  as  
a go ld  't .indard. In b o th  ca ses ,  the  en t ire  
d a ia 'c '  .1' used to  in d u ce  a d e c i s io n  tree  
for preliminary discussion  with the clinician.  
T h e  a lgorithm w as  e x e c u t e d  w ith  v ar iou s  
p en alty  w e igh t in gs  for in correc t  c la ss i f ica 
t ion s  o f  norm al as short or lo n g  (a n d  vice  
v ersa)  and short as  lon g  ( a n d  v ic e  versa ) .  
A  penalty  w e ig h t in g  o f  2 p r o d u c e d  the best  
p erform ing trees. A  10-fold cross  va lidat ion,  
w ith  the sa m e  p e n a l t y - w e ig h t in g  s c h e m e ,  
w a s  also p e r fo r m e d  to  in d u ce  10 a d d it io n a l

MM > 3 3

long (34.0.1.0)
Î !
■ MM >21.5

Î i
long (4.0,1.0)

SNMn > 4 1 .5

J  Î
T ff jp  Ar-Go-Me > 118

3  -  L

Short (24.0,1.0)

nomnal (67.0.0 .9 8 5 ) ^ H s h o r t  (2.0,1.0)

Fig. 4 Decision-tree induced by C5.0 from the entire 
dataset with clinician 1 as gold standard. The pair of 
numbers in brackets before each arrow gives the number 
of patients satisfying the conditions in that branch and, of 
those, the proportion of agreement between the clinician's 
and the induced classifications

Toble 4 Frequency table for the decision tree (Fig. 4) 
induced with C5.0 using the entire dataset and Clinicion 1 
os gold standard

C5.Û (entire data) Clinician 1 
long normal short

1 long 38 0 0
normal 0 66 1
short 0 0 26

decis ion  trees for com parison  and for further  
in terp re ta t ion .  ■ M e a n  w e i g h t e d  k a p p a  
v a lu e s  w e r e  c o m p u t e d  for b o th  th e  tra in ing

and  tes t ing  p e r fo r m a n c e  o f  the cross  
v a l id a t io n  trees.

W ith  Clin ic ian 1 acting as g o ld  standard ,  
a d e c is io n  tree w a s  in d u ced  from  the  en t ire  
d ataset .  T h e  tree and its fr e q u e n c y  table  
are s h o w n  in Fig. 4 and T able  4 respect ively .  
G i v e n  the s im p le  m o d e l  d e r iv e d  from  
v isu a l iza t ion  a lo n e ,  o n e  w o u ld  e x p e c t  to  
i n d u ce  a s im p le  d ec is io n  tree  b a sed  
largely  on  the t w o  p a ra m eters  M M  and  
SNM n.  Fu rth erm ore ,  the critical va lu e s  for  
.V/.V/ and  SN M n  (.".' ind 41.5 r e sp e c t iv e ly )  
are c lo se  to the m euiis  = 1 S D  for th e se  
param eters  (see  Fig. 2). These  are the va lues  
that are in g en era l  clinical use. O f  the  
10 c ross  va l id at ion  trees  in d u ced ,  s e v e n  
w e r e  iso m o rp h ic  apart from o n h  m in o r  
v ariat ion  to the tree  in d u ced  ironi the  
entiri? dataset .  T h e  m ea n  w e ig h te d  kappa  
v a lu e  for the c r o ss-va l id at ion  for tes t ing  
w as 0.89.  C lin ic ian  1 ac c e p te d  the c o m m o n  
s tructure to 8 o f  the II trees  in d u c e d  
d e s p i te  the ap p aren t  r e d u n d a n cy  o f  2 o f  the  
5 p a ra m eters  l isted in Table 3.

W ith  Clinic ian 2 acting as g o ld  s tandard,  
the s a m e  s c h e m e  o f  su p erv ised  learn ing  
w as c o m p le t e d .  T h e  dec is ion  tree in d u c e d  
from  the entire da ta se t  and its c o r r e s p o n d 
ing f r eq u en cy  tab le  are s h o w n  in Fig. 5 
and  T able  5 respect ively .  C lin ic ian 2 a c c e p t 
e d  this d ec is ion  tree  as a r e a so n a b le  r e f le c 
t ion  o f  the c lass if icat ion  sch e m e .  H o w e v e r .

MM > 2 7 .5

LAFH%1
.— I ^

^ k1>54.7 fliiMlzi

} \  !
SNMn > 4 0 .5  l P F H % > 40.1 PUDH(mn.,

Î  ffl fl à  ̂ ^
LAFH%1 > 5 7 .7

Ï

long (55.0,0.982)

long (4.0,1.0)
normal (9.0,0.778

short (7.0,1.0)1 normal (3.0.0.667

long (5.0,1.0 PU D H (m m )>18.2. Î j
Ar-Go-Me > 1 1 8  Ar-Go-Me > 130
B J  a .

normal (23.0,0.826)|short (2.0,1.0)|tong (3.0,1.0)|short(2.0.1.0)

Fig, 5 Decision-tree induced by C5.0 from the entire dataset with clinician 2 os gold standard. The pair of numbers 
in brackets before each arrow gives the number of patients satisfying the conditions in that branch and, of those, the pro
portion of agreement between the clinicion's and the induced classifications
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o n e  p a r a m e te r  lL P F H % )  ap p e a r in g  in tfie 
d e c is io n  tree  is certa in ly  not  o n e  o f  tfiose  
l isted in Table  3 by Clin ic ian  2. T h e  m e a n  
w e ig h te d  k a p p a  v a lu e  for the cro ss -v a l id a 
t ion  for te s t in g  w as 0.78.  C o m m o n  stru c tu 
res m the corr e sp o n d in g  decis ion  trees w ere  
in frequent .  Thus,  w h i le  the cross  va l idat ion  
p r o d u c e d  g o o d  w e ig h te d  kappa  statistics,  
th ere  was in co n c lu s iv e  support  for  the  
validity of  the dec is ion  tree induced from the  
e n tire  dataset .

In terms o f  p oten t ia l  clinical use.  b o th  
c lin ic ians preferred  an eq u iv a le n t ,  rule-  
ba^ed representat ion o f  these  dec is ion  trees.  
B e c a u s e  o f  s p a c e  lim itat ions ,  on ly  the m o r e  
c o m p a c t  d e c is io n - tr e e  format is g iven .  The  
s u b d iv id ed  graph o f  Fig. 3 w o u ld  be  m ore  
e as i ly  appl ied  in a clinical e n v ir o n m e n t .  
H o w e v e r ,  this m ay reflect  the fact that tw o  
p aram eters  h a p p e n  to  capture  C l in ic ian I's  
rea so n in g  so  well.

5. Unsupervised Learning
5.1 Kohonen Netv/orks
K o h o n e n  n e tw o r k s  o f  various sh a p e s  and  
s izes  were  in d u c e d  [see  (5)  for a d e ta i le d  
d escr ipt ion  o f  the un d er ly in g  a lgor ithm ].  
Typically, in the 2 D  plot  o f  c lusters  p r o 
v id ed  by the C le m e n t in e  e n v iron m en t ,  there  
w e r e  a lways large c lusters  leav ing  sm a l ler  
o n e s  with o n ly  a few m e m b ers ,  and o f te n  o f  
m ix e d  class. T his  m a k e s  their in terp re ta t ion  
difficult and suggested  that the net top o l
og y  be kept quite  small.  Indeed.  3 x  3 t o p o l 
o g ie s  p er fo rm ed  best .

B y  ov er la y in g  the t w o -d im e n s io n a l  o u t 
put from the K o h o n e n  m o d e l l in g  with the  
c lass if icat ion  s c h e m e  o f  each  c l in ic ian,  
a g r e e m e n t  b e t w e e n  clinician and c lu ster in g  
can be v isualised .  Fig. 6 sug g es ts  that 
the particular K o h o n e n  net c o n s id é r é  ' 
(a n d  this w as  the ca se  for all those  gviiv  
a ted  ) is in c loser  a g r e e m e n t  with C lin ic ian  I 
than with C lin ic ian 2. F u rtherm ore ,  the  
d iscrepancy  b e t w e e n  the c lass if icat ion  o f  
long  and normal  b y  b o th  c l inic ians is again  
high l ighted  [see  c luster  (2 .0)  in Fig. 6 | .  
The ov er la y in g  o f  a cl inic ian's  c lass i f icat ion  
part it ions  ea ch  c lu s ter  into s u b g r o u p s  o f  
small, normal  and long  cases. The  s tandard  
e n t r o p y  ca lcu la t ion  for a c luster  partit ion

Table 5 Frequency table for the decision tree (Fig. 5) 
induced with C5.0 using the entire dataset and Clinician 2 
os gold standard

C5.0 (entire data) Clinician 2 
long normal short

long 66 1 0
normal 6 28 1
shart 0 0 29

( - I p , l o g : p , .  w h e r e  p,. is the p r o p o r t io n  o f  
clas^ c in a c luster  a n d  the s u m m a t io n  is 
o v e r  c € [small,  n o r m a l ,  long)  ) can  be a d d e d  
to g ive  an o v e r a l l  m e a s u r e  o f  a m b ig u i ty  o f  
the m atch  b e t w e e n  the c lusters  and the  
c l in ic ian's  c lass i f ica t ion .  For a c luster  c o m 
prising a s ingle  class, the en tr o p y  is 0. For 
the tw o  sets  o f  c l i . ' te r s  in Fig. 6. the su m  o f  
the e n tr o p ie s  o f  the co n s t i tu e n t  c lusters  is 
4.85 and 7.Ü5 for  Clin ic ian  I and Clin ic ian  2 
respectively.  T hus  the visually ob se r v e d  bias  
to w a rd s  C lin ic ian I is e n d o r s e d  by this 
in form al  use  o f  the e n tr o p y  m easure .

5.2 Point Distribution Model (PDM)
T h e  p r e v io u s  u n s u p e r v is e d  learning  m e t h 
o d  used the c e p h a lo m e t r ic  an g le s  and  
ratios to  in d u c e  a c lu s te r in g  o f  the 131 e x 
a m ples .  T h e  a p p r o a c h  d e sc r ib e d  h ere  u sed

in s te a d  the  raw tracing  o f  each c e p h a lo 
gram. A  sh a p e  t e m p la te  o f  148 land
m ark  p o in t s  w a s  m a n u a l ly  p laced  on each  
im age ,  as in Fig. 7a. T h e  tem plate  in
c lu d e d  p o in t s  s p a c e d  a lo n g  important  
s tructures ,  su ch  as the m a n d ib le ,  as well  as 
the s ta n d a r d  c e p h a lo m e t r ic  landmarks.  
T h u s  the  d a ta  here  im plic i t ly  c o n ta in e d  the  
a n g le s  an d  d i s ta n c e s  p r e s e n te d  as p aram 
e ters  to the  C 5 .0  and K o h o n e n  algorithms.  
T h e  c o n n e c t iv i t y  b e t w e e n  te m p la te  points  
is in c lu d e d  s o le ly  for d isp lay  purposes.

Fhe P r o c r u s te s  a lg o r i th m  (9)  w as  used  
to a l ign  the te m p la te s ,  g iv ing  a mean.  
P rincipal  C o m p o n e n t s  A n a ly s is  (PC.A) was  
then  a p p l i e d  to  d er iv e  th e  m ajor m o d e s  of  
d e f o r m a t i o n  ( s e e  .Ap pendix  b). Together,  
the m e a n  an d  i lu  m o d e s  fo r m e d  the P D M .  
T h e  first th ree  m o d e s  a c c o u n t e d  for 64% of  
the  to ta l  v ar ia t ion  in s h a p e  s e e n  across  the  
e x a m p l e s  (Fig.  7b).  T h e  first m o d e  had  
c a p tu r e d  th e  ho r izo n ta l  variation  and a c 
c o u n t e d  for  3 7 % . T h e  s e c o n d  m o d e  s h o w e d  
c h a n g e  in vert ica l  form  an d  a c c o u n te d  for 
19% o f  the  total  var iat ion .  T h e  third m o d e  
o f  9 %  s h o w e d  v ar ia t ion  in the posit ion  
o f  th e  m o la r s  an d  incisors.  It must be  
e m p h a s i z e d  that t h e s e  d e fo r m a t io n  m o d e s  
w e r e  c o m p u t e d  directly  from the set of  
t e m p la te s  a n d  that n o  o th e r  inform ation  
w a s  g iv e n .

C lin ic ian  1 C lin ic ian  2

2 -
A

%
• k>n«

♦ «non
2 - ■K

1 '-
>.

1 -
>,

V .A A

0 - .A 0 -

0 1

X cluster

2 0 1

X cluster

2

Cluster entropies for Clinician 1 Cluster entropies for Clinician 2

y/x 0 1 2 y/x 0 1 2 !

2 1.247 0.811 0.469 2 1.519 0.650 0.000

1 0.650 0.000 0.000 1 1.384 0.971 0.000

0 0.764 0.544 0.362 0 0.944 1.000 0.579

Fig. 6 2D clustering for an induced 3 x 3  Kohonen net overlaid with each clinician's classification {short, normal, long). 
The entropies lor each individual cluster are tabulated below the plots
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Fig. 7 Cephalogram with overlaid template a) and examples of the three mo|or modes ol variation showing the means 
and their extremes b). The figures in parentheses represent the percentages of the totol variation accounted for by each of 
the modes

Table 6 Comparison between PDM induced classification 
and clinician 1 (using -0 .5 5  & 0.95 as Mode 2 splits)

PDM Mode 2 Clinicion 1
K , = 0.62 long normol short

long 24 8 0
normal 14 54 9
short 0 4 18

Table 7 Comparison between PDM induced clossificotion 
and clinician 2 (using 0 & 0.75 os Mode 2 splits)

PDM Mode 2 Clinician 2
K , = 0.70 long normal short

long 62 11 0
normal 7 15 6
short 3 3 24

For this study, it w as the s e c o n d  m o d e  
that w as  o f  prim ary interest .  E ach  c e p h a l o 
g ra m  co u ld  be  c lass if ied  by cor r e la t in g  it 
with  this d e f o r m a t io n  m o d e ,  y ie ld in g  a 
s c o r e  that typica lly  ranged  b e t w e e n  - 3  and  
- 3  s tan d ard  d e v ia t io n s  from  the m e a n .  If 
th e  c lass i f ica t ion  o f  a c l in ic ian w as  p lo t ted  
for  e a c h  e x a m p l e  against  this va lue ,  it co u ld  
b e  s e e n  that there  w as s o m e  a g r e e m e n t  
( s e e  Fig. 8). In d e e d ,  for n e g a t iv e  v a lu e s  o f  
the  s e c o n d  m o d e  p a r a m e te r  there  was

m o r e  fre q u e n t  c o n c u r r e n c e  with Clinician  
2's "long" c lass i f ica t ion  than with that of  
C linic ian l . T h e  P D M  m e t h o d o l o g y  g a v e  a 
dra m a t ic  \ i s u a l i s a t io n  o f  tw o  m o d e s  s e p a 
rating h o r izo n ta l  and vertical  facial growth,  
it is in teres t in g  that it is the  facial sh a p e  in 
m o d e  1 at -3 S D  (Fig. 7 b )  that ca u ses  the  
g rea tes t  d i s a g r e e m e n t  b e t w e e n  Clinic ian 1 
and C lin ic ian  1  C l in ic ian  1 w o u ld  classify  
this facial s h a p e  as h a v in g  "norm al"  vertical  
form with an hor izontal  p ro b lem  that g e n e r 

C lln lc lan  1 C lin ic ia n  2

Fig. 8 Frequency histograms showing the relationship between mode 2 derived from the PDM model and the fociol 
classifications determined by the two clinicions. The scale for Mode 2 is expressed in standard deviations (sd) from the meon 
of Mode 2

a te s  a large chin  a n d  s e c o n d a r i ly  increases  
the l e n g th  o f  the face.  C lin ic ian  2 w ould  
in c lu d e  this p a rt icu lar  facial sh a p e  in the  
" long"  category .  .A c lass i f ica t ion  b ased  on  
v a lu e s  o f  m o d e  2 c o u ld  be co nstructed  
u sin g  e a c h  c l in ic ian 's  c lass i f ica t ion  s c h e m e  
but re q u ir e d  s p e c i f ic  c u t - o f f  v a lu es  to  s e p a 
rate th e  th ree  c lasses .  For each  clinician,  
a pair o f  c u t -o f f  v a lu e s  o f  m o d e  2 were  
c h o s e n  to  m in im is e  the n u m b e r  o f  in c o n 
s is ten t  c lass i f ica t ions .  T h e  co n t in g e n c y  
ta b les  a n d  k a p p a  s tat ist ics  for the tw o  
c o m p a r i s o n s  are s h o w n  in tab les  6 and 7. 
T h e  s l ight  b ias  to w a r d s  o n e  cl inic ian,  this 
t im e  C l in ic ia n  2 (a s  s e e n  in the h istogram s  
in Fig. 8 ) .  w a s  c o n f i r m e d  b y  the w e ig h te d  
k a p p a  values .

6. Discussion
T his  s tu d y  has c o n s i d e r e d  how l u c h i n e  
lea r n in g  t e c h n iq u e s  can co n tr ib u te  to  the  
l o n g - te r m  goa l  o f  id e n t i fy in g  an ob jec t ive  
p r o c e s s  for  the  c la s s i f ic a t io n  o f  vertical  
facial d i s c r e p a n c y  that is su i ta b le  for both  
r e sea rch  an d  cl in ica l  use. A l t h o u g h  super 
v ised  l e a r n in g  a lg o r i th m s ,  such as C5.Ü. 
are n e c e ssa r i ly  s u b je c t  to  a g o ld  standard  
a ga inst  w h ich  m o d e l s  are  in d u ced ,  the  
d e c i s io n  trees  g e n e r a t e d  d o  capture  a
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svm b olic  m o d e l  o f  ea ch  c l in ic ian's  c la ss i f i 
cation  sch em e .  The  in d u ced  trees,  or  rules  
(as w ere  preferred by b o th  c l in ic ian s) ,  
e n a b le  a direct c o m p a r iso n  o f  id i o s y n 
crasies in c lassif ication.  A l t h o u g h  u n s u p e r 
vised a lgor ithm s induce  m o d e l s  that are  
potential ly  m ore  object ive ,  their  b la c k b o x  
nature d o e s  not inspire c o n f id e n c e  in the ir  
clinical applicat ion .  M o r e o v e r ,  u n less  
the in d u ced  clusterings  are sharp ly  d i f f e r 
entiating.  it is still necessary  to m a k e  s o m e  
subject ive  in terpretat ion  o f  the o utput .

I T e  P D M  m e t h o d o lo g y  g i \ e \  a d r a m a t ic  
visualisation  o f  tw o m o d e s  sep a ra t in g  h o r i 
zonta l  and vertical facial grow th .  In d e e d ,  
the P D M  approach  has h igh l igh ted  the  fact  
ihat horizonta l  grow th m ay be a c o n f o u n d 
ing factor w h en  class ifying vertical  facial  
discrepancy. The o r th o d o n t ic  s ig n if ica n ce  
o f  this is b ey o n d  the remit o f  this  paper ,  but  
It d o e s  reveal  the p o w e r  o f  th ese  t e c h n iq u e s  
as a research tool.  W h y  K o h o n e n  a p p e a r s  
to favour o n e  c l inician and P D M  the o t h e r  
IS still  a m atter  o f  specu la t ion .  Im portantly ,  
the resp o n se  o f  the c l in ic ians  su g g e s ts  that  
w hile  Clinician I p laces  g reater  w e igh t  on  
o f  h parameters.  Clinician 2 m ay rely o n  a 
greater  nu m b er  o f  p a ra m eters  that in s o m e  
w ay "capture" facial sh a p e  during  the  
d iagnost ic  process.  Such p r o c e s s e s  are  
mirrored in the ind u ced  m o d e l s  w h e r e  the  
data entry into the tw o  m o d e l s  d if fered .  
The K o h o n e n  m o d e l  w o rk ed  from a rather  
l im ited  n um ber  o f  c e p h a lo m e tr ic  va lues ,  
w hile the P D M  m o d e l  was ab le  to d ea l  w ith  
m a n y  m ore  reference  points  in c lose  p r o x i 
mity  to o n e  another .  This use  o f  f e w e r  
variables  in the K o h o n e n  m o d e l  m a y  h a v e  
led to s o m e  bias in the in terp re ta t ion  o f  
lo w e r  facial growth.  H o w e v e r ,  the l im ited  
n u m b ers  o f  clinical  o p in io n s  tes ted  in this  
way preclude any firm in terpreta t ion  o f  
this data.

7. Conclusions 
and  Further Work
W h ile  machine learning and statistical a n a l 
y se s  can classify subjects  for vertical  facial  
height ,  they have l im ited  a p p l ica t ion  in 
their  present form. T h e  su p erv ised  lea rn in g

a lg o r i th m  C .\ ( )  has pro v ed  e f fe c t iv e  for  
g e n e r a t in g  rules for individual c l in ic ians  
but its in h eren t  bias inva l idates  its use  
for o b je c t iv e  c lass if icat ion  o f  vertical  facial  
form  for research purposes .  O n  the o th e r  
h a n d ,  p r o m is in g  results  from  the u n s u p e r 
v ise d  stra teg ie s  ( e sp e c ia l ly  the  P D M )  
s u g g e s t  a p oten t ia l  use  for o b je c t iv e  c la ss i 
f ica t ion  o f  form and further id en t i f ica t ion  
and ana lys is  o f  a m b ig u o u s  cases.  A t  
p r e se n t ,  such m e t h o d o l o g i e s  m ay  be  u n 
su i ta b le  for clinical ap p l ica t ion s  b e c a u s e  o f  
the invis ib il ity  o f  their  u n d er ly in g  p r o c e s 
ses. Fu rth er  study is required with a d d i t io 
nal p a t ie n t  data and a wider  g rou p  o f  c l in i 
cians.
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Appendices

(a) C hance corrected proportional kappa  
statistic
A g r e e m e n t  b e t w e e n  o b se r v a t io n s  is q u a n 
t if ied  as  the c h a n c e -c o r r e c te d  p ro p o rt io n a l  
or  kappa statistic ( k ) .  In a square  f r eq u en cy  
tab le  [ f j  o f  AÎ o b s e r v a t io n s  and g ca tegor ie s .  
K = (pi, -  p j ' (  I -  p j  w h e r e  p„ the o b s e r v e d  
p r o p o r t io n a l  a g r e e m e n t ,  is I f , ,  n and the  
e x p e c t e d  in d ex  o f  a g r e e m e n t  by c h a n ce ,  is 
I r ,c , / n -  (r, and c, are the row and c o lu m n  
to ta ls  for  the /th ca teg o ry ) .  U s in g  the  
w e ig h t in g  s c h e m e  w,| = 1 -  li -  j l / ( g - l ) .  the  
weighted kappa statistic. k « .  is d e f in e d  as  
(Pi i (w)  -  p , ( w ) )  (1 -  p d w ) )  w h e r e  p„(w) = 
1 1  w„f„m and p , ( w )  = 1 1  w„r,Cj n-.

E xam ple calculation o f k and k „  (w eighted  
kappa) for data in Table 1
p„ = ( . U - : 4 - ' , M  131
p ,  = (38  " 2 - hb^^29 -  27^30)  131-
K = 0.47

p„(w) =  ( r 3 7 4 ) . 3 M 4 U ( ) ^ U . 3 ^ 3 3 - U 2 4 ^
() .3 = ^ 7 4 M M I .3 M * I C 3 ) /1 3 1  

Pe(w ) = [(I *38^0 .3  » 6 6 -0 » 2 7 )* 7 2 +  

(0 .3^38^1  * 6 6 -0 .3 * 2 7 )* 2 9 -r 

(U » 3 8 M ).3 % 6 'D 2 7 )* 3 U M 3 U  

K. = 0.38

(b) Procrustes A lign m en t and Principal 
C om p on en ts  A n alysis
T h e  P ro cru s tes  a lg o r i th m  aligns the set o f  
t e m p l a t e s  to g e th e r  in a least-squares  sense;
1. a l ig n  (ro ta te ,  s c a le  an d  translate)  all 

th e  t e m p la te s  w ith  the first template .
2. co m p u te  the m ean  o f  the set o f  templates.
3. a l ign  the m e a n  t e m p la t e  with the first 

t e m p la te .
4. a l ign  all the  t e m p l a t e s  to this m ean.
3. repeat from step  2 until no further change  

is o b s e r v e d .

A f t e r  a l ig n m e n t ,  the  d i f feren ce  b e tw e e n  
e a c h  s h a p e  and  the m e a n  is used to  analyse  
the var ia t ion  in s h a p e  that is s een  across the  
tra in in g  set. E a c h  t e m p la t e  has 148 points,  
the X an d  y c o - o r d in a t e s  o f  th ese  are coiic.i-  
t e n a t e d  in to  a v e c t o r  o f  length  2%: X | \ :  
ys . . .  X|4 x y i 4x. T h e  s h a p e  v ector  for the  
m e a n  sh a p e  is su b tra c ted  from each  
t e m p la t e  in the tra in ing  set .  leaving  a set o f  
res id u a l  vectors. T h e  c o v a r ia n ce  matrix  
o f  th is  set o f  res id u a ls  is then  c o m p u te d  by 
s u m m i n g  the o u te r  p ro d u ct  o f  these  vectors  
with th e m se lv e s :  C = I ( x , - \ , ^ , 4 n)( V  Van>^-  
K a r h u n e n - L o e v e  d e c o m p o s i t i o n  is then  
p e r f o r m e d  o n  the c o v a r ia n c e  matrix (which  
is real a n d  s y m m e tr ic ) ,  y ie ld in g  the e i g e n 
v e c t o r s  a n d  e ig e n v a lu e s .  The  e ig e n v e c to r s  
are s o r te d  by the m a g n i t u d e  o f  their c o r r e 
s p o n d i n g  e ig e n v a lu e s .  T h e  size o f  an e i g e n 
v a lu e  as a p r o p o r t io n  o f  the sum  o f  all the  
e i g e n v a l u e s  d e t e r m in e s  the  p e r c e n ta g e  o f  
v ar ia t ion  a s s o c ia te d  w ith  the e ig e n v e c to r  
(Pk = \ k * 1 0 0 f l \ , ) .

T h e  e ig e n v e c t o r s  can  be  a d d e d  to  the  
s h a p e  v e c to r  for the m e a n  te m p la te  in vary
ing p r o p o r t io n s  to  c r e a te  new shapes.  
Similarly ,  any  g iv e n  s h a p e  can be corre lated  
aga inst  the v a r iou s  e ig e n v e c t o r s  to  yie ld a 
p a r a m e te r is a t io n  in term s  o f  the w e igh t in g  
req uired  to syn th es ise  that particular shape.

(c) K ohonen feature m aps (follow ing d e
scription in [5])
T h e  K o h o n e n  s e l f -o r g a n is in g  a lgorithm  
tr a n s fo r m s  input p a t tern s  o f  arbitrary  
d i m e n s i o n  into  a t w o  d im e n s io n a l  m ap p re 
se r v in g  t o p o lo g ic a l  re lat ionships .  Each  
tra in ing  p a ttern  is p r e s e n te d  to a neural  
n e t w o r k  in su c c e s s io n ,  g iv in g  rise to  a lo c a 
l ized  reg ion  o f  h igh act iv i ty  in the feature  
m a p  c o m p a r e d  to  lo w e r  leve ls  o f  activity
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H o m m o n d  e f  a l .

e l s e w h e r e .  O n c e  tra ined ,  the  p r e s e n t a t io n  
o f  a test  pattern  s h o u ld  s t im u la te  a l o c a 
lized  g r o u p  o f  n e tw o r k  n o d e s  g iv in g  a 
c lu ster in g  o f  s imilar  patterns.

(d) C5.0 decision  tree gen eration
Quin lan 's  C5.0  algorithm constructs  d ec is io n  
trees  to p - d o w n  by recurs ive ly  c h o o s i n g  th e  
next  attr ibute  to test as that best  c la ss i fy in g  
the tra in ing  e x a m p le s  h a n d e d  d o w n  to  th e  
current n o d e  in the tree. T h e  e v a lu a t io n  
o f  each  at ir ib u : .  is p e r f o r m e d  u s in g  a 
statistical m ea su re  k n o w n  as inforniaiion  
gtiin.
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