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QUOTE PAGE

Skeletal muscles and the motoneurons that control them are the
products of evolution. Survival placed a premium on speed of movement to capture
prey or escape predators, on the capacity to resist fatigue, on a favorabie ratio

between the weight and strength of muscle, and perhaps above all, on efficient use
of energy.

--------- Elwood Henneman (1980)
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ABSTRACT

A 2 mm thick, custom-developed, force transducer was used to specify the
direction and magnitude, in three dimensions, of bite force tasks (as visual feedback)
for measuring the activity of masseter and temporalis in normal and
temporomandibular joint disorder (TMD) subjects. The directions were vertical and
20° forward, backward, medial, and lateral from the vertical at 90° intervals in the
horizontal plane; the magnitudes being 50 Newton to 300 N in 50 N increments
between occluding first molars. Left and right side muscle tensions were measured
as the normalized surface electromyographic (EMG) activity. Five normal subjects
(three of whom were tested separately on both sides of the jaw) were studied. Major
results were 1) linear regression analyses showed a positive correlation (r =
0.87+£0.17; meantstandard deviation) between the surface EMGs of bilateral
masseter and temporal muscles and the incremental bite forces in the tested
directions; 2) muscle patterns showed mirror image for the equivalent tasks
performed on the left and right sides; 3) muscle patterns were roughly constant
provided that the bite force directions were fixed; and 4) one-way ANOVA and the
Bonferroni test showed that the mean EMG ratios of the paired (above) muscles
were significantly different and were distinctive for most bite force directions (p <
0.001 in most cases). Six TMD patients with jaw muscle pain/tenderness were then
tested using the normal muscle patterns as control. It was found that 1) there were
some deviated muscle patterns and 2) some of the unusual muscle patterns seemed
to be related to clinical findings. The most important conclusions were as follows.
(1) The integrated EMG activity of masseter and temporal muscles are approximately
linear with the graded bite forces exerted by all the jaw closing muscles as a
synergistic group in the studied directions. (2) The left and right side muscle activity
is equivalent. (3) For each bite force direction, there is a specific pattern of jaw
closing muscle activity regardless of the bite force magnitude. (4) Normal muscle
patterns may be useful in detecting aberrant activity in TMD patients. (5) The
direction of a mechanical force exerted by a group of synergistic muscles might be
as importantly controlled as its magnitude.
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Chapter 1, Section I 3
Statement of the Problems

The human jaw motor system is equipped with more muscle elements than are
required to break up the processed and refined food consumed in many diets. Even
though some of the apparent redundancy could be attributed to fine control of
mandibular movements, a large part of the problem is deemed to be solved by the
brain: how to allocate tensions among various jaw muscles or possibly among
muscular compartments of these muscles to successfully generate a chewing force of
the desired and precise magnitude and direction.

The number of possible solutions is infinite (Osborn and Baragar, 1985;
Koolstra et al., 1988; van Eijden ef al., 1988b) as is possibly true with other biological
motor systems powered by groups of synergistic muscles (Dul et al., 1984a). The lack
of a known optimal solution for a given task has raised questions related to the
neural control of movements and biomechanics: how to control a movement and how
to maintain stability (Rosenbaum, 1990). As long as the number of muscles acting
across an articulation exceeds the degrees of freedom of the joint, the control of
movement is a problem; and whenever a force is applicd, stability is a problem.

Muscle synergy is difficult to study. Most dynamic movements involved in
chewing, speaking and walking rely upon the coordination of many complex variables:
force, muscle length, stiffness, velocity, viscosity and others (Stein, 1982). Even
though fictive movements can be studied, it remains difficult to understand how all
the variables are controlled. A similar problem exists for relating a static force to

the muscle tensions required to produce it. The direction of the force produced by
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a single muscle can be assumed to align with its longitudinal axis (provided the
tendons of the muscle have small attachment areas). The direction of the force
generated by a group of synergistic muscles, however, cannot be estimated this way.
This is at least true with jaw closing muscles which add two further complex features:
all are multi-pennate and most have broad attachment areas in the skull.

It has for long been conceived that efficiency, among others (such as
protection), may be the principle which governs distribution of tensions among an
apparently redundant group of synergistic muscles (Rosenbaum, 1990). This concept
is reflected in the quotation (page) from Henneman (1980) which preludes this
thesis. There are, however, numerous variables associated with a skeletal muscle
which can be optimized, to conform with some efficiency principle, using linear
programming introduced by G.B. Dantzig in the 1940’s for studying economics
(Campbell, 1977). The following are a few examples in which objective functions
have been optimized with linear programming models:

muscle torque (Uno et ai., 1980);

muscle stress (Dul ef al., 1984a and 1984b);

the total (jaw) muscle force (Osborn and Baragar, 1985);

the activity of the most active (jaw) muscle (Koolstra et al., 1988);

muscle stiffness (Hasan, 1986);

Jjerk (Hogan and Flash, 1987);

task performance of antagonistic muscles (Oguztoreli and Stein, 1990).
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The abave postulated objective functions formulate some of the many
fundamental concepts in biomechanics, a somewhat theory-rich (as compared to data-
rich) discipline. Work in jaw mechanics in this laboratory was initiated in the early
1980’s. Osborn and Baragar (1984 to 1992), using computer jaw modelling based on
linear programming, studied various components of the human jaw motor system: e.g.

1). predicting jaw movements by using soft and hard tissue constraints

(Baragar and Osborn, 1984);

2). minimizing the sum of the muscle tensions used to produce a given

bite force (Osborn and Baragar, 1985);

3). comparing the directions of bite forces at incisors and the lower

first molar used to maximize a static bite force or to maximize work

efficiency (Baragar and Osborn, 1987);

4). estimating the direction of TM joint reaction forces (Osborn and

Baragar, 1992).

These studies formulated the premise for the present research project which
stemmed particularly from the hypothesis proposed in Osborn and Baragar (1985):
there may be a shared common pattern of jaw muscle activity if the same efficiency
principle is learned by a population dealing with the same foods and, therefore,
exposing its jaw muscles to a similar environment. The present study aimed, by
experimental approach, to prove or disprove (which will lead to revision of) the

Osborn and Baragar’s (1985) model. The experimental design was to study the
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behavior of jaw muscles when they perform standard tasks. Static bite forces, which
are one form of the mechanical output of contracting jaw muscles, can be used as a
type of standard task.

The human mandible is unique in that it has somewhat widely separated left
and right temporomandibular (jaw) joints which must function in unison; the
bilaterally linked mandible normally retains a wide range of movement trajectories
as compared to other bilaterally linked joints (such as the atlanto-occipital joint).
These features may have caused further complexity for the central nervous system
to control jaw muscles, and yet adds the advantage that the mandible (lower jaw) has
a limited range of motion as compared to most joints in the limb. Therefore, a static
bite force, generated between the upper and lower jaws, can be readily controlied
and measured.

To ensure that a bite force is used as a standardized task, both its direction
and magnitude must be known. The direction of a bite force in three dimensions
had never been reportedly measured when this project started. The development of
a bite force transducer capable of measuring the direction of a bitc force in three
dimensions was then required for the project.

The overall activity of some jaw muscles can be estimaied by measuring, with
surface electrodes, the compound action potentials they generate while contracting.
The action potential of a single motor unit or a single muscle fiber can be recorded
with (invasive) intramuscular electrodes. Gross electromyography (EMG), as

required for the present study in which the activity in a large volume of muscle was
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to be measured, provide somewhat more information about overall relative muscle
force than intramuscular EMG (Hylander and Johnson, 1989). In addition, multiple
intramuscular needle electrodes would be unacceptable to patients whose voluntary
cooperation was required.

Temporomandibular disorders (TMD) are often manifested by jaw muscle
pain and tenderness which may be accompanied by muscle fiber injuries. It seems
probable that an injured muscle, upon the occasion when it might have been used,
would be ’guarded’ from being recruited into action and its function might be
compensated for by the activation of another (others) in its synergistic group. If a
sample of normal subje- ©z (those without TMD) could be shown to use their jaw
muscles in much the same way, then the pattern of jaw muscle activity associated
with TMD patients may be sufficiently aberrant to be detected.

The present study was considered to be a pilot project which, incorporating
a novice three-dimensional bite force transducer, was designed to explore and
compare the co-activation patterns of some synergistic jaw closing muscles under
normal and pathological (TMD) conditions. The development of a bite force
transducer capable of mez = g the direction of a bite force in three dimensions
along with its magnitude, an important part of the present study, made it possible to
standardize the mechanical output (force) of the jaw motor system and has the

potential to study some of its sensory and motor components.
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Objectives

The objectives of the present study were as follows.

(1) To develop a force transducer capable of measuring simultaneously
the magnitude of a bite force and its direction in three dimensions and,
in association with the force transducer, to develop a feedback system

which would allow a subject to ’see’ the direction and magnitude of the

bite force being produced.

(2) To study the relationship between the surface EMG activities of
some jaw muscles and the mechanical force they produce in certain

directions.

(3) To test whether equivalent bite forces of different directions on the

left and right sides of the jaw yield mirror image activities of left and

right jaw muscles.

(4) To discover whether normal subjects use similar patterns of jaw

muscle activity when producing the same specified bite force.

(5) If the answer to (4) was positive, to test whether TMD patients
with jaw muscle tenderness or injury would use different patterns of

muscle activity.
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2.L1..BITE FORCE

Interest in human bite forces can be traced back to the 16th century (Carlsson,
1974; Helkimo et alf, 1977; Jenkins, 1978; Rowlett, 1932). Borelli, an Italian
anatomist, in the year of .581 used weights attached to a mandibular molar tooth
and identified the maximum weight lifted by the mandible (Carlsson, 1974; Jenkins,
i978).

Since then, two types of bite force have been investigated with increasingly
advanced apparatuses:

1) Dynamic bite force is generated during the chewing (open-close-power stroke)
cycle associated with or without food intake. This may also be called chewing or
masticatory force. In this case, the length of jaw closing muscles varies as the
mandible is elevated and, therefore, the contraction is either isotonic or auxotoriic.
The maximum forces used during mastication are usually 1/10 to 1/3 of the
maximum static (isometric) bite forces and obviously depend upon the hardness and
texture of the food (De Boever et al., 1978; Jenkips, 1978). Compared to numerous
studies on static bite forces, there have been relatively few studies on chewing forces
(Anderson, 1953, 1956a, 1956b; De Boever et al., 1978; Graf et al., 1974; Laurell and
Lundgren, 1984; Lundgren and Laurell, 1984; Laurell, 1985; Neill et al., 1989).

2) Static bite force is produced during isometric contraction of the jaw muscles.
This is often called isometric bite force or simply the bite force. Static bite force is

the focus of the studies in this thesis.
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The SI unit of force is a Newton (N), a unit derived from F = m-a
(massxacceleration) according to Newton’s second law. One Newton is 1 kg-m/sec?
and is the force required to accelerate a mass of 1 kg at the rate of 1 meter per
second squared (Tilley, 1979).
2.1.1.a...Maximum voluntary bite force

The magnitude of a steady, isometric maximum bite force has been repeatedly
measured in human subjects between different pairs or groups of upper and lower
occluding teeth. It has also been correlated with various factors some of which are
described below.

2.1 1.a.(1)...Magnitude

The maximum volurntary bite force (MVBF) is frequently measured
unilaterally (on one side of the jaw) rather than bilaterally. The relatively few
measurements on the bilateral maximum bite forces include those by Bakke ef al.
(1989), Devlin and Wastell (1985), Gibbs et al. (1986), Pruim et al (1978), Pruim
(1979), van Eijden ez al. (1990), van Steenberghe et al. (1978a), etc. The average of
the maximum bite forces measured when biting on both sides of the jaw is probably
less than that measured on one side of the jaw (Bakke ef @l, 1989). No significant
difference has been found between the magnitude of bite forces measured on the
right and left sides of the jaw (Bakke er al, 1989 and 1990; Molin, 1972). Unless

otherwise specified, the magnitude of the bite force described below refers to
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unilateral forces. In most cases, studies on natural teeth (rather than dentures) are
cited.

1) In the incisor region: Due to differences in tooth support and the length of
the moment arms of jaw closing muscles, the maximum bite force generated in the
incisor region is less than that produced in the molar region (Carlsson, 1974;
Hagberg, 1987a). The ratio of maximal incisal bite force to maximal molar bite force
is about 1:3 or 1:4. Incisal MVBF measurements are summarized in Table 1 (p.163).

2) In the premolar and molar regions: The first molar (M1) is capable of
producing the greatest bite force among all the teeth (Carlsson, 1974). Contrary to
the general view, Mansour and Reynik (1975a and 1975b) found, in one subject, that
MYVBF between the second molars (M2) was 10% greater than that between Mls.
The MVBF produced on premolars is lower than but comparable with that produced
on the first and second molars. Maximum bite forces measured on premolars and
molars are summarized in Tables 2 and 3 (pp. 164,165) respectively.

MVBEF is frequently underestimated due to (1) the reluctance of subjects to
exert the maximum effort (fear of pain and injury) and (2) lack of visual feedback
of the force (Dahlstrom et al, 1988). Apart from its role in evaluating TMD and
other research considerations, the maximum bite force is of little interest from a
clinical perspective since it is hardly ever used in mastication. Instead, submaximal
bite forces at different levels, including those involved in daily chewing, are far more

important in oral rehabilitation and prosthetic reconstructions.
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2I.1.a.(2)...Correlations

The magnitude of a maximuvm isometric bite force has been used to study, or
been correlated with, the following factors.

1) Age, gender, and body build:

During childhood, MVBF increases with age (Helle er al, 1983). Adults have
higher MVBF values than children (Bakke et al., 1950; Proffit and Fields, 1983):
more so in the molar region than in the incisor region (Helle et al, 1983). As one
ages the bite force decreases, especially for women (Bakke et al., 1990; Helkimo et
al., 1977).

Males have a higher maximum bite force than females: again, more so in the
molar regions (Bakke et al.,, 1990; Helkimo et al., 1977; Jenkins, 1978). The
discrepancy between genders is, however, smaller than that for limb muscles
(Linderholm and Wennstrom, 1970; Linderholm et al., 1971). The explanation might
be as simple as that jaws of both genders break the same food while males have a
greater chance to exercise their limb muscles. This seems to be supported by the
observation that the discrepancy in MVBF between males and females is less in
complete denture we:rers than in dentate subjects (Helkimo et al., 1977).

In addition, there seems to be no correlation between bite force and the
general body (limb) muscle strength (Helkimo and Ingervall, 1978). Athietes do not
show greater MVBFs than non-athletes even though athletes tend to have generally

stronger limb muscles (Jenkins, 1978). In the general public, it is possible that the
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bite force one can generate is comparable with or even greater than the load he or

she can lift.

2) Population:

Primitive people who chew thoroughly, eat tough food, and use their teeth as
tools or even weapons have stronger maximum bite forces than those in more
developed societies (Carlsson, 1974). Inuits (Eskimos) are among the few groups
who may still eat tough foods as a regular diet; their maximum bite forces (eg 150
kg) are much higher than those (usually 40 - 70 kg, see above in 21.1.a) of the
western populations (Jenkins, 1978; Waugh, 1537). Racial inheritance of poweriul
jaws may be another reason that Inuits can produce high bite forces (Jenkins, 1978).
Thus, it seems true that the more developed a society is, the lower the average
MVBF. However, the gap in bite forces between the Inuits and the more civilized
societies is not rigidly bounded: Gibbs et al. (1986) reported that a (Caucasian)
bruxer with hypertrophied masseters was able to produce 225 kg as the maximum bite

force.

3) Craniofacial morphology:

Both adults and children with long faces have lower MVBFs than those with
normal-length faces (Proffit and Fields, 1983; Proffit ef al, 1983). A small gonial
angle has also been shown to be an indicator of strong bite force capabilitics
(Ingervall and Helkimo, 1978; Ringvist, 1973a). People with excess over™  sec:

to produce same amount of MVBF as subjects with normal overbite, while people
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with excess overjet may produce less bite force (Bakke et al., 1990; Rinqvist, 1973a).
Sasaki et al. (1989) suggested that the volume of jaw muscles alone might account for
the variation in bite forces among subjects whose craniofacial merphology may differ
significantly.

4) The centric and eccentric application of the force:

Intercuspation results in occlusion between lingual cusps of upper premolars
and molars and buccal cusps of lower ones in normal condition. When the buccal
cusps of upper premolars occluded with the buccal cusps of the lower premolars, the
MVBF produced was lower than that in the normal position (Widmalm and Ericsson,
1982). MVBFs measured with the mandible in extreme lateral positions, in
protrusion, and in retrusion were also lower than those when the measurement was
made in the intercuspal position (Leff, 1966).

S) Increasing use of jaw muscles:

The maximum bite force can be increased by exercise (e.g. chewing paraffin
wax for a period of time) (Brekhus et al., 1941; Ingervall and Bitsanis, 1987; Worner
and Anderson, 1944; Yurkstas, 1953). All these studies indicate that human jaw
muscles could potentially generate more force when they have been increasingly used
for a prolonged period of time. Two factors during training may contribute to the
incrcase in the maximum bite force: more strength in jaw muscles and increasing
tolera: .~ of periodontal tissues to »ain (Jenkins, 1978; Ingervall and Bitsanis, 1987).

The first factor has its physiological basis: (1) muscle fibers can generate more force
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by increasing their diameter as a result of training and (2) fiber types (type I and
type II) may switch in favor of potentials to generate more force (Edstrom and
Grimby, 1986; Salmons and Henriksson, 1981). The second factor refers to the
possible increase in the firing threshold of periodontal nociceptors and remains
controversial (Lund and Lamarre, 1973; Lavigne et al., 1987).

6) Bruxism, tooth wear and attrition:

Bruxism, grinding and clenching result in subconsciously increasing the use of
jaw muscles. The MVBFs generated by subjects with these parafunctions have given
contradictory results compared with control groups. Subjects with tooth grinding or
clenching habits had greater incisal MVBFs. This was not true, however, with molars
(Helkimo and Ingervall, 1978). No differences were found by Dabhl et al. (1985) on
anterior teeth and Lindqvist and Ringqvist (1973) on the molar teeth. Lyon and
Baxendale (1990) found only slight differences in the endurance time when both
groups sustained 50% MVBF during fatigue tests of jaw muscles. In conclusion, the
majority of studies do not seem to support the concept that subjects with grinding or
bruxing habits have higher MVBFs.

7) Prosthetic rehabilitation:

Isometric MVBFs in full or partial denture wearers are much lower than those
in dentate subjects (less than 1/3 as reviewed by Jenkins, 1978); the greater the
number of natural teeth, the greater the MVBF (Helkimo et al., 1977). Patients with

implant dentures seemed capable of producing greater bite force than those with
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compiete dentures (Hernandez and Bodine, 1969). However, denture wearers seem
to be able to generate approximately the same amount of force during mastication
(chewing) as dentate subjects (Yurkstas and Curby, 1953).

8) Separation between upper and lower jaws:

After all the upper and lower teeth are lost, registration of the resting distance
(freeway space) between upper and lower jaws is a vital step in successfully
constructing complete dentures. For this reason, the length-tension relation of jaw
closing muscles, which is the length at which MVBF is produced, has been of interest
to prosthodontists and physiologists.

Two fundamental problems are still unresolved: (1) at what jaw separation can
the greatest bite force be generated? (2) at what length can a jaw muscle exert the
greatest tension? The first question cannot be thoroughly understood without fully
addressing the second (see 2.I1.2.a). The length at which MVBFs are obtained is
summarized below. All the measurements on MVBFs for length-tension studies have
been made with uni-directional force transducers.

Boos (1940) postulated that the maximum bite force in dentate subjecis was
produced with the natural teeth near occlusal contact (close to the mandibular rest
position) based on his results on edentulous patients. Fields et al. (1986) did not
observe a significant increase in MVBF between 2.5 em and 6 mm jaw separation

(between first molars) in both children and adults. Turker and Miles (1985)
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indicated that a decrease of bite force is greatest at intermediate gape (at 6 mm
between incisors) and slight in the extreme jaw open and closed positions.

9) Local anesthesia:

After the periodontal tissues of one pair of upper aid lower teeth are
anesthetized, would the MVBF be greater, lower than or the same as that of the
predetermined? Answers to this straightforward question are conflicting.

Adler (1947) observed that surface anesthesia of the gingival tissue increased
the threshold for detecting lateral and axial forces applied to a tooth. Blocking the
inferior dental nerve increases the threshold for detecting axial forces up to 70%, and
roughly doubled that for detecting lateral forces.

O’Rourke (1949) reported that MVBF increased by about 20% after maxillary
OR mandibular block anesthesia was applied. (’Rourke also quoted Schroeder’s
(1927) results being that local anesthetics led to 70% increase in biting strength.

Lund and Lamarre (1973) observed a 40% decrease in the MVBF after
applying infiltration anesthetics to periodontal tissues of upper and lower premolars;
moreover, the MVBF gradually recovered as the effects of the local anesthetic were
wearing off.

Van Steenberghe and De Vries (1978b) found an increased MVBF after
infiitration anesthesia to unilateral upper and lower canines. Orchardson and
MacFarlane (1980) also reported increase in the maximum bite force of canine and

premolar areas after infiltration anesthesia was applied to these teeth.
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Recently, Teenier ef al. (1991) showed that there was no difference in both
the MVBF between the occluding first molars and the EMG activities of some jaw
closing muscles between the anesthetized and un-anesthetized side of the jaw.
Mandibular anesthesia was administered by blocking the inferior dental and long
buccal nerves and infiltrating the periodontal tissues around the lower first molar.
Maxillary anesthesia was induced by buccal and lingual infiltration.

Some of these studies are summarized in Table 4 (p. 166).
2.1.1.b...Direction of the bite force

The direction of a bite force has been less frequently studied than its
magnitude. Early theorctical calculations of bite force direction were done by
Carls6d (1952), and Schumacher (1961 according to Marklund and Molin, 1972).
Experimental measurements of the bite force direction have been infeasible or
inaccurate until the past few years.

Marklund and Molin (1972), and Molin (1972) measured components of
maximum and submaximum bite forces in unknown directions with a uni-directional
force transducer. In separate experiments they measured vertical, lateral, medial,
protrusive and retrusive jaw closing forces. They found that (1) the maximum bite
force used for protrusion considera:t; exceeded that for retrusion and for latero-

trusion; and (2) the vertical MVBFs on the left and right sides of the jaw were not

significantly different.
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Since the 1970’s, the appiication of engineering technology has permitted the
directions of bite forces to be measured. Studies that investigated the direction of
bite force include those by Hylander (1978) and van Eijden and coworkers (1988-91).

Hylander (1978) investigated the directions of the incisal bite force in the
sagittal plane with two transducers of different thickness (10 and 30 mm).
Submaximal (below 100 N) incisal bite forces were vertically or anteriorly directed,
and assumed symmetrical, in all the subjects.

In a pilot study of two subjects, van Eijden et al. (1988a) investigated bite
forces of 200 N in the vertical (perpendicular to the upper occlusal plane), 30°
forward, backward, medial and lateral directions. The point of application was
between the upper and lower first molars on the right side. Jaw separation
(measured as interincisal distance) was 20 mm when the force transducer was placed
at the canine-premolar region, and 28 mm at the second molar region. Maximum
voluntary bite forces were estimated in various directions.

Van Eijden (1990) studied 250 N bite forces in vertical and 20° forward,
backward, medial and lateral directions. The point of application was between the
right first molars and bilateral premolars. The jaw separation was reduced to 16.0
* 23 min (mean + S.D. in 7 subjects) irrespective of the point of application (with
the same transducer).

Blanksma and van Eijden (1990) used a constant maguitude of 150 N in

vertical, 20° anterior, anterolateral, lateral, postero-lateral, posterior, ostero-medial,
p p P
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medial and antero-medial (horizontally in 45° increments). The point of application
was between the right second premolars.

Van Eijden et al. (199C) studied the same directions of bite force as in van
Eijden (1990), while the bite force in this study was incremental (50 N up to 350 N
in 1060 N increments). Maximum voluntary bite forces in different directions were

also measured.

2.1.2..BITE FORCE TRANSDUCER

When jaw closing muscles exert steady isometric contractions, the skull and
mandible are stationary with the upper and lower teeth contacting either each other
or a rigid object. During this state of equilibrium, a force transducer can be used to
measure the static bite force (between upper and lower jaws) exerted by the muscles
of mastication. There had been at least 50 bite force measuring apparatuses, often
called gnatho-dvnamometers, reported before the 1950°s (Lofberg, 1960 according to
Carlsson, 1974).

In the 1950’s, the technical development of bonded foil strain gauges and
piezoelectric materials (e.g. quartz crystal) facilitated increasingly accurate
measurements of bite force. More bite force transducers, most of which were
designed by dental researchers, have appeared since then. Measurements with these

force transducers were often confined to maximum bite forces.
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Following three decades of measuring the magnitude of bite forces with strain
gauge and piezoelectric bite force transducers, knowing the directions of the forces
became increasingly demanding (Graf et al., 1974; Hylander, 1978; Marklund and
Molin, 1972; Molin, 1972). This trend reflected the need for accuracy in describing
force as a physical quantity. A force, as a vector, has the properties of magnitude,
direction, and point of application. It is also described by its duration and frequency.
The direction of a bite force is commonly referred to as that exerted on the maxilla
relative to the mandible. The point of application, or the bite position, is the
location between pairs or groups of occluding teeth.

A force transducer is composed of structural material (housing) and a
sensor(s). Although more accurate measurements of the directions of bite forces are
needed, the sensor materials in use at present are essentially the same as those which
have been available since the 1950’s - foil strain gauges and piezoelectric materials.
Improvement in accuracy must therefore rely upon advancement in the design of the
structural material on or in which the sensor is attached (e.g. measuring the direction
of a bite force) of bite force measurements.

Since the direction of bite force is of primary concern in this study, the uni-

directional vs. multi-directional bite force transducers are discussed below.
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2.1.2.a...Uni-directional force transducers

A uni-directional bite force transducer is defined in this text as a device which
measures bite force in only one direction, usually the vertical (perpendicular to the
occlusal plane) or axial (along the longitudinal axis of a tooth).

Floystrand et al. (1982) designed a uni-directional transducer which has been
extensively used by others (Bakke et al, 1989, 1990; Dahl et al., 1982; Hagberg and
Hagberg, 1989). The bite force transducer incorporated two strain gauges on the top
and bottom surfaces of a silicon beam. The two strain gauges formed two arms of
a Wheatstone bridge and therefore the transducer had a half (Wheatstone) bridge
configuration. The strain gauges with the metal frame were about 4 mm thick.

Another typical cantilever beam design was from Helkimo et al. (1975) whose
force transducer was later used by Haraldson et al. (1985), Widmalm and Ericsson
(1982), etc. One fork, withstanding 25 kg of force served for measuring incisal bite
force and another, withstanding 100 kg for measuring molar bite force. The biting
surfaces of the intraoral part of the transducer were covered with plastic.

The cantilever beam (like a clothes peg) has been a popular design of many
bite force transducers including those used by Dechow and Carlson (1983), Duxbury
et al. (1973), Helle et al. (1983), MacKenna and Turker (1983), Neill et al. (1989),
Lewis and Yemm (1983), Rugh and Solberg (1972), Teenier et al. (1991), van

Steenberghe and de Vries (1978a, 1978b) and Yemm (1977a).
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Linderholm and Wennstrom (1970) developed a strain gauge force transducer
which was later used by Ringgqvist (1973a). The bulky components of the pistol-
shaped bite force transducer were ocutside the mouth. Strain gauges were installed
on two horizontal steel bars (15x15x2 mm?3). The transducer yielded 4 mm jaw
separation (measured as the distance between upper and lower central incisors) when
placed between upper and lower premolars and molars. Other workers who have
used the similar type of ’extra-oral’ transducers are Coffey et al. (1989), Manns et al.
(1979, 1989), Marklund and Molin (1972) and Molin (1972), Stegenga et al. (1990)
and Williams et al. (1984a, 1984b, 1985).

Proffit et al. (1983), along with Fields et al. (1986) and Proffit and Fields
(1983), reported the force-measuring capability of poly-vinylidene fluoride foil (PVF).
PVF is piezoelectric and produces a current when compressed. A 30 um thick strip
of PVF was sandwiched between 2 mm thick stainless steel castings. When the
transducer was placed between upper and lower teeth, it was compressed and well
adapted to the contour of the cusps and fossae of the teeth.

The above uni-directional bite force transducers have the following
disadvantages:

(1) The layout of the structural material (housing) of a bite force trarsducer
has usually been a cantilever beam. It does not seem feasible to detect the direction

of a bite force with this design.
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(2) Unless bite pads (such as acrylic overlays) are used on the clenching (flat)
surfaces of the transducer, the directions of different trials {even by the same subiect)
and the position of the bite are not reproducible;

(3) Due to great temperature variation compared to metal strain gauges,
semiconductor gauges (as used in Floystrand ef al, 1982) are susceptible to
inaccuracies although they may be more sensitive (higher gauge factors) (Cobbold,
1974). Metal foil strain gauges have largely replaced semiconductors as sensors used
for bite force transducers.
2.1.2.b...Multi-directional force transducers

In recent years, force transducers capable of detecting both the magnitude and
directions (in two or three dimensions) of a bite force have been reported. These
include (1) a three component load cell designed by Watanabe and Hannam (1986),
(2) a strain gauge rosette incisal force transducer developed by Hylander (1978) and
(3) the three dimensional piezoelectric force transducer introduced by van Eijden et
al. (1988a).

In an abstract Watanabe and Hannam (1986) reported a bite force transducer
which incorporated three load cells oriented in different directions in a cast metal
framework. The transducer was apparently used to record the magnitude and
directions of bite forces. Further report of this transducer has not been found.

Hylander (1978) installed strain gauge rosettes on two lateral surfaces of

plastic blocks of various size. Each strain gauge in a 3-element rectangular rosettes
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(0°, 45° 90° configuration; WA-06-060-WR-120, Micro-Measurements, Romulus,
USA) formed its own Wheatstone bridge. Two grooves were cut into the top and
bottom surfaces of plastic block to ensure reproducible bite position. The incisal bite
force was assumed to be symmetrical and was not measured in the frontal plane.

A three-component piezoelectric force sensor is commercially manufactured
by Kistler Corp. for industrial use. Van Eijden et al (1988a) added two stainless
steel plates to the 3-componer:t zensor and later used it to measure the bite force in
three dimensions. The magnitude and direction of a bite force was provided as a
feedback to subjects on a computer screen.

A piezoelectric material such as a quartz crystal has the propetty of inducing
voltage difference between two poles when it is mechanically deformed. The output
voltage is proportional to the forces, which cause deformation, divided by the
capacitance of the material (Webster, 1978).

The techniczi details of this commercial sensor are described as follows.
Three quartz crystal disk pairs are welded in the stainless steel housing. One pair
is sensitive to the vertical force along its axis, while the two others to horizontal
forces in anteroposterior and mediolateral directions. Therefore, a force acting on
the transducer is measured by the three pieces of piezoelectric material (Kistler
Instrument Co., Technical Data). Piezoelectric bite force transducers (not necessarily
with 3 dimensional capabilities) have also been used by others such as Fields et al.

(1986), Graf et al. (1974), and Lindauer et al. (1991).
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The thickness of the forc  transducer used by van Eijden and coworkers is 12
mm (10 mm sensor + the two 1 mm plates). The size of the sensor is 24x24x12
mm? (lengthxwidthxheight). Two metal plates (along with acrylic) cover the whole
upper and lower dentition and the sensor is targeted between pairs of occluding
teeth. This may result in two potentially important problems: (1) a considerable
amount of jaw separation cannot be avoided: when the transducer was placed
between the upper and lower molars, 28 mm was the distance between central
incisors (van Eijden et al, 1988a); and (2) all the teeth in upper and lower dentition,
other than the occluding pair under study, might also contribute to the recorded bite
force. It has been shown that MVBF produced between several upper aand lower
premolars and molars was greater than between one pair of these occluding teeth
(van Steenberghe and de Vries, 1978b).

The following conclusions can be drawn from the above directional bite force

transducers.

(1) Composite (three dimensional) bite force measurement is difficult but
feasible.

(2) If greater accuracy and reproducibility of a bite force measurement are
required, the direction of the bite force must be known.

(3) Piezoelectric materials and strain gauges appear to be good force sensors.
In the near future, transducers utilizing these materials are expected to predominate

in the area of bite force measurement.
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(4) The output from a strain gauge can become non-linear with the graded
forces applied to it and is subject to temperature variations when it is installed on
non-metal material (Perry and Lissner, 1962). This source of error did not seem to
have been eliminated in some of the above studies.

(5) The thickness of the Kistler transducer modified by van Eijden and
coworkers is one of its disadvantages. "The transducer requires a large mouth
opening..." and "... measurement could not be performed at a smaller degree of
mouth opening" (van Eijden et al., 1988a). Van Eijden and coworkers also expressed
interest in comparing "the results with those obtained by transducers operating at a
smaller mouth opening".

(6) A thin three dimensionzi bite force transducer is required. It could readily

be used to register bite force in a large variety of milieu; for example in studying the

length-tension relationship of jaw muscles.
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Electromyography (EMG) has been a major tool used to study the contraction
of jaw muscles. Surface electrodes have been commonly employed to measure the
gross activity of superficial masseter and anterior temporal muscles, while
intramuscular (needle or fine wire) electrodes have been applied to study the above
two muscles along with those, such as posterior temporalis, medial and lateral
pterygoid muscles, digastric and other suprahyoid muscles which are difficult to
access by surface electrodes. These non-invasive and invasive techniques have been
used to assess the compound, motor unit and single-fiber action potentials of jaw
muscles during dynamic and static tasks. This section will concentrate on, but not
be limited to, studies measuring the compound muscle impulses using surface EMG

recording techniques in human subjects.

2.1L.1..EMG OF JAW MUSCLES DURING DYNAMIC TASKS

Dynamic tasks of jaw muscles include efforts of jaw muscles during a chewing
cycle, mastication, jaw movement, efc. The integrated EMG activity of a skeletal
musc.e does not possess a linear relationship with the force generated during an
isotonic contraction unless the contraction is within controlled speed and range
(Bigland and Lippold, 1954; Close, 1964). Ahlgren and Owall (1970) note a linear
relationship between the activity of human masseter and temporal muscles and the

masticatory force exerted during chewing a homogeneous bolus (gum).
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2.11.1.a...Chewing cycle

During an open-close-power stroke cycle, different groups of jaw muscles show
characteristic activation patterns. Jaw opening movement is associated with activity
in the anterior belly of digastric and the lower head of lateral pterygoid (Grant, 1973;
Griffin and Munro, 1969; McNamara, 1974; Widmalm et al., 1987). All the closing
muscles (masseter, temporalis, and medial pterygoid) become increasingly active
during the closing phase and reach the highest tension during the power stroke
(Ahlgren and Owall, 1970; Griffin and Munro, 1969; Moller, 1974). Vitti and Junior
(1970) found that, during the closing phase, the masseter (including its deep portion)
and medial pterygoid are very active; the anterior temporalis shows little activity (see
also Vitti and Basmajian, 1977). Wood (1987) indicated that the lower head of
lateral pterygoid has a reciprocal role with the medial pterygoid during chewing.
2.11.1.b...Mastication

Deliberate unilateral (molar) chewing is a common task used to study jaw
muscles during mastication. In this case, jaw closing muscles have often been studied
by comparing their activity in the working and balancing sides.

The working side masseter and temporalis have greater EMG activity than the
balancing side (Christensen and Radue, 19854, 1985b; Stohler, 1986). These results
are in agreement with the pioneer work by Moller (1966) in that the working
masseter is more active; however, they are in conflict with Moller (1974) in that the

working and balancing posterior temporal and anterior temporal muscles are equally
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active. Moller later attributed the equality between working and balancing temporal
muscles to anterior temporalis being responsible for moving the mandible rather than
for exerting the chewing force. In dogs, the balancing temporalis is much less active
than the working; the working and balancing masseters, however, are about equally
active (Dessem, 1989). Medial pterygoid is found to behave like masseter in that the
working side is more active than the balancing (Moller, 1966 and 1974}. The overall
activity of jaw closing muscles during chewing gum might reach or exceed 50% of
their maximum isometric activity (Moller, 1974); this, however, obviously depends
upon either the force voluntarily used during chewing or the hardness of the material
being chewed (Hagberg, 1986a). Jaw opening muscles, the digastric, mylohyoid and
geniohyoid, show reciprocal activity to that of their antagonists, the jaw closing
muscles (Vitti and Basmajian, 1977).

Less muscle activity is required during deliberate unilateral chewing than
during natural (usually bilateral) chewing of apple and bread (Moller, 1966).
Anterior temporalis appears to be the most active muscle among others during
natural chewing. For example, anterior temporalis is found to be more active than
either masseter or posterior temporalis; the latter, however, is constantly active
(Moller, 1966). Sheikholeslam et al. (1980) also suggested that anterior temporalis
is more active than masseter during deliberate chewing.

Incision is the first stage of chewing most foods. It was once believed that the

temporalis seldom participated in incisal biting (e.g. Moller, 1966). Hylander and
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Johnson (1985) suggested, based on their human and macaque data, that anterior and
posterior temporalis, along with masseter, are all very active during incision. Vitti
and Basmajian (1977) also found that incisal gum chewing involves activity mainly
in the temporalis.
2.11.1.c...Jaw movement

A vertical jaw closing movement is predominantly associated with activity in
temporalis (Carlsoo, 1952) along with other jaw closing muscles; the upper head of
lateral pterygoid is also involved (Grant, 1973). Protruding the mandible without
tooth contact does not involve any part of the temporalis (Vitti, 1971); the upper
head of lateral pterygoid is very active (Carlsoo, 1956). Protrusion with tooth
contact, on the other hand, involves anterior and middle temporal muscles (Vitti,
1971). Retrusion is associated with posterior temporalis (Ahigren et al., 1985; Viiti,
1971). Lateral chewing movements in humans are characterized by activation of the
anterior and posterior temporal muscles (Vitti, 1971; Vitti and Basmajian, 1977). In
pigs, lateral movement of the jaw is associated with working side masseter and
balancing side posterior temporalis (Herring, 1976). Medial excursions involve deep
masseter (Vitti and Junior, 1970). Vertical jaw opening movement is associated with
jaw opening muscles which include digastric, mylohyoid and geniohyoid muscles; the
lower head of lateral pterygoid was also active (Grant, 1973). Jaw opening muscles

are also active during jaw closing against resistance (Carlsoo, 1952 and 1956).
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2.11.2..EMG OF JAW MUSCLES DURING STATIC TASKS

Human mastication is as complex as other repetitive movement cycles such
as locomotion and respiration. Jaw closing muscles are able to exert overwhelmingly
greater power than their counterparts, jaw opening muscles. This may have raised
the possibility that a considerable amount of bite force, generated by jaw closing
muscles, is used to maintain equilibrium because jaw opening muscles contribute very
little to the state of equilibrium. A simplified approach is to study how jaw muscles,
as a synmergistic group, are recruited during certain reproducible tasks. An
immediately suitable task seems to be the bite force, the end result of the contraction
of jaw muscles. As indicated in 2.1.1.b., bite forces can only be used as reproducible
tasks if all variables of a bite force are known. The direction of a bite force is
among these variables. In the following section, EMG studies of jaw muscles during
performing isometric tasks of known and unknown directions of bite force are
discussed.
2.11.2.a...Isometric tasks: unknown directions of bite force

Inter-cuspal clenching is a common task used to study the contraction of jaw
muscles because it is readily reproducible. Inter-cuspation with natural teeth can be
considered as the position at which jaw closing muscles have their minimal length.
Tensions exerted by jaw muscles have been studied under graded incremental length
starting from the inter-cuspal position. The relative contribution to a given bite force

by different jaw closing muscles will also be discussed in this section.
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2112 a (1)...Inter-cuspal clenching

When the direction of a bite force is not known, maximum inter-cuspai
clenching becomes an alternative (and may well be effective) way for making
seemingly equivalent measurements of muscle activities among different subjects. In
addition, the inter-cuspal position is an integral part of every chewing stroke (Moller,
1974). Muscle activation patterns have been extensively reviewed by Wood (1987).
The conclusions are taken from Wood’s review wherever not specified.

Compared to the directional efforts from maximum intercuspation as discussed
below, maximum vertical inter-cuspal clenching results in greatest activity in the
superficial and deep masseters and anterior and posterior temporal muscles (Vitti
and Basmajian, 1977; Wood, 1987). Medial pterygoid is generally also most active
but not in all subjects (Wood, 1986a).

Subjects can exert maximum bite forces in different directions (within a
limited range) during maximum inter-cuspation (all are compared with vertical
maximum inter-cuspal clenching):

Anteriorly directed effort leads to (1) maximum activity in superficial masseter,
medial pterygoid and the lower head of lateral pterygoid; (2) little activity in
posterior temporalis; and (3) reduced activity in anterior temporalis and deep
masseter.

Posteriorly directed effort results in (1) maximum activity in posterior

temporalis and deep masseter; (2) little activity in superficial masseter, medial
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pterygoid and the lower head of lateral pterygoid; and (3) reduced activity in anterior
temporalis.

Laterally or medially directed efforts give rise to (1) maximum activity in the
lower head of balancing pterygoid and little activity in the working one; (2) strong
activity in the working and little activity in the balancing temporalis (both the
anterior and posterior); (3) intermediate activity in the working masseter and reduced
activity in the balancing masseter (both the superficial and deep); and (4) low activity
in working and high activity in balancing medial pterygoid.

The two heads of the lateral pterygoid muscle are peculiar: they contract
independently and are essentially opposite in their actions (Grant, 1973; McNamara,
1974; Widmalm et al., 1987). The upper head is less studied than the lower head
whose action is still not clearly understood. Carlsoo (1956) showed that when an
isometric load applied to the mandible was increased, the activity of the lower head
was increased along with the temporalis.

211.2 a.(2)...Changing muscte length

The sarcomere length of the fibers in a skeletal muscle determines, among
other things, the twitch tension a muscle fiber can generate, and hence, the resulting
amplitude of its compound action potentials and its EMG activity.

As the length of an isolated frog muscle fiber is increased, changes in the
twitch tension it exerts have been well nnderstood (Gordon ef al., 1966). A plateau

of constant maximum tetanic tension has been found at sarcomere lengths of about
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2.0 to 2.4 um (about 50 - 60% of the maximum length). The teunsion declines either
above or below this range. This classic work, indicating the overall shape of the
length-tension curve, by Gordon, Huxley and Julian has proved to hold for mammals
(eg Rack and Westbury, 1969 in the cat soleus muscle). The length-tension
relationship has been studied in animal jaw muscles. Either the muscle (Nordstrom
and Yemm, 1974) or its innervating motor nerve (Mackenna and Turker, 1978) is
stimulated supra-maximally to obtain maximum tetanic tension when the sarcomere
length varies by changing the gap between the upper and lower jaws. In human jaw
muscles, the length-tension relation has been investigated by directing subjects to
voluntarily produce their maximum bite forces at various degrees of mouth opening.

1). Changing sarcomere length

According to the classic length-tension curve a sarcomere, the morphological
unit of a skeletal muscle fiber, can be lengthened to an extent at which the maximum
tetanic tension is produced. This length has beer found to be 2.2 - 2.5 um (about
70% of the maximum length) in the rabbit superficial masseter (Weijs and van der
Wielen-Drent, 19°?) and is consistent with the findings in limb muscles described
above. This seems to correspond to the resting length (2.0 - 2.23 wmn) of sarcomeres
in the rat deep masseter when the teeth are in occlusion (Nordstrom and Yemm,
1972).

Herring et al. (1984) and Herring (1991), in two review articles, indicated that

the resting length of sarcomeres in different vertebrate muscles is roughly constant,
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while the number of sarcomeres, even in adult muscles, can change due to functional
demands. In addition, the resting sarcomere length of different jaw muscles or
different groups of fibers within a single muscle may not be strictly equal due to the
following factors. (1) Different muscles: The resting length was found to be in
descending order in the following three muscles of the American opossum:
temporalis, masseter and medial pterygoid (Hiiemae and Thexton, 1971; Thexton and
Hiiemae, 1975). (2) Different parts of a muscle: Nordstrom et al. (1974), by
correlating sarcomere length to jaw separation in the rat, showed that as jaw
separation increases anterior masseter is stretched more than posterior masseter and
temporalis. Van Eijden and Raadsheer (1992) showed that the sarcomeres in the
superficial masseter are 6% longer than those of the deep masseter within which the
sarcomeres of the anterior fibers are 8% longer than the posterior fibers. (3) Fiber
types: It is not known whether the resting length is related to various types of muscle
fibers (e.g. type I, IIA and IiB) contained in a muscle.

A practical way to make the length-tension relations in animal jaw muscles
comparable to the situation in humans (discussed below) is to measure the maximum
tetanic tension at various separations between upper and lower jaws. Mackenna and
Turker (1978) found that the maximum twitch tension in cat masseter is produced
at about maximum jaw separation (25 to 30 mm). This is far from agreement with

Nordstrom and Yemm’s findings (1974) of 8 mm (50% of maximum opening) of jaw
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separation for the rat masseter. However, Nordstrom and Yemm (1974) also noted
that in some cats the peak tension is produced at maximum opening.

2). Changing jaw separation (muscle length)

The length-tension curves observed in an animal muscle, however, may not
necessarily be similar to that in an equivalent human muscle (Dowben, 1980;
Nordstrom and Yemm, 1974). Furthermore, the clinical jaw rest position might not
coincide with the length of isolated jaw muscles at which its greatest temsion is
exerted (Boucher ez al., 1959). The reason might simply be that the maximum bite
force generated in humans reflects the maximum resultant tension of all the jaw
closing muscles rather than that of any single muscle.

Submaximal bite forces have been used to study the length at which jaw
muscles exert the greatest tension. With the canine-premolar bite force kept
constant, peak EMG activities of unilateral masseter and temporalis are registered
at both slight and maximum jaw separations (range: 7 - 40 mm at the canine-
premolar region) (Manns et al., 1979; Manns and Spreng, 1977); lowest EMG activity
is obtained at intermediate jaw separation (15 - 20 mm). In contrast, if the EMG is
maintained constant, the peak bite force is exerted at the same intermediate jaw
separation (15 to 20 mm). Storey (1962) compared EMG activity at bilateral
submaximal bite forces up to 3 kg with jaw separations from occlusion to 20 mm
opening; EMG activity in unilateral masseter and temporalis muscies was measured.

As the force is maintained, EMG activity drops at the mandibular rest position.
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Garrett ef al. (1964) found that minimal EMG activity is detected at 17 to 27 mm of
opening with a constant bite force.

Mackenna and Turker (1983) showed a similar range at which the maximum
incisal bite force is produced (14 to 20 mm; 1/2 to 1/3 of the maximum opening);
however, the maximum masseter EMG activity is recorded at the minimum studied
jaw separation (7.5 mm). Lindauer et al. (1991) found that EMG activity (absolute
EMG voltages) is greater at 8 mm molar separation than at 10 mm.

It is generally accepted that skeletal muscles exert their maximum isometric
tetanic tension at 100 - 120% of their resting length (Close, 1972). For a whole
muscle, the length at which maximum tetanic tension can be produced is defined as
the optimal length of that muscle (Close, 1972). It seems that studies determining
the resting length of jaw muscles, which is very possibly different from the rest
position of the mandible, are lacking with few exceptions. However, it seems certain
that the mandibular rest position (corresponding to a jaw separation of 2 to 4 mm)
is less than the vertical dimension at which EMG activity in jaw closing muscles is
minimal (Lund and Widmer, 1989).
211.2.a.(3)...Distribution of tensions among jaw muscles

Do masseter and temporalis, two amongst closely co-activated jaw closing

muscles, have different recruitment patterns? If so, would they contribute tc a given

bite force proportionally in some fixed ways? The few studies using bite force as
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tasks measured with uni-directional force transducers have all reported great
variation among subjects.

At low levels of inter-cuspal clenching, up to 20% of the maximum masseter
EMG, activity in the bilateral anterior temporal muscles tends to dominate. The
bilateral superficial masseters, on the other hand, are increasingly recruited at
between 20% to 50% of the maximum masseter EMG activity (Naeije et al., 1989).

Hagberg et al. (1985) showed that the two muscles have different recruitment
patterns by breaking the whole regression curve of EMG vs. bite force into two
fragments (0 to 40% and 60 - 100 % MVBF between the occluding first molars).
However, when the absolute EMG voltages are converted into percentage units, the
two muscles seem to be both recruited to about 20% of their corresponding
maximum voluntary contraction during producing 40% of MVBF.

Anaiysis of the data from Bakke et al. (1989) reveals that the left and right
temporal muscles (both the anterior and posterior) and superficial masseters have
roughly the same percentage of the maximum activity, at 25% and 50% of MVBEF,
except for the balancing posterior temporalis.

When submaximal unilateral bite forces (S0 N, 100 N and 200 N) are
produced, the working anterior temporalis has the greatest activity (absolute EMG
microvolts) followed by the working posterior temporalis. The working masseter

almost always has the lowest activity (Haraldson ef al., 1985).



Chapter 2, Section IT 45
EMG of Normal Jaw Muscles

Guelinckx et al. (1986) found that, after bilateral masseters are removed from
the rabbit, the incisal bite force drops by 65% and anterior temporal muscles are
more resistant to fatigue. These results indicate that masseter and anterior

temporalis closely collaborate to produce a bite force.
2112 (a).4... Linearity

As early as the 1950’s, an approximately linear relationship was found between
the integrated EMG activity of a skeletal muscle and the mechanical force it
produces (Lippoid, 1952; Inman et al., 1952). The linearity is even preserved in
fatigued muscles (Edward and Lippold, 1956; Stephens and Taylor, 1972) and
muscles which suffer from dystrophy due to diseases (Leman, 1959z and 1959b).
Contradictory results, however, have suggested that such a linear relationship might
change especially at high force levels and EMG amplitude might increase as the
square root of tension (Bernshtein, 1967; Fuglsang-Frederikson ef al., 1984; Libkind,
1972a, 1972b; Kuroda et al., 1970; Moore, 1967; Zuniga and Simons, 1969). Milner-
Brown and Stein (1975) studied the surface EMG contributed by individual motor

units and concluded that the peak-to-peak tension exerted by a motor unit does

increase as the square root of the threshold force at which the unit was recruited but
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The classic linear relationship between force and EMG has frequently been
shown to hold in jaw muscles (e.g Desmedt and Goudaux, 1979; Goldberg and
Defler, 1977; Yemm 1977a).

Yemm (1977a) noted a fairly linear relation between maintained isometric
bite forces on unilateral premolars (up to 6 kg) and the surface EMG activity of
masseter and temporalis for a duration of 1 minute. During the surface EMG
recordings, he also found a linear relationship between the voluntary force at which
units were recruited and their twitch tensions; these results suggest that human
masseter and temporalis recruit their motor units in an orderly and similar fashicn
following Henneman’s size principle. Yemm also pointed out, unusually, that ali the
jaw closing muscles contributed to the measured bite forces.

With surface EMG, Kawazoe et al. {1979) also found linearity between muscle
tensions of human masseter and temporalis and the bite forces produced in both
second premolars and molars. The correlation coefficients, ranging from 0.96 to 0.99,
were calculated with the best parts of both the EMG and force curves over 15
minute periods of isometric clenching at about 20 kg. The regression lines for the
masseter are steeper than those for temporalis.

Contrary to the classic observation of linearity between integrated EMG and
mechanical force, some workers have reported non-linearity between bite force and

EMG activity measured from one or more jaw muscles (Devlin and Wastwell, 1985;
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Hagberg et al., 1985; Haraldson et al., 1985; Moller, 1966: Pruim et al., 1978; Wastell
and Devlin, 1987).

Devlin and Wastell (1985) showed that, during either fast or slow clench 5
on a bite force transducer for less than one second, integrated EMG of masseter
drops as the bite force approached the maximum. Wastell and Devlin (1987)
repeated the experiment and obtained similar results.

Hagberg et al. (1985) found that the human masseter shows a non-linear
increase in its EMG activity if the bite force was above 60% of maximum while the
temporalis shows a linear increase.

The possible non-linearity and the above discrepancy in recruitment patterns
among jaw muscles have led to the concept that normal human subjects use their jaw
muscles in different ways for producing a2 somewhat similar task. A careful look into
the above discrepancies, however, revealed the following problems.

(1) When producing static and isometric tasks, jaw muscles (masseter and
temporalis have usually been used as models for EMG studies) exert tensions which
may vary as the direction of the bite force changes; a change in force direction may
either lead to a more significant recruitment in one muscle or selectively contribution
from a specific elements in a muscle. Obviously, this problem cannot be appreciated
with a uni-directional bite force transducer.

(2) When the relation between force and integrated EMG is examined among

a group of synergistic muscles, recruitment patterns of all the muscles should be
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considered. The slow-down in the recruitment of one muscle may be compensated
for by increased recruitment of a partner.

(3) The amplitude of EMG reflects recruitment patterns of various types of
muscle fibers contained in a muscle; therefore, the position of electrodes may change
the proportions of slow and fast fibers being recorded.

(4) Caution should be taken towards comparing absolute EMG voltages
among subjects. Percentages of maximum voluntary contraction seem to overcome
the problem of electrode position and inter-electrode distance, both of which affect
the absolute surface EMG amplitude; but percentages of maximum voluntary
contraction become meaningful only if proper maximum values are established (see
3.111.2).
2.11.2.b...EMG Correlated with directions of bite force

Without knowing the direction of a bite force produced during isometric
contractions of jaw muscles, ‘t is difficult to compare the behavior of jaw muscles
among subjects. In addition, because of the large variety of bite force tasks which
have been studied and differences in EMG techniques, most previous measurements
of the EMG activity of jaw muscles during isometric contractions are not
quantitatively comparable and comparisons have been considered inconclusive. Lack
of accuracy and reproducibility of bite force tasks is probably the key factor, rather
than differences in EMG recording techniques (absolute EMG amplitude being an

exception), which accounts for many of the discrepancies between results.
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In 1984, MacDonald and Hannam (1984~ and 1984b) used plastic occlusal
stops to direct subjects to bite into various directions. Since 1988, the availability of
a commercial multi-directional force transducer has enabled van Eijden and
coworkers to study jaw muscle activity under controiled directions of bite forces.
2I1.2.b.(1)...MacDonald and Hannam (1984a, 1984b)

The plastic occlusal pads used by MacDonald and Hannam (1984a and 1984b)
prompted subjects to produce maximum voluntary bite forces in different directions.
EMG recordings of all the jaw closing muscles show the following results: (1) vertical
maximum inter-cuspal clenching gives rise to the greatest activity; (2) protrusive
incisal clenching is associated with more activity in masseter and medial pterygoid;
(3) temporalis is the predominant muscle activated to produce a retrusive bite force;
little activity is found in other muscles; (4) lateral clenching is characterized by great
activity in working temporalis and balancing medial pterygoid.
211.2.5.(2)...van Eijden and coworkers (1988 - 1991)

Van Eijden ef al. (1988a) set the magnitude of the bite force at 200 N and
studied effects of changing directions (30° from the vertical) on the raw EMG activity
of superficial masseter, and anterior and posterior temporalis in two subjects. This
work is essentially a technical repsrt of their modification and application of the
three dimensional bite force transducer manufactured by Kistler Co. Little attempt

was made to analyze the EMG results.
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Van Eijden (1990) fixed the magnitude of bite forces at 250 N and studied
muscle activation patterns when the force was applied to unilateral canines, second
premolars and second molars. Vertical, anterior, lateral, posterior, and medial bite
forces were correlated with EMG activity of the masseter, and the anterior and
posterior temporal muscles. (1) More muscle tension is required for a given bite
force at the anterior part of dental arch than the posterior part. (2) Variation in
muscle activity is small for anterior temporalis and large for posterior temporalis and
masseter. (3) All muscles are always active even in directions in which they contract
against their favorable lines of action. (4) The masseter is most active during
anterior and vertical bites and much less active during posterior bites. (5) For a
lateral bite working masseter shows little activity and the balancing masseter shows
great activity. The reverse is true for a medial bite. (6) The working anterior
temporalis is most active for a lateral bite and least active for a medial bite: the
reverse is true for the balancing temporalis. (7) The working posterior temporalis
has great activity for a medial bite and little activity for a lateral bite: the reverse is
true for the balancing temporalis.

Blanksma and van Eijden (1990) used fine wire electrodes to measure
activities in three portions (anterior, middle :ad posterior) of the temporalis.
Variation due to changes in the directions of bite force is smallest for anterior
temporalis and greatest for posterior temporalis. All three portions show greatest

EMG activity when the bite force is in a postero-lateral direction.
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Van Eijden et al. (1990) studied muscle recruitment patteras when incremental
bite forces in different directions were exerted. Bite forces used are 50 to 350 N (in
50 N increments) and a maximum in each of the directions. The working-side
muscles ‘e most active during lateral biting and least active during medial biting:
the reverse is true for the balancing-side muscles. Slight differences are found for
muscle activities during vertical, anterior and posterior biting.

The following conclusions can be drawn from the above series of studies by
van Eijden and coworkers. (1) All muscles (including all portions of the temporalis)
are always active during any single task. (2) When the direction of a bite force
changes, anterior temporalis shows little variation in its activity and the posterior

temporalis and masseter show significant variation in their activities. (3) There may

exist a specific pattern of muscle activity in normal subjects with respect to a specific
direction of the bite force. (4) Fixed lines of action in jaw muscles do not seem to

be sufficient to explain the patterns of jaw_muscles as a synergistic_group during
producing a large variety of bite force tasks.
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Temporomandibular disorders (TMD) are characterized by two major
manifestations: joint dysfunction and muscle trauma (Bell, 1989; Laskin, 1969; Clark
et al., 1989b). Joint dysfunction is manifested by limiteg or irregular mandibular
movements, traumatic joint injury, arthralgia, osteoarthritis, bone degeneration, joint
noises and disk displacement. Muscie trauma, on the other hand, is manifested by
muscle pain and tenderness (myalgia), spasm, bruxism, myositis, protected muscle
splinting, lack of coordination and dyskinesia (Ash, 1986; Clark er al., 1989b;
Hutchins and Skjonsby, 1990; Talley et al., 1990). Recently TMD has been suggested
to be a neurological disorder (Storey, 1992).

Abnormal nuscle behavior of sufficient intensity and duration may cause some
of the above joint problems (Clark et al., 1989b; Dahlstrom, 1989; Laskin, 1969;
Laskin and Block, 1986). Since TMD has been increasingly recognized during the
past two decades, attempts have been made to find Jaw muscle indicators of
diagnostic value for this condition. There seems little doubt that some of the Jaw
muscle indicators (discussed below, uieasured in TMD patients deviate from those
in normal subjects (those without TMD). But until it is understood how these
indicators are linked to symptoms and signs associated with TMD, their value as
diagnostic tools remains empirical and unreliable.

Occlusal splints (splints or inter-occlusal orthopedic appliances) are frequently
prescribed for TMD patients. Their success and failure have rarely been analyzed

in relation to biomechanics and neuromuscular control mechanisms (Boero, 1989;
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Clark, 1984a; Holmgren ef al., 1990). A rather detailed summary is provided about
the effects of occlusal splint therapy on the EMG activity of jaw muscles as revealed

by previous studies.

2.11L.1..THE SILENT PERIOD

The silent period was one of the first indicators recognized as having a
potential diagnostic value for TMD. Symmetrical silent periods in the bilateral jaw
closing muscles can be detected by EMG following tcoth contact lasting about 15 to
35 milliseconds (ms) (Bailey ef al., 1977; Bessete et al., 1971; Griffin and Munro,
1969; Hannam et al., 1969 and 1970; Stohler and Ash, 1984). Following a briefly
reduced period of activity, jaw closing muscles are re-activated for about 5G - 75 ms
in a chewing cycle (Ahigren, 1966; Moller, 1966; Stohler and Ash, 1984).

In TMD patients the silent period is lengthened up to 152 ms (Bailey et al.,
1977; Bessete et al., 1971; Stohler and Ash, 1984; Widmalm, 1976; Zulqarnain et al.,
1989). The duration may match the severity of TMD symptoms and signs and return
to the normal range after occlusal splint therapy (Bessete ef al., 1971). Thus, the
silent period has been recommended as a diagnostic measure of the extent of TMD
and an objective method for monitoring the effectiveness of TMD therapies (Bessete
et al., 1971).

An association between the silent period and TMD is, however, not universally

accep: = t“:lsing and Klineberg, 1983). Hellsing (1988), after reviewing various
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ways of measuring the silent period, concluded that although the siir. ~eried in

TMD patients was prolonged, its value as a diagnostic tool was still doubtful due to
the variation between individuals, recording techniques and eliciting methods which
lead to discrepancies of 5 to more than 100 s (also van der Glas et al., 1984). In
addition, there is a large overlap in the duration of the silent period between TMD
patients and normal subjects (Hellsing, 1988).

Whether or not mechanically stimulating a tooth inhibits the jaw elevator
muscles and, hence, produces a silent period, is still unsettled (Stohler and Ash,
1984). Tapping on the chin or a tooth during maximum intercuspal clenching has
been the mest frequently used method to induce a silent period (Bessete et al., 1971).
Such mechanical stimulation may, through vibration, directly stimulate the muscle
spindles of the jaw closing muscles. Electrical stimulation, therefore, may be a better
choice (Hannam et al., 1970; Yemm, 1972a and 19725,

It is also unclear what peripheral receptor(s) initiate the reflex which leads to
i+ wransient inhibition of jaw closing motoneurons. Periodental mechano-receptors
(PMR), jaw muscle spindles and nociceptors in the oral mucosa have been implicated
(Ahlgren, 1969; Griffin and Munro, 1969). Stimulating the inferior alveolar nerve
of dogs at a strength which activated low-threshold PMRs inhibited the jaw closing
muscles (Dessem et al., 1988). Local anesthesia applied to the periodontal ligament
of a central incisor abolished the silent period which had previously been elicited by

tapping this tooth (Sessle et al.,, 1972). In contrast, Matthews and Yemm (1970)
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found that the silent period induced in edentulous subjects wearing full dentures was
similar to that in those with natural teeth. Matthews and Yemm’s result seems to
indicate that PMRs are at least not the only receptors for the pathway responsible
for inducing a silent period. For the nociceptors in the oral mucous membrane,
Yemm (1972a and 1972b) showed that electrically stimulating oral mucous

membrane elicited silent periods in masseter and temporalis.

2.1H1.2..RESTING JAW MUSCLES AND HYPERACTIVITY

In the mandibular rest position the upper and lower teeth are separated by
a wedge-shaped space of 2 to 8 mm which is often clinically referred to as the freeway
space. To prevent further downward displacement of the mandible in an upright
subject, an upward directed force must cancel the force of gravity.

One or more jaw clesing muscles appeared to sustain som low level activity
to maintain mandibular posture (Lund and Widmer, 1989; Moller, :¢:85). Temnoralis
has been found to be responsible for elevating the mandible against gravity { Ahigren
et al., 1985; Burdette and Gale, 1990; Ingervall and Thilander, 1974; Jenkins, 1978;
Vitti and Basmajian, 1977). Horizontally oriented fibers in the posterior temporalis
may be assisted by some obliquely oriented fibers in the middle temporalis to hold
the mandible up against the downward pull of the gravitational force. Anterior
temporalis might also be used (Holmgren et al., 1985), but deep masseter did not

seem to be involved (Vitti and Junior, 1970).
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Body posture apparently affects the muscle activity required to maintain
mandibuiar posture. A supine position reduced the activity in temporalis (Holmgren
et al., 1985; Jenkins, 1978; Lund et al., 1970; Moller ef al. 1971).

The visco-elastic properties of muscles and their related connective tissues
may help to maintain the rest position and might be the sole factor as deceased rats
were shown to have a normal jaw resting position (Yemm and Nordstrom, 1974).
This view seems to be supported by the observation that no motor units in posterior
temporalis were active at the mandibular rest position (Eriksson et al., 1984).
However, a few motor units contracting at low frequency might have been
overlooked (Moller, 1974).

Two questions have been asked regardiug the possible link between postural
EMG activity and muscle pain in TMD patients. (1) Is an injured jaw closing muscle
hyperactive while maintaining the mandibular rest position? (2) Is the hyperactivity,
if it exists, linked to fatigue or pain in the jaw muscles of TMD patients?

Many workers have found that the postural EMG activity of the masseter and
temporal muscles in TMD patients is greater than that of normal subjects or that of
the same patients prior to treatment (Burdette and Gale, 1988; Dahlstrom et al.,
1985b; Lous et al., 1970; Moller et al., 1971; Sheikholeslam er al., 1980 & 1982;
Shumann et al., 1988). The increased activity was probably more pronounced in

anterior temporalis (Lous et al., 1970; Sheikholeslam et al., 1982). Dahistrom (1989)
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concluded that hyperactivity due to spasm of temporalis coincided with some of the
symptoms and signs associated with TMD.

In contrast, other studies failed to detect hyperactivity in the jaw muscles of
TMD patients who were maintaining the mandibular rest position (Majewski and
Gale, 1984; Sherman, 1985). Lund ez al. (1989) stated that some of the studies which
found increased postural EMG activity in TMD jaw muscles had failed to match a
control group under equivalent conditions and to apply statistics. They concluded
that there was no solid evidence to indicate an increased postural EMG activity in
TMD patients as compared to that of normal subjects (also Lund and Widmer, 1989;
Yemm, 1985).

While coniroversy surrounds whether there is muscle hyperactivity in TMD
patients, it is usually assumed that prolonged hyperactivity would cause fatigue in jaw
muscles which, in turn, could lead to pain.

Some workers have found that postural hyperactivity of jaw muscles seems to
be correlated with myalgia (Clark et al., 1979; Mercuri et af., 1979; Sheikholeslam et
al., 1982). Injection of lidocaine into the painful (unilateral) masseter and anterior
temporalis reduced their postural EMG activity (Hagberg, 19875b). In contrast,
Majewski and Gale (1984) clearly showed that pain in the area of anterior temporalis
on one side was not associated with postural hyperactivity in the ipsilateral anterior
temporalis. Martin and Matthews (1978) also failed to correlate headache with

excessive tension in some head and neck muscles.
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Sustained jaw muscle contractions may well coniribute to pain (Christensen,
1985; Clark and coworkers, 1984 - 89). However it is not known whether postural

hyperactivity, which accounts for a small fraction of the maximum voluntary activity,

leads to fatigue.

2.111.3..MAXIMUM EFFORT AND LENGTH-TENSION RELATION

There is overwhelming evidence that the maximum voluntary bite force
(MVBF) observed in TMD patients is smaller than that in normal subjects (Helkimo
and Ingervall, 1978; Helkimo ef al., 1975; Jenkins, 1978; Molin, 1972, etc). Markland
and Molin (1972) found that TMD patients developed smaller forces than normal
subjects when exerting the maximum protrusive, retrusive, and lateral (to the left and
right sides) bite forces. There is also evidence that MVBF increased as symptoms
improved during treatment (Helkimo et al, 1975). In addition, the EMG amplitude
recorded during maximum inter-cuspal «’-:.ching was much lower in TMD patients
than in normal subjects (Dahlstrom and Haraldson, 1985; Sheikholeslam et al., 1980).

In contrast, Hagberg et al. (1986b) and Gelb (1990) both found no difference
in MVBF between normal and TMD groups. Helkimo et al. (1975) did not observe
a significant difference in bite force between the affected and unaffected sides of the
face. Markland and Molin (1972) found no difference in the maximum jaw closing

force when TMD patients bit onto the healthy or affected side. Splint therapy did
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not seem to change the EMG amplitude during maximum inter-cuspal clenching
(Sheikholeslam et al., 1982).

There is little doubt that TMD patients are not willing to produce as much
bite force as normal subjects despite having a normal muscle mass. The
unwillingness to do so may well be due to pain in their jaw muscles or jaw joints.
Because MVBF varies considerably among normal individuals, its usefulness as a
diagnostic tool i. Joubtful.

Tie length-tension (force) relation in normal human subjects and
experimental animals has been discussed in 2.1.1.a and 2.I1.2.a. Two questions are
still unsettled: (1) at what amount of jaw separation is the greatest bite force
produced? and (2) what is the resting length of jaw muscles? One study has
addressed the differences in the length-tension relation between TMD patients and
normal subjects. Gelb (1990) found that normal subjects exerted maximum bite
forces at jaw separations of S mm while for some TMD patients with muscle pain
(and without joint problems) the separation was 8 to 9.5 mm. However, jaw
separation was only measured from 3 to 12.5 mm. The EMG activity of jaw muscles

was not measured.

2.11L4..MUSCLE ACTIVITY PATTERNS
Painful jaw muscles of TMD patients may be recruited differently from those

of normal subjects. Until recently, such possible differences have not been studied.
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Naeije and Hansson (1986) used 50% masseter EMG during maximum inter-
cuspal clenching as a standard and found that myogenous TMD patients had higher
average absolute EMG voltages in masseter and temporalis than arthrogenous
patients. Hagberg and Hagberg (1989) indicated that recruitment of motor units in
jaw muscles of TMD patients might be hindered, especially at high force levels.

Nielsen et al. (1950) observed the following differences in the activity pattern
of the masseter and temporal muscles in normal and TMD subject during some rapid
jaw movements and intercuspal clenching.

(1) With pain in some jaw and neck muscles, the anterior temporalis was less
often used and its activity was low during (a) rapid vertical jaw closing, (b) retrusion
from the intercuspal position, (c) latero-trusion to the side of painful muscle, and (d)
chewing gum.

(2) With pain in some jaw and neck muscles, the masseter was less frequently
used or its activity was smaller during (a) rapid vertical closing, (b) intercuspal
protrusion, (c) incisal clenching, and (d) chewing gum.

(3) With pain in at least one masseter (without painful neck muscles), the
anterior temporalis was less frequently used or its activity was smaller during the
tasks specified in (1). In fact, the activity of anterior temporalis was always lower
regardless of the source of pain (as identified clinically).

(4) The activity of masseters were NOT different between those subjects with

temporomandibular joint(s) degeneration and normal subjects.
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In TMD patients the jaw muscles may be protectively splinted during jaw
opening movements (reviewed by Clark et al., 1989b; Talley e: al., 1990). Injured jaw
muscles are likely to be guarded in order to avoid pain or joint problems (such as
clicking or lock). Intuitively this would result in abnormal muscle activity. However,
without sufficient information about how normal jaw muscles are recruited, it is not

possible to quantitatively address this problem in TMD patients.

2.1IL5..EFFECTS OF OCCLUSAL SPLINTS ON MUSCLE ACTIVITY

Occlusal splints are commonly used by dental practitioners to treat some TMD
conditions, especially those with myalgia (Ash and Ramfjord, 1982; Clark, 1984b).
Basically, there are five types of splint: stabilization, repositioning, pivot, soft and the
bite plane splints {(Boero, 1989; Major, 1988). Unless otherwise specified the splints
used in the studies quoted below are full-arch stabilization splints.

The overall effectiveness of splint therapy may be as high as 70 - 90% of
treated patients (Clark, 1984a; Zarb and Speck, 1979). Greene and Laskin (1972)
argued, however, the effectiveness of the splint therapy was often evaluated from
short-term subjective responses from patients. To overcome this shortcoming, EMG
activity of jaw muscles has been used to assess their effectiveness. It has been used
for both normal and TMD subjects during maximum inter-cuspal clenching and while
maintaining mandibular posture. Nocturnal muscle activity has also been studied as

an indicator of pathology.
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2.11L5.a...Maximum inter-cuspal clenching

EMG activity of jaw closing muscles during maximum clenching on a full-arch
occlusal splint has been studied many times: the muscle activity has been found to
be increased, decreased or unchanged compared to that without a splint.

Wood and Tobias (1984) found a 17% overall increase in the activity of
masseter and anterior and posterior temporal muscles when splints (1 and 2.5 mm
thick) were installed in normal subjects.

Others have found reduced EMG activity in one or more of the jaw closing
muscles of TMD patients wearing splints compared to those of TMD patients without
wearing splints (Christensen, 1980; Naeije and Hansson, 1991; Kawazoe et al., 1980;
Yaffe et al., 1991).

Reduced muscle activity has also been found with anterior teeth bite plane
splints (Dahistrom et al., 1985a; Fuchs, 1975; Manns et al., 1989; Wood and Tobias,
1984). Manns et al. (1989) showed that during maximum inter-cuspal clenching EMG
activity was greatest for bilateral molar splints and full-arch splints, less for bilateral
premolar splints and still less for anterior bite plates.

Studies of the effects of splints in normal subjects which found no change in
EMG activity during maximum inter-cuspal clenching include those of Dahlstrom and
Haraldson (1989) and Kawazoe ef al. (1980). In addition, MacDonald and Hannam
(1984a and 1984b) did not observe any change in jaw muscle activity of normal

subjects except for posterior temporalis when the entire dentition was raised with
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intercuspal stops (thickness: 1 mm). Faulkner et al. (1982) did not find changes in
the in vitro isometric and isotonic contractile properties and fiber types of masseter
and temporalis of monkeys which had been wearing splints (20 »un thick) for 48
weeks. Dahlstrom and Haraldson (1985) did not find changed EMG activity of TMD
patients after wearing splinis nightly for 6 weeks.

In a single sample of TMD patients, Holmgren et al. (1990) found that EMG
activity during maximum clenching increased, decreased or was unchanged after
splint therapy. Furthermore, neither irnmediately nor long-term (6 weeks) wearing
of the splint (3.7 mm thick) resulted in consistently different EMG activity during
maximum clenching on the splint compared to that during maximum inter-cuspal
clenching.

Maximum intercuspal clenching activates receptors monitoring the magnitude
of the bite force. These receptors may be any combination of (1) Golgi tendon
organs (GTO) of jaw closing muscles, (2) pericdontal mechano-receptors (PMR), and
(3) pressure receptors in the sutures of craniofacial bones (Osborn and Baragar,
1992; Herring and Mucci, 1991). Golgi tendon organs in jaw muscles have only been
histologically identified in the cat (Lund et al., 1978). The pressure receptors in
craniofacial bone sutures have not been well documented.

Presumably, any combination of the above three receptors must convey the
magnitude of the bite force to the ceniral nervous system which could

correspondingly adjust its commands to jaw closing motoneurons. However, it is
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unsettled whether the feedback from PMRs to jaw c¢icsing motoneurons is positive
(Lavigne et al., 1987; Lund and Lezrnarre, 1973; Olsson ef al., 1988) or negative
(Hannam and Mattl:ews, 1969a; Orchardson and MacFarlane, 1980; Sessle and
Schmitt, 1972; van Steesberghe and de Vries, 1978b; van Steenberghe, 1979). Reflex

effects from Golgi tendon organs or bone suture pressure receptors have not been

described.
2JiL5.b...Postural an3 nocturnal muscle activities

Many studies have found that splint therapy reduces the postural EMG activity
of jaw muscles of some TMD patients; however, postural EMG actually increased in
some other patients (Christensen, 1980; Clark et al., 1979; Holmgren et al., 1985 ani!
1991; Sheikholesiam et al., 1986).

Dahlstrom et al. (19854) reported reduced postural activity in anterior anc
posterior temporal muscles after TMD patients had worn night splints for 1 week.
Sessle et al. (1990) found a decrease in the postural EMG activity of the superficial
masseter and upper and lower heads of the lateral pterygoid: the decrease persisted
for about 6 weeks but the activity gradually returned to its original value.

Dabhlstrom and Haraldson (1985 and 1989} showed that postural activity was
unchanged immediately after splints were installed or after wearing nightly splints for
6 weeks. Clark et al. (1979) found that almost half of their patients wearing splints
showed either increased or unchanged nocturnal hyperactivity of jaw muscles. In

addition, a return of EMG activity to the pretreatment level was noticed in 92%
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patients after removing splints. Holmgren et al. (1985) found that in patients who
wore splints for 15 minutes postural EMG activity increased in 22%, was reduced in
52% and unchanged in 26%.

§. ~.kholeslam er al. (1986) found that postural EMG activity was reduced
during 3 - 6 months of wearing splints; however, TMD signs and symptoms returned
to pre-treatment levels in 80% of patients within 1 - 4 weeks after stopping the splint
therapy.

The nocturnal EMG activity of jaw muscles also appears to respond to full-
arch stabilization splint therapy. Clark et al. (1979) and Solberg et al. (1975)
reported reduced nocturnal muscle activity in a majority of bruxing subjects, but the
changes were probably not permanent.

Duration of wear and thickness of the splint may both be related to the
effectiveness of splint therapy. The effects of the thickness of an occlusal splint on
Jaw muscles, however, have rarely been examined. Manns et al. (1985) found that
postural masseter muscle activity was mo e significantly reduced after three weeks
wearing a thick splint (about 4 and 8 mm thick) than a thin splint (1 mm thick).
Temporalis showed an immediate and long-lasting reduction in activity. Major
(1988) suggested that continuous wear of a stabilization splint may be more
important than its thickness which should be kept minimum.

Although the effectiveness of splint therapy has been thoroughly studied, few

have sought to understand how it works. Clark (1984¢) stated that an occlusa} splint
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alters muscle coactivation patterns, but failed to provide any evidence. Christensen
(1980) suggested that a splint may work by stretching jaw muscles beyond their
resting length.

Installing an occlusal splint on the upper or lower dental arches is a unique
orthopedic procedure. It immediately separates the jaws from their usual resting
position and increases the length of the fibers of jaw muscles. Occlusal splint
wearers often remove and reinstall splints during a day and, as a results, the tonic
activity of jaw closing muscles may be repeatedly increased because when these
muscles are lengthened the monosynaptic muscle spindle feedback to the
motoneurons supplying these muscles is facilitated. It therefore seems unlikely that
this procedure would relax jaw muscles. However, the mandibular rest position may
rapidly adapt to changes in vertical occlusal dimension (Goldspink, 1976; Hellsing er
al., 1984) and this might be attributed to the addition of sarcomeres in the fibers of
jaw closing muscles (Herring et al., 1984) due to passive tension applied by a splint
to these muscles. Above all, little is known about how the central nervous system
may adjust its commands, possibly through y motoneurons, in response to the

increased muscle length due to the presence of a splint.

2.J1L6..MANDIBULAR DYSKINESIA
Dyskinesia includes abnormal movements, such as deviated jaw trajectories

and limited range of motion, associated with TMD (Ash, 1986; Bailey et al., 1977;
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Clark and Lynn, 1986; Helkimo, 1974; Stohler et al., 1988). It is often attributed to
disk displacement, muscle spasm or protected muscle splinting {Ash, 1986; Yemm,
1985).

The general observation seems to be that TMD patients could not perform
accurate lateral movements (Clark and Lynn, 1986; Isacsson et al., 1988). The
problem is which receptor(s) is responsible for conveying the sense of the position
of the mandible: the possible receptors being (1) periodontal mechano-receptors, (2)
muscle spindles, and (3) TMJ mechano-receptors. The question seems to be whether
the afferent information from any of these receptors in TMD patients is different
from that of normal subjects.

Broekhuijsen and van Willigen (1983) concluded that muscle proprioceptors,
rather than joint receptors, were responsible for conveying information about
mandibular position. Williams et al. (1984a) found that anesthetizing the periodontal
ligaments of maxillary and mandibular central incisors impaired bite force
discrimination, while applying anesthesia to the temporomandibular joints did not.
In a subsequent study, they showed that the subjects’ ability of discriminating bite
forces was changed after muscle receptors were impaired by vibratory stimulation of
the jaw closing muscles (Williams et al, 1987). Greenfield and Wyke (1966)
described mechano-receptors and pain receptors in the capsule of the
temporomandibular joint. Its role in detecting mandibular position has been stressed

by the following workers (Klineberg et al., 1971; Larsson and Thilander, 1964;
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Thilander, 1961). However, joint receptors in TMD patients have rarely been
extensively studied.

¢ #: the negative side, Hellsing (1980) found that neither muscle vibration nor
anesthesia of the periodontal ligaments and/or of the temporomandibular joints
affected the ability to vroduce a given bite force. Furthermore, Dahlstrom et al.
(1989) showed that perception of joint position was not changed in either TMD
patients or normal subjects with joint capsules anesthetized. Stegenga et al. (1990)
found that both normal subjects and TMD patients (including those with and without
joint dysfunction) had difficulty in producing certain predefined bite forces without
feedback. This suggested that receptors monitoring the magnitude of bite force in
TMD patients were not altered.

Thus, the question of whether or not TMD patients suffer from dyskinesia
seems unsettled. Isacsson et al. (1988) noted that the often anteriorly dislocated disk
could not be the source of altered proprioceptive sensation because the disk was not
innervated. Instead, the concomitant displacement of the posterior part of the
capsule and the retro-disk tissues pulled forward by the disk, might send incorrect
afferent information. An explanation for dyskinesia in TMD subjects seems to rely

upon whether the peripheral proprioceptive reception is altered.
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It has proved difficult to develop a thin and small bite force transducer
capable of measuring the direction of a bite force in the three dimensional (3-D)
space. Attempts made to design such a force transducer have not been completely
successful as separately indicated Graf er al. {1974) and Watanabe and Hannam
(1986). As described in 2.1.1., the magnitude of a bite force has most often been
measured as its component perpendicular to the occlusal plane. Due to the fact that
there was no previous work to fo!/ .., the development of the 3-D bite force
transducer has involved considerable work in developing various prototypes. The bite
force transducer developed for the present project now has a patent pending through
the intellecti~ — * raperties Office of the University of Alberta (Appendix 1).

The ob;..c..ve was to develop a thin bite force transducer and its associated
visual feedback system which would allow a subject 10 "see”, on a computer video
monitor, the magnitude and direction of the bite force being produced. The force
transducer consists of 2 housing to which sensors are attached. The visual feedback

system involved hardware configuration and computer programming.

3.1.1..THE HOUSING

As described in 2.1.2, the directional capability of a bite force transducer
largely depends upon the design of its " susing. The housing of the bite force
transducer used for the studies in this thesis has an H shape (Figure 1, p. 170). Since

excessive jaw separation is not desirable in simulating normal biting, the H shape
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allowed the sensors to be placed on the two vertical plates (Figure 2, p. 172).
Therefore, .he whole transducer, when placed in any position around the dental arch,
yielded only a small separation between the upper and lower jaws. Two plastic and
one metal model (about 10 times the size of the real force transducer) were made
and the metal model was tested (with strain gauges installed).

The material of the housing was made of gauge #20 stainless steel plates

(Alex Alloys, Edmonton, Alberta, Canada). If the sensitivity and orientation of the

sensor are fixed, stainless steel with low -  -sc numbers (thicker and therefore
more rigid) reduces the sensitivity of e .. . ° - .. Four pieces of the stainless
steel were cut or bent into the requirc:i - .= (ingure 3, p. 174). They were then

welded to form *»< hollow H-shaped cross section. The above procedures were
completed :n the Technical Services Machine Shop. The distance between upper and
lower surfaces of the cress bar of the H is 2 mm (Figure 4, p. 176). The remaining
dimensions of the housing (considered the same as those of the whole transducer)

were 25x15x17° mm (lengthxwidthxheight) and are shown in Figure 4 (p. 176).

3.1.2..THE SENSORS
Bonded strain gauges were selected as the sensors for the force transducer.

All the strain gauges were supplied by Micro-Measurements Inc. (Raleigh, North

Carolina, USA,).
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Out of numerous types of strain gauges, four identical strain single gauges
(CEA-13-062UW-350) were first chosen. The four strain gauges were installed
upright on the two vertical surfaces of the H shaped housing; two gauges on the same
plate were parallel to each other and separated by about 8 mm (Figure S, p. 178).
The four-channel strain gauge outputs were fed into a strain gauge conditioner
(Model 2100, Vishey Instruments, Raleigh, USA). After considerable time spent
testing this configuration of sensors, it was found that the four vertical gauge
configuration was excellent for distinguishing changing (calibration) force directions
of in the frontal plane (from side to side) but not sufficiently sensitive for those in
the sagittal plane (from anterior to posterior) (Figure 5). Therefore, this
configuration was abandoned. The insensitivity in the sagittal plane may be
attributed to the fact that the two vertically oriented strain gauges on the same plate
were too close to each other to detect differences in changing force directions in the
sagittal plane. Nonetheless, time was not totally wasted because a close linear
relationship was confirmed between the applied calibration forces (standard loads)
and the strain outputs from any of the four gauges in each of the tested directions.

Stacked strain gauge rosettes were then used. Three single strain gauges
(gauge factor of 2.05 at 24°C) are combined into a rosette in the factory. The
rectangular rosette {WK-06-060WR-350) used for the present study contained three
strain gauges each of which was separately by 45°. The rosettes operate in the

temperature range of -269° to +290°C. Other technical specifications of this rosette
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are provided in Appendix #2. After the surface of the housing was prepared, a
rosette was installed outside each vertical plate of the H (Figure 2 - p. 172). The
installed rosettes were tested with voltmeter and megohm-meter to detect any
deterioration or leakage of current when installation was completed. Finally the
rosettes were coated with two layers of adhesive: (1) M-Coat A, Polyurethane coating
and (2) moisture-proof gluc (M-Bond AE-10/ 15). The upper temperature range for
the adhesives was 140°C. The complete customized strain gauge installation
procedures can be found in Appendix #3.

After two rosettes were successfully installed for a transducer, a parallel
computer cable (25 pin and about 1.5 m long) was made containing six leads from
the six strain gauges of the two rosettes and connected to the strain gauge

conditioning system.

3.L3...STRAIN GAUGE CONDITIONING

Unless otherwise stated, all the strain gauge conditioning facilities described
in this section were supplied by Sciemetric Instruments Inc. (Nepean, Ontario,
Canada). The six strain gauges contained in two rosettes for a force transducer were
connected via a parallel computer cable to a Model 84 Strain Gauge Conditioner
card. The Model 84 card provides each strain gauge with a Wheatstone bridge
circuit configured in 1/4 bridge setup (Figure 6, p. 180). The 1/4 configuration

makes every gauge in the transducer active and yield its own strain output when
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stressed (Dally and Riley, 1978; Perry and Listner, 1964). An excitation voltage of
3 V was supplied to each gauge (channel). For the safety of human experimentation,
the excitation voltage and current were derived from a rechargeable battery (12 V
and 26 4/hr., Model PS 12260, Power-Sonic Corp., Redwood City, California, USA).
The battery was regularly charged with a charger (Motomaster 11-1561, Canadian
Tire, Edmonton, Alberta, Canada).

The conditioned strain gauge signal from the Model 84 card was fed to an
analog/digital converter card (Model 233) and an IBM computer interface card
(Model 802). The digitized strain gauge data were originally . ecorded at 1 Hz onto
the hard disk of an IBM XT computer. Later, an IBM compatible 386/25MHz
computer (with mathematic co-processor) replaced the IBM XT and increased the
sampling frequency to 10 Hz. The computer software used to operate strain gauge

conditioning was Quicklog (Version 2.01).

3.14..THE CALIBRATION

The calibration system is shown in Figure 7 (p. 182). A metal camera tripod
was used as the base for holding the force transducer. Thin layers of quick-set acrylic
(Dura Lay, Dental Mfg. Co, Worth, Illinois, USA) were placed in the upper and
lower recesses of the H. Before the acrylic was set, a bolt was placed in the center
of the lower acrylic block and a small hole, for location purposes, was put in the

center of the upper acrylic block. After both pieces of the acrylic became solid, the
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whole transducer was screwed onto the camera tripod. A pin held by a vice served
as the pointer (down to the hole in the center of the upper acrylic block) through
which standard loads were applied. Applying calibration forces through the pin was
assumed to have nearly the same effects as applying calibration forces through a
tooth. The basis for such assumption is the widely-accepted Saint-Venant’s principle
in strain and stress analysis which states that a system of forces acting over a small
region of boundary can be replaced by a statically equivalent system of forces without
introducing appreciable changes in the distribution of stresses in regions well
removed from the area of load application (Dally and Riley, 1965).

The standard loads used to apply forces were brass weights from 10 N to 150
N. The directions of the forces applied as loads were 0° 157 and 30° away from the
vertical (to the ground) at 45° intervals around the full 360° in the horizontal plane.
A change in the direction of force was made possible by changing the angle of the
head of the tripod. When a load was applied to the cross bar of the H, the vertical
plates of the H were deformed along with the strain gauges bonded to them. The
change in resistance of each strain gauge is proportional to the change in length in
the leng axis due to deformaiion (Dally and Riley, 1978).

The principal strains were calculated following the equation recommended by
Dally and Riley (1978). By comparing the magnitude of changes in the output from
the six gauges it was possible to formulate equations which would predict the

magnitude and the direction in the sagittal and frontal planes of a lcad with unknown
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direction. For instance, by comparing the changes in resistance of the two antericr
gauges (left and right) with those of the two posterior gauges, the direction of the
force in the sagittal plane could be calculated. By comparing the differences between
the left and right gauges the direction of the force in the frontal plane could be
calculated. A set of standard calibration procedures is provided as Item 4 in
Appendices. The accuracy and margins of error of the force transducers used for the
present study are shown in Table S {p. 167). For instance, if outside the mouth the
transducer was subjected to a known load up to 150 N in a known direction, the
parameters predicted by the equations were within £ 5 N, and about + 2° in an

antero-posterior direction and + 4° medioc-laterally of the true parameters.

3.1.5..VISUAL FEEDBACK

The magnitude and direction of a bite force were displayed graphically on the
video monitor of the computer used for recording the bite force signal (Figure 8, p.
184). Initially, the information about a bite force was programmed to be displayed
in three dimensions on the computer screen. Later, it was found that the 3-D display
was confusing to subjects compared to a two dimensional display and thus the latter
was adopted. Subjects were therefore provided with the real-time visual feedback
of the magnitude and direction of the bite force they were producing. The signal

delay was minimal.
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When the transducer was placed in the mouth so that its horizontal cross was
parallel to the upper occlusal plane, a subject was asked to produce a Bite force of
about 200 N at an angle of 5° anterior from the vertical in the sagittal plane and 15°
to the right of vertical in the frontal plane on the left first molar tooth. The
magnitude and direction of this bite force is displayed on the computer screen as in
Figure 8.

Three large concentric circles, divided into quadrants by a cross (Figure 8),
served as a map which displayed the direction of the bite force. The center of the
cross represented a vertical bite force. The four arms of the cross represented
medial, lateral, backward and forward directions. The three concentric circles
showed angles of 10° 20° and 30° away from the vertical. A smaller empty circle (the
target circle} was programmed to appear on the screen in the position which
corresponded with the required direction of the bite force predefined by the operator
(5° forward and 15° right in Figure 8). The actual direction of the bite force being
produced by the subject was displayed as a blinking solid circle. The magnitude of
the bite force was displayed on a vertical scale. The scale can be infinitely varied.
In practice, ranges from 100 N to 1,000 N hav . been used. Either the magnitude or
the direction of a bite force can be hidder - '~ necessary. The objective of the
subject was to maintain a bite force of ti.2 re~iired magnitude (on the force scale)

with the blinking red dot in the center of thc fixed empty target circle.
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The blinking solid circle indicating the direction of a subject’s bite force
usually flickered in and around a target. Some of this variability was probably real
but some of it was related to excessive sensitivity of the system. During calibration
with a stable load the circle flickered over an area representing a few degrees of
movement.

The six columns of numbers at the bottom of Figure 8 monitored the strain
values (in microstrains) recorded by each strain gauge. They were continually
scrolling and served to reassure the operator that the two rosettes were producing

appropriate strain values.

3.1.6.. THE USE

Compared to development of the force transducer, the application of the
transducer was straightforward. The transducer was sterilized for four hours in
ethylene oxide each time before use with a new subject.

Thin layers of quick set acrylic (Dura Lay, Dental Mfg. Co, Worth, Illinois,
USA) were placed in the upper and lower recesses of the H and the subject bit into
them until the cross bars were encountered. When the acrylic was set the transducer
was removed and the upper and lower acrylic blocks were trimmed, when necessary,
so that they surrounded only the occlusal surface of one pair of upper and lower
teeth (Figure 9, p. 186). The acrylic provided a stable and, more importantly,

reproducible base for the upper and lower occluding teeth in the upper and lower
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recesses between the vertical arms of the H after the iransducer was reinstalled.
After the bite force transducer was installed between the upper and lower first
molars, the jaw separation measured as the inter-incisal distance was 4 to 6 mm
(Figure 9, p. 186).

Outputs from the six individual strain gauges were fed into the strain gauge
conditioning equipment as described in 3.1.3. The bite force measurement fiow
diagram is shown as Figure 10 (p. 188).

Lewis and Yemm (1983) indicated that the ability of the human subject to use
the jaw closing muscles in target tracking was dependent upon the magnitude of the
force: the greater the effort demanded, the greater the error. However, they only
studied the range of isometric bite forces up to 4 kg. The findings in this thesis have
been different in that the greater the bite force (e.g. 30 kg compared to S kg), the
more stable the direction of a bite force. This agrees with Lindauer ef al. (1991) who
indirectly suggested that the linear correlation coefficients of the EMG activity of jaw

muscles became better at higher bite force levels.

3.1.7...TASKS

For normal subjects, a wide range of predefined magnitudes and directions of
bite force was used as tasks. The magnitude of bite forces investigated was from 50
N to 300 N in 50 N increments; the directions were vertical, and 20° forward,

backward, medial, and lateral in 90° intervals in the horizontal plane. Two separate
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experimental sessions were conducted with each subject whenever possible: one for
the left side tasks and one for the right. If, after several attempts, a subject was not
able to perform a specific task he/she was instructed to abandon it. The sequence
of tasks was randomly assigned. The interval between two tasks was between 2 and
5 minutes. This allowed the subjects to relax their muscles. Each left or right
session required 2 - 3 hours depending upon the ability of a subject to perform bite
force tasks.

TMD patients were unable to complete the wide range of bite force tasks as
normal subjects did. They usually suffered discomfort after about 10 tasks including
unsuccessful ones. Hence, only a limited range of data could be obtained from TMD
patients. The directions used as tasks were the same as those used for normal
subjects but with a limited range being any of the vertical, and 20° forward,
backward, medial, and lateral in 90° intervals in the horizontal plane. The magnitude
of the bite force was chosen to be the one which was well within the capabilities of

the subject.
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3.IL1..ARCHITECTURE OF THE MUSCLES STUDIED UNDER STUDY

Masseter and temporalis were studied with surface electromyography (EMG)
in the present study. The structure of these two muscles is briefly described below
in this section. These two muscles, along with medial and lateral pterygoids, belong
to a group usually referred to as muscles of mastication or masticatory muscles. The
jaw muscles are often used as a synonym for jaw closing muscles, but may include
others such as lateral pterygoid and suprahyoid muscles (e.g. digastric, mylohyoid,
etc.). Gray’s Anatomy (edited by Williams and Warwick, 1980) is used as the major
source of reference.

The masseter is quadrilateral, and consists of three superimposed layers
blending anteriorly. It is usually described as having two or three parts: the
superficial, (middle) and deep. The superficial layer, being the largest, arises by a
thick aponeurosis from the zygomatic process of the maxilla, and from the anterior
2/3 of the lower border of the zygomatic arch; its fibers pass downwards and
backwards, to be inserted into the angle and lower half of the lateral surface of the
ramus. The middle layer arises from the deep surface of the anterior 2/3 of the
zygomatic arch and from the lower border of the posterior 1/3 and is inserted into
the middle of the ramus of the mandible. The deep layer arises from the deep
surface of the zygomatic arch and is inserted into the upper part of the ramus of the

mandible. In most people, the superficial masseter can be palpated as an oblique
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mass passing from the cheek bone to the angle of mandible when a subject is
clenching the teeth.

The temporalis is fan-shaped and arises from the whole of the temporal fossa
and from the deep surface of the temporal fascia. Its fibers converge and descend
into a tendon which passes through the gap between the zygomatic arch and the side
of the skull, to be attached to the medial surface, apex, anterior and posterior
borders of the coronoid process, @and the anterior border of the ramus of the
mandible nearly as far as the last molar tooth.

Both the masseter and temporalis are innervated by the mandibular division
of the trigeminal nerve which also conveys proprioceptors arising from them
(afferents from muscle spindles, and Golgi tendon organs if any).

In this study, the superficial masseter and the anterior temporalis were
examined with EMG. With the upper and lower jaws closed or at the mandibular
rest position, the resultant line of action of the superficial masseter is directed
obliquely upward and forward, while that of the anterior temporalis is nearly vertical.

These two muscles were palpated and identified with markers. The skin over
them was rubbed with an alcohol pad. Male subjects were asked to shave the areas

of electrode placement before expeiiments.
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3.11.2...SURFACE EMG APPARATUSES

Bipolar surface electrodes (9 mm sensor diameter) filled with electrode paste
were installed with siicky collars over the left and right superficial masseter and
anterior temporal muscles. All the above items (the electrodes, the conducting paste
and the collars) were supplied by Neckman Instruments, Inc.,, Anaheim, California,
USA. Each pair of the electrode: “was placed parallel to longitudinal axis of the
muscle. This orientation is known to record a greater muscle potential than placing
electrodes transverse to the longitudinal axis of the muscle (Ahlgren and Henrikson,
1987). In this study, the electrodes were 25 mm apart. Position of electrodes can be
found in Appendix Figure 2 (p. 289) in Appendices Item 4. A reference electrode
was placed on the skin over the fifth cervical vertebra.

The 4-channel EMG signals of the bilateral masseter ana temporal muscles
were amplified with preamplifiers (P15, Grass Medical Instruments, Quincy, USA)
at a gain of 1,000 and with a bandwidth of 10 - 1,000 Hz. The low cut-off frequency
was set at 10 Hz for future fast Fourier transform analysis. Occasionally, this low cut-
off frequency was increased to 100 Hz due to 60 Hz AC contamination in the EMG
signal. In this case, the file was correspondingly marked.

The raw EMG signals were displayed on an 8-channel oscilloscope (SA14N,
Tektronix, Beaverton, USA) and fed through a 12-bit analog/digital converter at
1,000 Hz/per channel (Dash-8, Mytrabytes Ltd., Wilminton, USA). Finally the

digitized data were picked up by the data acquisition board (also Dash-8) installed
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in a personal computer (IBM compatible 486/33 MH: with a mathematic co-
processor) and collected onto its hard wisk (120 Megabytes). Recording duration for
each task was 4.096 seconds (This unusual time was chosen for Fourier Transform

analysis). Figure 11 (p. 190) provides a flow chart of EMG recording devices.

3.11.3..PATA ANALYSIS AND STATISTICS

The digitized integrated EMG data, collected through a commercial software
(the Labtech Notebook, Mytrabytes Ltd., Wilminton, USA), were in ASCII format.
There were 16,384 data points in each file (4.096x1000x4: recording duration x
sampling rate x the number of channels). If a subject succeeded in performing all
the bite force tasks, there were 30 files (6x5: magnitudes of bite force in each
direction x the total number of bite force directions studied) plus the maximum
voluntary contraction files. These files were normalized by the following methods
with custom developed computer software. It is obvious that the data analysis was
time consuming,.

(1) Full-wave rectification: this turned all the negative components of the AC
EMG signal upwards to become positive.

(2) Averaging (smoothing): the rectified EMG data points were averaged over
100 data point intervals and, hence, an integrated EMG for each muscle was
obtained. Figure 12 (p. 192) provides three diagrams showing raw, full-wave rectified

and integrated EMGs. During an experiment, the EMG traces were checked
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regularly on the oscilloscope and as a graphical presentation of a recorded file
(Figure 13, p. 194).

(3) Obtaining MVC: this involved a way to identify the maximum voluntary
contraction (MVC) of a muscle. MVC is a controversial value and may never
actually be obtained during several contractions, especially for a group of synergistic
muscles. MVC was obtained for each muscle by requesting a subject to bite on the
transducer, for about four seconds, as hard as possible, while the direction of the bite
force was ignored (hidden from subjects). The procedure was repeated three times.
The three EMG files were later full-wave rectified and averaged following the above
methods. The average of the top 200 values in each file was calculated. Finally, the
greatest of the three averaged values was considered as the MVC for a muscle.
Literally, this may still not be the maximum EMG which can be recorded in a muscle
when it (or its innervating motor nerve) is supramaximally stimulated. It became,
however, an arbitrary value (which may be very close to the MVC) against which all
other EMG records were measured.

(4) Normalization of EMG: all remaining EMG records were caiculated as
percentages of the MVC values for the corresponding muscles. Hence, relative EMG
units were used.

(5) Ratios of paired muscles: m;,ascles were grouped into pairs (such as the
working side temporalis and the working side masseter) and ratios of their

normalized EMG aativities were calculated.
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GraphPad Instat (GraphPAD Software, San Diego, California, USA) was uscd
for all the statistical analyses. Linear correlation analysis was applied to the
normalized EMG data points plotted against bite force increments (from 50 to 300
N) in each of bite force directions (3.1.7.). EMG activity was measur:d when the bite
force tasks were preduced on the left and right side of the jaw. The linear
correlation coefficients (r values) were calculated.

Lindauer et al. (1991) tested the reproducibility of surface EMG recording in
superficial masseter and anterior temporal muscles when the same magnitudes of bite
forces were produced in two separate sessions. They concluded that the slope of an
EMG-bite force plot (not the y-intercept) was reproducible.

One-way analysis of variance (ANOVA) was used to test any differences
among the ratios of the paired muscles when producing bite forces in each of the
performed directions of bite force. The Bonferroni method was used to compare
ratios of paired jaw muscle activities for any of the two different directions of bite
force. P values of greater than .05 were rejected; .05 > p >.01 were considered

significant; and values p <.001 extremely significant.

3.11.4...SELECTION AND CLINICAL EXAMINATION OF SUBJECTS
Normal subjects refer to those, when examined, who did not have and had

never had TMD symptoms or signs. TMD subjects (patients) were those who, at the
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time of the experiment, had at least one sign of temporomandibular disorders
(TMD).
3.I1.4.a...Normal subjects

Normal subjects (those without TMD) were randomly recruited from dental
and graduate students. The criteria used for selecting normal subjects included: (1)
generally good health and not on any medication; (2) no present or previous history
of jaw muscle pathology or temporomandibular joint disorders; (3) no periodontal
disease or gingivitis; (4) no facial asymmetry; (5) no unilateral chewing habit; (6) no
malocclusion (Angle’s Class I occlusion was required).

Following these standards five students participated in this study: two males
and three females. Their age ranged from 21 to 29 years. Subjects were briefly
informed about the objectives of the study and given the option to participate. They
were assured that the project had been approved by the Human Ethics Committee
of the Faculty of Dentistry. All subjects were given the right to withdraw at any stage
of the experiment. The agreed consent forms were signed (Appendices Item 5).

On the day of experimentation, a subject sat upright with a head rest on a
dental chair. Jaw muscles and the temporomandibular joint areas were examined to
detect any tenderness or pain. Intra-oral examination mainly recorded problems such
as missing teeth, caries, fillings and periodontal disease, ezc.

During an experiment, a subject was advised to abandon a task which seemed

too difficult to perform after 3 trials. Measurements for the left and right sides of
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the jaw were carried out on different days for three subjects (two males and one
female). Only one set of measurements was done with the other two subjects.
3.11.4.b...TMD subjects

All the TMD subjects were recruited from patients treated at the
Temporomandibular Joint Investigation Unit at the Faculty of Dentistry. Patients
were first selected by clinical impression and a review of the cases and suitable
patients were then informed about the objectives of the studies and the time
commitment. Written consent form (Appendices Item 6) were signed.

On the day of experiment, a patient was examined separately by two clinicians
who both followed the Craniomandibular Examination Index proposed by Fricton
and Schiffman (1986, 1987). The examination sheet is attached in Appendices Item
#7. After clinical examination the TMD subject was guided to the laboratory and
sat upright on a dental chair with head rest.

It was soon found that TMD subjects were unable to perform nearly as many
tasks as normal subjects. Either slight or substantial pain, usually arising from one
of the jaw muscles or the temporomandibular joints, appeared during the experiment.
Patients were constantly advised that they could terminate the experiment at any

time.
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4.1.1..PRODUCTION OF BITE FORCES

When all the subjects initially faced the feedback of their bite forces, most of
them had some degree of difficulty producing a bite force specified precisely by the
target on the computer screen. They usually practised for 10 to 15 minutes before
being able to perform most required tasks effectively. During experiments some
subjects were still not able to perform the whole range of bite force magnitudes in
some specified directions. For example, a subject could produce backward bite
forces from 100 N to 250 N but could not reach 300 N. When this occurred, a
subject was instructed to abandon the 300 N task. Occasionally a subject was not
able to produce any force of a specified direction and this happened most often with
lateral bite forces (described below).

As long as a subject got used to the bite force feedback, the magnitude and
direction of a bite force were usually well produced and maintained. The actual
direction of the bite force, however, did fluctuate (=:matimes very dramatically).
Whenever the fluctuation of the bite force direction v. . . wor¢ *%.an 10 degrees away
in any direction, the recording (computer file) was abandoned and the subject was
requested to repeat the same task. The magnitude of a bite force was usually better
maintained than its direction; any fluctuation greater than *+ 50 N was rejected.

Occasionally subjecis complained about ’tiredness’ or ’fatigue’ in their jaw
muscles. When this occurred, it was usually near the end of an experiment. Such

perception may indicate early signs of muscular fatigue at submaximal contraction



Chapter 4, Section I a5
Results: Co-activation of Normal Jaw Muscles

levels (as the magnitude of bite forces used as tasks in the present study was within
submaximal contraction levels in most cases). Whenever this happened, even though
physiological fatigue did not seem to have occurred, the bite force transducer was
removed from the subject for 5 or more minutes for two reasons: (1) recovery from
the submaximal fatigue is relatively long (more than 1 minute as compared to the
maximal fatigue); and (2) feelings about ‘fatigue’ may prevent a subject,
psychologically, from performing further bite force tasks. The experiment was not
resumed until the feeling of *tiredness’ or ’fatigue’ disappeared. None of the normal

subjects reported any pain associated with the experiment.

4.1.2..DISPERSION OF EMG DATA

Figure 14 (p. 196) shows the dispersion of the normalized EMG daia points
in all subjects. The combination of the muscles and tasks for each plot was randomly
chosen: (1) the balancirig masseter during producing vertical bite forces; (2) the
balancing temporalis during exerting 20° backward bite forces; (3) the working
masseter for 20° medial bite forces and (4) the working temporalis during performing
20° forward bite forces. Data points representing percentages of EMG,_,,, for all
subjects were plotted against bite force increments. A linear regression line was
fitted for all the data points (in each plot) for one muscle during performing a

particular task.
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Most data points showed some scatter within a reasonable distance from the
linear regression lines fitting all the data points in each plots. Most, but not all, of
the EMG data points which were outliers were found at higher force levels (beyond
100 N); working temporalis was an exception (Figure 14D). These outlying data
points included those of (1) the balancing masseters of three subjects when biting
vertically (symbolized as solid and open squares and solid triangles in Figure 14A);
\2) the balancing t~mporalis of one subject during producing 20° backward bite forces
(symbolized as solid triangles in Figure 14C); and (3) the working temporalis of one

subject upon exerting 20° forward bites (symbolized as solid squares in Figure 14D).

4.13..BITE FORCE-EMG RELATIONSHIP

This relation was expressed as the averaged surface EMG activity of the four
jaw muscles in all the subjects plotted against graded bite forces in all the studied
directions. There were two ways to examine this issue: (1) to calculate regression
lines for averaged muscle tensions against incremental bite forces in each direction
in the sagittal and frontal planes for all the subje. : (Figures 15 and 16 respectively,
pp- 198,200) and (2) to calculate correlation coefficients (r values) for regression lines
for the muscle activity in single individuals against incremental bite forces. For every

bite force direction r values for all the subjects were plotted (Figures 17 to 21, pp.

202-210).
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In most cases, linear regression lines fitted well with most sets of the averaged
percentage EMG data points for all the subjects when producing bite forces
projected in the sagittal and frontal planes (Figures 15 and 16 respectively). All the
linear regression lines were significantly different from zero (0.01 > p > 0.001)
except for those between lateral bite forces and EMG activities of balancing
temporalis (p=0.18) and working masseter (p=0.17). There seemed to be a roughly
linear relationship between the integrated and normalized EMG activity of the four
studied muscles and the graded bite forces of different directions except the above
two cases. A change in the direction of a bite force did not appear to alter the
linearity between the EMG activity of jaw muscles and the magnitude of the force.
In other words, the linearity did not seem to be specific to a particular bite force
direction.

In Figures 17 to 21, the different numbers of bars representing r values were
due to some subjects only being able to produce one or two magnitudes of bite forces
in some directions or some subjects not being able to produce any force in a
direction (e.g. only three subjects were able to produce lateral bite forces for S0 N,
100 N, and 150 N). The majority (94%) of the correlation coefficients (r values)
were greater than 0.75 (Figures 17 to 21); only 4 out of 72 {(6%) were below 0.75.
The range of all the r values was from 0.28 to 0.99 with an average of 0.87 and a
standard deviation of 0.17. Muscles and tasks with 7 values less than 0.50 were (1)

r = 0.28: for the balancing masseter of one subject during producing 20° lateral bite
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forces (Figure 19); (2) r = 0.36: for the balancing masseter of one subject during
producing 20° forward bite forces (Figure 17); and (3) r = 0.49: for the working
masseter of one subject during producing 20° backward bite forces (Figure 18).
Medial and vertical bite forces yielded r values closer to 1 than the other forces.
Table 6 (p. 168) shows the average r values and corresponding standard deviations
for each of the five bite force directions for all the subjects along with the overall
mean and standard deviation.

All regression lines were expressed as equations of the form Y = mX + c.
The average of the slope (m) was 0.18 with a standard deviation of 0.06 and the
average of the Y intercept was 3.72 with a standard deviation of 4.11. The averaged
Y intercept (c) was fairly close to the origin of the coordinate system. Figures 15 and

16 also showed that the regression lines passed close to the origin.

4.1.4..MIRROR IMAGE MUSCLE PATTERNS FOR LEFT AND RIGHT TASKS
The EMG data points (percentages of EMG,,,,) were pooled for a given
muscle undertaking a given task. Separating left and right sides, the pooled results
were plotted against bite force increments for each direction (Figure 22, p. 212). A
muscle on the working side for one half of the experiments was on the balancing side
for the other half.
The averaged muscle tensions for the equivalent bite force (direction) tasks

performed separately on the left and right sides were plotted for each of the studied
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bite force directions. This left and right comparison was used to (1) evaluate
whether equivalent bite force tasks on the left and right side of the jaw (targets of
identical magnitudes and directions) would yield similar muscle activity patterns and
(2) assess the accuracy of the bite force transducer and EMG measurements.

There was very good agreement between the regression lines representing
EMG activity of the four muscles for producing left and right side bite forces paraliel
to the sagittal plane: the vertical, 20° forward and backward bite forces having mirror
image EMG activity between the left and right muscle patterns (Figure 22A & A’,
B & B, C & C, p. 212). Although the working temporalis on the left side showed
somewhat higher activity when producing the 20° backward bite forces (Figure 22B),
the pattern of muscle activity for this direction was the same as that on the right side
(Figure 22B, p. 212).

The agreement for bite forces in the frontal plane (medial, vertical and
lateral) was only moderately good. The patterns of muscle activity for producing 20°
medial bite forces were different (Figure 22D & D’, p. 212). However, a more
important point seemed to be that all the muscles contracted roughly to the same
degree and it seems worthless to distinguish these muscle tensions. The closeness of
muscle tensions for all the four muscles was also true for vertical bite forces (Figure
22C & C, p. 212). Note, however, that the patterns of muscle activity for producing
medial and vertical bite forces were different even though all the muscles were

closely activated in both cases. The left and right muscle patterns for the lateral
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bites showed on moderate agreement (Figure 22E & E’, p. 212). The working
masseter on the left side was more dramatically activated as the magnitude of the

bite force increased from 50 N to 150 N (Figure 22E, p. 212).

4.1.5..MUSCLE TENSION WITH REGARD TO BITE FORCE DIRECTIONS

Figure 23 (p. 214) shows the averaged muscle tensions (combined left and
right side EMG data points) for all subjects during producing bite forces of different
directions. EMG activity of each of the four muscles was also plotted against altered
directions of bite forces in the sagittal plane (Figure 24, p. 216) and the frontal plane
(Figure 25, p. 218).
4.1.5.a...Tensions as a group

For the 20° forward bite forces (Figure 23A, p. 214), the working masseter was
the most aciive muscle, and the balancing temporalis was least active. The balancing
masseter and working temporalis were equally activated.

The working temporalis was the most active muscle for the 20° backward bite
forces followed by the balancing temporalis (Figure 23C, p. 214). The working and
balancing masseters showed less activity.

For both the vertical and 20° medial bite forces (Figure 23B or 23B’ and 23D
respectively, p. 214), all the four muscles contracted to approximately the same
degree. It seems that balancing side muscles were more active than the working side

ones for producing 20° medial bite forces (Figure 23D, p. 214), while the reverse was
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true for producing vertical bite forces (Figure 23B or B’, p. 214). Therefore, even
though all the four muscles were closely activated in both cases, the patterns of
muscle activity were probably different.

The working temporalis was consistently the most active muscle for producing
20° lateral bite forces and it was followed by the working masseter. The activity of
balancing masseter seemed to be very strong for 50 N but its activity increased little
as the force increased (Figure 23E, p. 214).

When the direction of a bite force changed from the 20° forward to vertical
to 20° backward in the sagittal plane (Figure 23A,B,C, p. 214), the following muscle
activity patterns were found: (1) bilateral masseter muscles were more active than
bilateral temporal muscles for the 20° forward bite forces; (2) the activity of bilateral
temporal muscles seemed to slightly exceed that of the masseters for the vertical bite
forces and greatly exceeded that of the masseters for the 20° backward bite forces.

Changing bite force directions from 20° medial to vertical in the frontal plane
(Figure 23D,B’) gave rise to only slightly varied muscle activity between the four
muscles. A further iilt of the bite force to the 20° lateral (Figure 23E, p. 214),
however, caused greatly varied muscle patterns. The activity of the working side
muscles seemed to slightly exceed that of the balancing for the vertical bite forces
anc greatly exceeded that of the balancing for the 20° lateral bite forces. The lateral
bite forces were the most difficult to produce; none of the subjects was able to

produce a lateral bite force greater than 150 N.
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4.1.5.b...Individual muscle tensions

Patterns of activity for individual muscles were evaluated by plotting the
changes in the tension of a muscle for altered bite force directions projected
separately in the sagittal and frontal planes.
4.15.b.(1)...In the sagittal plane

As a general trend, the working side muscles were more active than balancing
side muscles.

Both the working and balancing temporal muscles showed gradually increased
activity as the direction of bite forces changed from 20° forward to backward and
reached greatest activity when biting vertically (Figure 24A,B, p. 216). Note that the
working temporalis was more active for 20° backward bite forces at lower force levels
(< about 125 N) and more active for vertical bite forces as the magnitude increased
(Figure 24A, p. 216).

As the bite forces were tilted from 20° forward to backward (through vertical),
the working masseter demonstrated gradually decreased activity (Figure 24C, p. 216).
The balancing masseter showed gradually decreased activity when the bite force
changed from vertical and 20° forward to backward; it was more active for 20°

forward bite forces up to about 140 N and was then more active for vertical bite

forces.
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4.1.5.b.(2)...In the frontal plane

The working temporal and masseter muscles both showed increasing activity
as the bite force changed from 20° medial to lateral (via the vertical) (Figure 25A,C,
p. 218). The working masseter was rather inactive for a 20° medial bite force below
100 N and its activity dramatically increased for those medial forces above 100 N.
Both the balancing temperal and masseter muscles showed little variation in their

activity when the bite forces changed from 20° medial to lateral (via the vertical).

4.1.6...RATIOS OF MUSCLE PAIRS

A ratio for a muscle pair was obtained by averaging all the ratios of this
muscle pair for producing incremental magnitudes of a bite force in a particular
direction. The averaged ratios of the following four pairs of muscles were examined
separately in the sagittal and frontal planes: (1) the working temporalis over the
working masseter; (2) the balancing temporalis over the balancing masseter; (3) the
working temporalis over the balancing temporalis; (4) the working masseter over the
balancing masseter. Therefore, 12 ratios (4 muscles pairs x 3 bite force directions)
were examined in each of the sagittal (Figure 26, p. 220) and frontal (Figure 27, p.
222) planes.

The majority of the percentage EMG activity ratios of the paired muscles

were constant with fairly small standard deviations. In most cases, ratios were also
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constant for fixed directions of the bite force, regardless of the magnitude of the bite
force.
4.1.6.a...The sagittal plane: ratios for changing directions

For the ratio of the working temporalis and working masseter (Figure 26A,
p. 220), extremely significant differences (p < 0.001) were found when the bite forces
changed from 20° forward (four left bars) to 20° backward (four right bars). For the
forward bite, the working masseter was more active than the working temporalis; the
reverse was true for vertical and backward bites.

The ratios of balanciryg - <:nporalis and balancing masseter (Figure 26B, p.220)
also showed significant differences (p < 0.001) for changing bite forces from 20°
forward to 20° backward. The quantitative ratios were, however, different from their
working counterparts. The balancing masseter was more active than the balancing
temporalis for all the three bite force directions in this plane when compared to their
working side pairs.

The working and balancing temporal muscles yielded an uneven change in the
ratios (Figure 26C, p. 220). The “rward bite forces produced an averaged ratio
which was significantly (p < 0.001) different from those of vertical and 20° backward
bite forces, between which the ratios were not significantly different.

For the ratio of working over balancing masseters (Figure 26D, p. 220) 20°

backward bite forces yielded significantly different (p < 0.001) ratios from those for
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20° forward and vertical bite forces, between which the ratios were not significantly
different.
4.1.6.b...The frontal plane: ratios for changing directions

The difference between the ratios of working temporalis to working masseter
(Figure 27A, p. 222) was extremely significant (p < 0.001) between 20° lateral and
20° medial and vertical bites. Ratios between 20° medial and vertical bites were not
significantly different.

The same pattern was found for the ratio of balancing temporalis znd
balancing masseter (Figure 27B, p. 222). This ratio for the lateral bites was different
from the vertical and 20° medial bites. The ratios of vertical and 20° medial bites
were not significantly different from each other.

The difference between the ratios of working temporalis to balancing
temporalis (Figure 27C, p. 222) was extremely significant (p < 0.001) between the
20° lateral and vertical or 20° medial forces. The ratios between the vertical and 20°
medial bites were significantly different (p < 0.05).

The difference between the ratios of working masseter to balancing masseter
(Figure 27D, p. 222) was extremely different (p < 0.001) for 20° lateral bites from
those for vertical and 20° medial bites. Vertical and 20° medial bites did not yield

significantly different ratios.
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4.1.6.c...The ratios for changing directions in 3-D

Figure 28 (p. 224) provides all the ratios in both the sagittal and frontai
planes.

For changing bite force directions projected in the sagittal plane, muscle pairs
on the same side (i.e. temporalis over masseter on either the working or balancing
side) nearly always produced statistically different ratios for different bite force
directions (Figure 28A,B, p. 224). Bilateral muscle pairs were less distinctive (Figure
28C,D, p. 224).

For changing force directions in the frontal plane, bilateral muscle pairs (i.e.
working and balancing temporal muscles; working and balancing masseters) produced
little difference between ;he ratios for the medial and vertical bite forces (Figure

28C,D’, p. 224). All the differences between, however, the ratios for the vertical and

20° lateral forces were extremely significant (p < 0.001).
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Chapter 4, Section II

BEHAVIOR OF JAW MUSCLES OF TMD SUBJECTS
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Two clinicians separately examined ail the patients using the same standard
Craniomandibular Index (see 3.I1.4.b.) attached in Appendices Item #7. The two
sets of examination results were generally very conmsistent. All the participating
patients had Angle’s Class I occlusion and were free from any medication which
might have directly interfered with contraction of skeletal muscles.

All patients had difficulty producing bite forces in the required directions.
Whenever a patient reported that he/she had minor pain, the force transducer was
removed and the experiment was not resumed until the patient agreed; whenever a
patient reported that there was moderate pain, the experiment was terminated. A
large amount of data was discarded because some patients were not able to maintain
tasks (for 4 seconds) which they successfully initiated. As a resuli, most patients only
performed one task in each of the specified bite force directions. Therefore, the
number of tasks performed by each patient was less than expected.

The limited number of patients was due to lack of suitable candidates who
would conform with the selection criteria. EMG muscle patterns of the TMD
subjects were not treated with statistics because (1) the sample size was not
sufficiently large and (2) no assumption could be made that the patients’ data would

form a normal distribution.

4.11.1...CASE I
Case I was a Caucasian female high school student aged 18 years. Her chief

complaints were chronic, and sometimes severe, pain in jaw muscles, mainly in the
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right masseter area, for about half a year. She had an inconsistent unilateral chewing
habit (left side preferred) because of the pain.
4.11.1.2...Clinical examination
The following positive signs were found (*:identified by one examiner; **:
identified by two).
1) Muscles tenderness:
a) right masseter”™* (both its superficial and deep portions);
b) right medial pterygoid®;
c) right posterior digastric*.
2) Joint dysfunction:
a) 'S’ shaped deviation (Right-Left)**;
b) reproducible opening click in the right joint*;
¢) reproducible closing click in the left joint™;
d) painful right-side TMJ capsule**.
4.11.1.b...EMG muscle patterns
Bite force tasks were performed on the right (affected) side of the jaw. MVBF
on the right side was 280 N and its direction was -6°, -12° (F-B angle and L-R angle
in Figure 8, p. 184). The magnitude of all the bite force tasks was 100 N (about 30%

of the maximum bite force); the directions were vertical and 20° forward, backward

and medial. The patient was not able to produce any lateral bite force.
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Differences between the ratios of paired muscles compared to those of the
corresponding ratios found in :.ormal subjects were as follows:

1) increased ratios of the working temporalis over the working masseter for
the 20° forward bite force (Figure 29B, p. 225): 1.57 (normal: 0.87+0.14) and for the
20° medial bite force (Figure 29D): 1.45 (normal: 1.04+0.21);

2) decreased ratio of the balancing temporalis over the balancing masseter for
the 20° medial bite force (Figure 30D, p. 226): 0.63 (normal: 1.06+0.27);

3) increased ratio of the working temporalis over the balancing temporalis for
the 20° medial bite force (Figure 31D, p. 227): 1.53 (normal: 1.00£0.25);

4) decreased ratios of the working masseter and the balancing masseter for
the 20° backward bite force (Figure 32C, p. 228): 0.77 (normal: 1.21+0.17) and for
the 20° medial bite force (Figure 32D, p. 228): 0.66 (normal: 0.97+0.09).

According to these ratios, the following muscles seem to be used less than
those in the normal group:

1) the working (right) masseter (as compared to both the working temporalis
and balancing masseter);

2) the balancing (left) temporalis (as compared to both the balancing masseter

and the working temporalis).
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4.11.2...CASE 11
Case II was a Caucasian female cook assistant aged 37 years. Her chief
complaints were constant dull pain in the left jaw muscles and jaw joint for about 2
years.
4.11.2.a...Clinical examination
The following positive signs were found (*:identified by one examiner; **:
identified by two).
1) Muscles tenderness:
a) left masseter** (including superficial and deep portions);
b) left posterior temporalis and temporalis insertion*;
c) left lateral pterygoid* *;
d) left posterior digastric*.
2) Joint dysfunction:
painful left-side posterior TMJ capsule®.
4.11.2.b...EMG muscle patterns
Bite force tasks were performed on the right (unaffected) side of the jaw.
MVBF on the right side was 500 N and its direction was 2°, -13° (F-B angle and L-R
angle in Figure 8). The magnitude of ali the bite force tasks was 150 N and/or 300
N (about 30% to 60% of the maximum bite force); the directions were vertical and
20° forward, backward and medial. The patient was not able to produce any lateral

bite force.
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Apparently different ratios of paired muscles compared to those of the
corresponding ratios found in normal subjects were as follows:

1) increased ratio of the working temporalis over the working masseter for the
20° medial bite force (Figure 33D, p. 229): 1.63 (normal: 1.04+0.21);

2) increased ratios of the balancing temporalis over the balancing masseter
for the vertical bite force (Figure 34A, p. 230): 1.60 (normal: 1.0410.26), for the 20°
forward bite forces (Figure 34B, p. 230): 2.96 (riormal: 0.65+0.20) and for the 20°
backward bite forces (Figure 34C, p. 230): 2.36 (normal: 1.45+0.26);

3) increased ratios of the working over the balancing temporal muscles for the
20° backward bite force (Figure 35C, p. 231): 2.15 (normal: 1.52+0.38) and for the
20° medial bite forces Figure 35D): 1.45 (normal: 1.00+0.25);

4) decreased ratios of the working masseter over the balancing masseter for
the 20° forward bite force (Figure 36B, p. 232): 0.82 (normal: 1.01£0.09) and for the
20° backward bite force (Figure 36C): 0.77 (normal; 1.21+0.17).

These ratios seemed to indicate that the following muscles were probably
rather inactive compared to the corresponding normal ones:

1) the balancing (left) masseter (as compared to balancing temporalis);

2) the balancing (left) temporalis (as compared to working temporalis);

3) the working (right) masseter (as compared to balancing masseter).
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4.I1.3...CASE 111
Case III was a Caucasian female clerk aged 38 years. Her chief comnplaints
were migraine headache and severe jaw muscle pain for two and half years. She was
undertaking social counselling for TMD and other issues.
4.11.3.a...Clinical examination
The following positive signs were found (*:identified by one examiner; **:
identified by two).
(1) Muscles tenderness:
a) left and right anterior temporal muscles*
b) left and right middle temporal muscles**
¢) left and right posterior temporalis muscles* *
d) all portions of left and right masseters**
d) left and right medial pterygoid (intra- and extra-oral
examinations)**
e) left and rignht posterior digastric**
f) left and right lateral pterygoid**
One examiner noted, on his clinical examination sheet, that the patient
indicated that bilateral superficial masseters were more tender than other muscles.
(2) Joint dysfunction:

painful left and right TMJ capsules**.
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4.11.3.b...EMG muscle patterns

Bite force tasks were performed on the left side of the jaw. The MVBF on
the left side was 420 N and its direction was -10°, 3° (F-B angle and L-R angle in
Figure 8). The magnitude of all the bite force tasks was 70 N, 100 N or 300 N
(about 6% to 70% of the maximum bite force); the directions were vertical and 20°
forward, backward, medially and laterally.

Apparently different ratios of paired muscles compared to those of the
corresponding ratios found in normal subjects were as follows:

1) increased ratio of the working temporalis over the working masseter for the
20° forward bite force (Figure 37A, p. 233): 1.54 (normal: 0.87+0.14), for the vertical
bite force (Figure 37B): 1.81 (normal: 1.12+0.23), for the 20° backward bite force
(Figure 37C): 3.11 (normal: 1.90+0.38), and for the 20° medial bite force (Figure
37D): 1.47 (normal: 1.04+0.26); however, the same ratio for the 20° lateral bite force
was reduced: 0.91 (normal: 2.34+1.29);

2) increased ratio of the balancing temporalis over the balancing masseter for
the vertical bite force (Figure 38B, p. 234): 2.16 (normal: 1.04£0.26) and for the 20°
backward bite force (Figure 38C): 3.33 (normal: 1.45+0.26); however, the same ratio
for the 20° medial bite force was reduced (Figure 38D): 0.54 (normal: 1.06+0.27°

3) decreased ratio of the working temporalis over the balancing temporalis for

the vertical bite force (Figure 39B, p. 235): 0.65 (normal: 1.27%£0.45), the 20°
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backward bite force (Figure 39C): 0.73 (normal: 1.52+0.38) and the 20° lateral bite
force (Figure 39E): 0.52 (normal: 1.82+0.56);

4) decreased ratios of the working masseter over the balancing masseter for
the 20° forward bite force (Figure 40A, p. 236): 0.51 (normal: 1.01+0.09), the 20°
backward bite force (Figure 40C): 0.78 (normal: 1.21+0.17) and the 20° medial bite
force (Figure 40D): 0.47 (normal: 0.97+£0.47).

These many possibly abnormal ratios as compared to those of the normal
group indicate that the following muscles were probably rather inactive:

1) the working (left) masseter (as compared to both the working temporalis
and the balancing masseter); however, the working temporalis seemed to be inactive
(as compared to working masseter for the 20° lateral bite force);

2) the balancing masseter (as compared to balancing temporalis); however, the
balancing temporalis appeared to be rather inactive for the 20° medial bite force;

3) the working (left) temporalis (as compared to balancing temporalis).

4.11.4...CASE IV

Case IV was a Caucasian female clerk aged 32 years. Her chief complaints
were ear. e and jaw muscle pain for two and half years. She also reported that her
jaw muscles usually ‘fatigued’ when chewi 'g food. She received an occlusal splint

about cne year earlier and it did little to relieve her symptoms.
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4.11.4.a...Clinical examination
The following positive signs were found (*:identified by one examiner; **:
identified by two).
(1) Muscles tenderness:
On the left side
a) anterior temporal muscles**
b) posterior temporalis muscles*
c) superficial masseters**
d) lateral pterygoid**
On the right side
a) medial pterygoid*
b) posterior digastric**
c) temporalis insertion*
d) lateral pterygoid**
(2) Joint dysfunction:
painful left TMJ capsule™ *; painful lateral right TMJ capsule.
4.11.4.b...EMG muscle patterns
Bite force tasks were performed on the right side of the jaw. The MVBF on
the right side was 290 N and its direction was 17° medially. The MVBF on the left
side was 190 N and its direction was -11°, 27° (F-B angle and L-R angle in Figure 8).

The magnitude of all the other bite force tasks was 150 N (about 50% of the
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maximum bite force); the directions were vertical and 20° forward and medial. The
patient was not able to produce any lateral or posterior bite forces on the right side.

Apparently different ratics of paired muscles compared to those of the
equivalent ratios found in normal subjects were as follows:

1) decreased ratio of the working temporalis over the working masseter for
the 20° forward bite force (Figure 41A, p. 237): 0.32 (normal: 0.87+0.14).

2) the ratio of the balancing temporalis over the balancing masseter being
decreased for the 20° forward bite force (Figure 42A,p.238): 0.13 (normal: 0.65+0.20)
and increased for the 20° medial bite force (Figure 42C): 1.78 (normal: 1.06+0.27);

3) decreased ratio of the working over the balancing temporal muscles for the
20° medial bite force (Figure 43C, p. 239): 0.56 (1.00£0.25);

4) decreased ratio of the working over balancing masseters for the vertical bite
force (Figure 44B, p. 240): 0.66 (1.03+0.21).

These ratios seem to suggest that the foilowing muscles were rather inactive
compared to those corresponding ratios of the normal group:

1) the working (right) temporalic (as compared to both the balancing
temporalis and the working masseter);

2) the working masseter (as compared to the balancing masseter).

3) the balancing (left) temporalis for the 20° forward bite force and balancing

masseter for the 20° backward bite force.
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4.11.5..CASE V
Case V was a Caucasian male high school student aged 32 years. His chief
complaints were headache and pain in jaw/facial muscles for about 1 year. His
lower jaw was injured about one and a half year ago. He also reported clicking
sound in the right joint.
4.IL5.a...Clinical examination
The following positive signs were found (*:identified by one examiner: **:
identified by two).
(1) Muscles tenderness:
right deep masseter**
(2) Joint dysfunction:
painful right TMJ capsules**.
4.IL.5.b..EMG muscle patterns
Bite force tasks were performed on the Right (affected) side of the jaw. His
maximum bite force on the right side was 740 N (average: 600 N for about &
seconds) with a direction of -7°, -8° (F-B angle and L-R angle in Figure 8). The
magnitude of all the other bite force tasks was from 50 N to 200 N (about 7% to
27% of the maximum bite force); the directions were vertical and 20° forward,
backward, medially and laterally. The patient remarkably produced 20° lateral bite

forces at 150 N and 200 N with two separate trials.
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The only apparently deviated ratio was that of working and balancing
masseters for the 20° backward bite (Figure 48B, p. 244) being 0.51
(normal:1.21+0.17); this decreased ratio indicates that the working masseter was
rather inactive. Most, if not all, other ratios were within the range of those of the

normal group (Figures 45 to 48, pp. 241-244).

4.11.6...CASE VI
Case VI was a Caucasian female waitress aged 49 years. Her chief complaints
were constant dull pain in the left jaw muscles and jaw joint for about 4 years.
4.11.6.a...Clinical examination
The following positive signs were found (*:identified by one examiner; **:
identified by two).
Muscles tenderness:
a) left deep masseter**;
b) left superficial masseter**
c) left medial pterygoid*
d) left posterior digastric*.
4.11.6.b...EMG muscle patterns
Bite force tasks were only performed on the leff side of the jaw. The MVBF
on the left (affected) side was 120 N and its direction was 10°, 19° (F-B angle and

L-R angle in Figure 8, p. 184). The MVBF on the right (unaffected) side was 160
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N and its direction was 2° -16° (F-B angle and L-R angle in Figure 8). The
magnitude of all the bite force tasks was 70 N (about 60% of the maximum bite
force); the directions were vertical and 20° forward, backward.

Apparently different ratios of paired muscles compared to those of the
equivalent ratios found in normal subjects were as follows:

(1) decreased ratio of the working temporalis over working masseter for the
vertical bite force (Figure 49B, p. 245): 0.79 (normal: 1.12+0.23);

(2) increased ratio of balancing temporalis and balancing masseter for the 20°
backward bite force (Figure 50C, p. 246): 2.58 (normal: 1.45+0.26);

(3) decreased ratio of working and balancing “smporal muscles for the 20°
backward bite force (Figure 51C, p. 247): 0.76 (normal: 1.52+0.38).

According to these ratios, the following muscles seem to be used less than
those in the normal group:

1) the working (left) temporalis;

2) the balancing (right) masseter.
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5.I.1..THE BITE FORCE TRANSDUCER

Force, like stress, is not a directly measurable quantity. The effect of a force,
however, can be measured as strain or displacement. The determination of the
direction and magnitude of a resultant force acting at a point in 3-dimensional space
requires the measurement of strain in three directions on each of three perpendicular
planes. The bite force transducer developed for the present study has the following
advantages and disadvantages to fulfil the above requirements.

The force transducer was 2 mm thick and separated the incisors by 4 mm
when placed unilaterally between the occluding first molars. The strain gauge
rosettes used as sensors seemed to be sufficiently sensitive when installed onto the
H shaped stainless steel (gauge 20) housing. This bite force transducer has the
following advantages compared to the 3-element piezo-electric force transducer,
being used by the Amsterdam group, which separates the upper and lower incisors
by about 16 mm (van Eijden et al., 1988a; van Eijden et al., 1990).

(1) The H shaped housing allows the sensors to be removed from the part of
the transducer between upper and lower teeth and to be installed on the two vertical
plates of the H. It separated the maxilla and mandible to a minimal extent and
hence stretched jaw closing muscles to roughly the amount by which they are
stretched during chewing food. It also reduced the amount of passive tension

generated by jaw closing muscles due to being stretched and therefore the muscle
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tensions measured with it are probably closer to the active tensions exerted for the
required tasks.

(2) Its thickness and small size are less likely to induce fatigue in jaw muscles
when subjects perform bite force tasks. Jaw mwscles seem to be fatigable at both
maximal and submaximal contraction levels (Christensen and Mohamed, 1984; Kroon
et al., 1986; Mao et al., 19922). Van Eijden et al. (1990) discussed possible fatigue-
inducing effects of using their force transducer. Some normal subjects in the present
study also reported feelings of ’fatigue’ or *tiredness’ near the end of a session during
which bite force tasks were produced. However physiological fatigue did not seem
to have developed. The perception of ’fatigue’ appeared to be related to ’central
(psychological) fatigue’ rather than the actual failure in the signal transmission of
action potentials or contraction of muscle fibers (Mao et al., 19924a). In fact, the
subjects indicated that the feeling of fatigue was not significant and did not prevent
them from continuing the experiments.

(3) Its thickness can be increased by increments up to about 20 mm. Thus,
it can be used to study the length-tension relationship of jaw closing muscles. For
example, it is interesting to consider whether the length-tension relations of jaw
muscles for producing bite forces in various directions would be different.

(4) It is placed between one pair of the occluding teeth. The Amsterdam
force transducer covers the whole upper and lower dentition. In the present study,

the periodontal perception of a bite force was from those periodontal receptors
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located around only the pair of occluding teeth between which the transducer was
placed. Therefore, the afferent information seemed more precise. In addition, it can
be, and has been, used to study incisal bite forces (Osborn and Mao, 1992). The
Amsterdam transducer, in the present shape, does not seem to be capable of
recording incisal bite forces.

The force transducer used in the present study, on the other hand, has the
following shortcomings.

(1) It has so far been home-made. As a result, the construction and
calibration have required a considerable amount of time which might have been used
for collecting data. This might be overcome by transferring the technology to a
manufacturer (and is being pursued).

(2) The housing is made of irregular material. Calibration has been empirical
and different from one transducer to another. The soldering points of the H shaped
stainless steel housing appear to be more susceptible to force than the rest of the
housing and have failed. This has resulted in building several force transducers and
added additional cost to this seemingly more cost-efficient transducer than the
Amsterdam one. This problem might be solved by casting the housing.

(3) An ideal 3-D force transducer should be equally sensitive to, and operate
independently of, the forces in the three planes. In general, the force transducers
used for the present study seem to be more sensitive to forces projected onto the
sagittal plane than those projected onto the frontal plane. Therefore, *cross-tali’

between channels seems to be responsible for the fact that one plane picks up a
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portion of the information intended for a different plane. This drawback, however,
was turned into an advantage through an empirical relationship which calibrates the
out-of-plane infermation into a repeatable measurement of force acting out of the
two parallel planes. Therefore, it may be true that the irregularity of the housing
material has provided the opportunity for the transducers to detect differences in the

directions of bite forces in the frontai plane (see also Appendices Item #4).

5.1.2..DIRECTION OF A RESULTANT FORCE OF SYNERGISTIC MUSCLES

The direciion of a mechanica! force measured as the resultant muscle force
output has been less extensively studied than its magnitude. The results of the
present study seem to suggest that control of the direction of such a force be as
important as its magnitude by the central nervous system. If this is true, the
following peculiarities of the human jaw motor system must be borne in mind before
any attempt to apply the conclusion to other locomotor systems.

(1) The jaw closing muscles can produce overwhelmingly more force than their
antagonists, the jaw opening muscles (e.g. Williams and Warwick, 1980; Sicher and
DuBrul, 1975). Thus, when jaw closing muscles are activated to produce a bite force,
they probably have to allocate extra muscle elements to keep an equilibrium state

without relying upon their antagonists to counteract some of the unwanted force

components.
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(2) All the jaw closing muscles are multi-pennate and have broad attachment
areas in the skull (e.g. Williams and Warwick, 1980; Sicher and DuBrul, 1975). This
seems to form the anatomical basis for muscle partitioning discussed below (5.1.8.).

(3) Golgi tendon organs are possibly absent from human jaw closing muscles
(Bratzlavsky, 1975) whose function might have been partially replaced by periodontal
mechano-receptors (Lavigne et al., 1983; Olsson ef al., 1988). Periodontal mechano-
receptors are closer to the load and detect the direction of a bite force (Hannam,
1976) but are separated from muscles as compared to a Golgi receptor which is
connected to about a dozen muscle fibers (Dowben, 1980; Desmedt, 1980).

(4) The size of type IIB (fast-twitch and fatigue-susceptible) muscle fibers is
smaller than type I (slow-twitch) fibers in human jaw closing muscles aiid, in addition,
type IIA (fast twitch and fatigue-resistant) fibers are almost absent (Eriksson and
Thornell, 1983; Herring, 1991; Mao, Stein and Osborn, 1992¢).

(5) Fibers of the same type normally cluster (Herring, 1991; Stalberg et al.,
1986; Stalberg and Eriksson, 1987). In other words, the motor unit territory is very
restricted (Stalberg et al., 1986; Stalberg and Eriksson, 1987). Quantitatively, Herring
et al. (1989) showed that muscle fibers of a single motor unit in pigs occupied as little
as 5% of the cross-sectional area.

(6) The left and right sides of the human mandible are fused and have

separated left and right temporomandibular joints which must function in unison.
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This anatomical peculiarity forces the muscles on the left and right sides of the jaw
to be coordinated.
5.1.2.a...Force direction as a motor control variabie

In the present study the direction of a bite force was found to be correlated
with fairly consistent muscle patterns. Van Eijden et al. (1990) had a similar
conclusion. Despite the above peculiarities in human jaw muscles, the existence of
some sort of direction-specific mechanisms controlling muscle tensions agrees with
several observations of human and primate limb muscles. Evarts (1981) and Evarts
et al. (1983) showed that neurons of the motor cortex discharge selectively depending
on the direction and magnitude of forces used in forthcoming movements.
Rosenbaum (1980) indicated that the direction and magnitude of a force were
separable components of motor control (see also Soechting and Terzuolo, 1990).
Georgopouios et al. (1982 and 1983) proposed that the directions of some arm
movements were probably encoded in shoulder-related motor cortex neurons; in
other words, different cells may be responsible for initiating different directions of
movement. Georgopoulos et al. (1986 and 1988) provided experimental evidence for
the above postulates: the discharge of certain motor cortex cells varied with the
patterns of muscle activity and directions of output forces required to produce
movements (see also Kalaska et al., 1989). Thus, a tentative conclusion might be

reached from the above studies in jaw and limb muscles: in allocating tensions among
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synergistic muscles the direction of a force might be as importantly weighted as its
magnitude by the central nervous system.
5.1.2.b...Direction of a bite force

Bite forces can be measured at submaximal and maximal levels. Submaximal
bite forces, in a broader sense, include (dynamic) chewing force and static
submaximal bite forces. Maximal voluntary bite forces are seldom used in chewing
food but may reveal some interesting features of jaw muscles.
5.1.2.b.(1)...Chewing force

The direction of a chewing force changes momentarily during the power stroke
phase of mastication because the relations between opposing occlusal surfaces change
as the lower teeth sweep past the upper teeth (e.g. Mills, 1973; Hiiemae and Kay,
1973). The direction is also probably changed by a subject in response to the
mechanical properties of the food (e.g. Bishop et al., 1990; Diaz-Tay et al., 1991). It
has been argued that the curves of Monson and of Spee, to which the occlusal
surfaces of molar teeth are aligned, are important in processing food because they
also affect the crush/shear ratio of the forces applied to the food in between them
(Davis, 1964; Greaves, 1978; Osborn, 1986; Osborn, 1992).

Chewing forces have been studied (Anderson, 1953, 1956a, 1956b; De Boever
et al., 1978; Graf et al., 1974; Laurell and Lundgren, 1984; Lundgren and Laurell,
1984; Neill et al., 1989). Among these only Graf et al. (1974) were able to measure

the chewing force in three dimensions but there has not been any subsequent study
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using the same device. The techniques used in building the force transducer in the
present study may be used to construct a chewing force transducer. For example, 3-
element strain gauge rosettes can be incorporated into a removable denture. Such
a chewing force transducer would be useful in studying dynamic bite forces generated
in mastication in humans or in animal jaw muscles under electrical stimulation.
5.L.2.b.(2)...Submaximal isometric bite forces

Submaximal isometric bite forces in various directions were used as standard
tasks in the present study: each of the five directions (20° forward, 20° backward,
vertical, 20° medial and 20° lateral) was separated by 90° in the horizontal plane.
The muscle patterns expressed as ratios between pairs were significantly different in
most cases (p values less than 0.001). There still appears to be room to test muscle
patterns by using bite forces with directions closer to each other (e.g. 30°, 20°, 10°
forward, the vertical, and 10°, 20°, 30° backward). Blanksma and van Eijden (1990)
showed some characteristic patterns of three parts of temporalis by using forces
which were 20° from the vertical and 45° from each other in the horizontal plane.

It might be argued that the difficulty initially encountered by normal subjects
to fin' the required direction of bite forces does not seem to support the conclusion
that the central nervous system initially controls the direction of a bite force. This
may be accounted for by the fact that people are not used to visualizing the
performance of their jaw muscles as they might, for example, do with their limb

muscles as in sports. Therefore, provision of a visual feedback of bite forces might



Chapter S, Section I 131
Discussion

have initially complicated, rather than improved, the perception of a bite force
direction which is normally perceived via those force-detecting propricceptors such
as periodontal mechano-receptors (or Golgi tendon organs in limb muscles). Two
such examples of an added input confusing perception are using dental floss while
watching in a mirror and using a joy stick for a computer game.
5.1.2.b.(3)...Maximum voluntary bite force (MVBF)

The angles chosen by normal subjects to produce MVBFs were not vertical
but a small angle (less than 15°) to the medial with a slight antero-posterior deviation
from the vertical (experimental observation). Van Eijden et al. (1990) agreed with
the medial component but added that the direction for a MVBF was usually
posterior. The discrepancy might be related to different amount of jaw separation
which is discussed below in (5.1.3). In the present study, the directions chosen by
TMD subjects to produce MVBFs were recorded and discussed below in 5.1.8.

Measured with a uni-directional force transducer, the maximum bite force on
the first molar (M1) is greater than the maximum bite force on M2 (reviewed by
Carlsson, 1974; Worner and Anderson, 1944). This is surprising because M2 is
nearer the fulcrum, the jaw joint(s). A three dimensional computer jaw model
(Baragar and Osborn, 1987) proved, somewhat obviously, that the maximum bite
force on M2 was theoretically larger than that on M1. But if work done crushing
food, rather than the force applied to it, was taken as the criterion of biomechanical

efficiency then M1 was more efficient than M2. In fact, Mansour and Reynik (1975a



Chapter 5, Section I 132
Discussion

and 1975b) found, in one subject, that MVBF produced on M2 was 10% greater than
that on M1. It would be interesting to test whether the direction of MVBFs
produced on M1 and M2 are different.

The maximum bite force is increased if visual feedback is provided
(Dabhlstrom et al. 1988). These authors concluded that the weaker performance of
subjects lacking a visual feedback was due to reluctance to bite harder. The result
could also be explained by the inability of subjects, without feedback, to find the
direction in which the maximum bite force could be produced.

Lund and Lamarre (1973) showed that when periodontal afferents were
anaesthetized the maximum bite force on a premoiar, measured by a unidirectional
force transducer, decreased by 40%. They suggested the existence of a positive
feedback from periodontal afferents, possibly through a different group of
interneurons which increased the maximum bite force (Lavigne er al., 1987; Olsson
et al., 1988). Conflicting results were reported by van Steenberghe and de Vries
(1978b), Orchardson and MacFarlane (1980), and recently by Teenier er al., (1991).
The different results may be due to the fact that, in the absence of an afferent input,
subjects could not find the direction which maximizes the bite force (Osborn et al.,
1986). This hypothesis could be tested with the transducer described in the present
study.

The maximum static bite force on the central incisors is theoretically achieved

by a force backward from the vertical (Baragar and Osborn, 1987; Koolstra et al.,
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1988). If, however, cutting efficiency is the criterion used for choosing the direction
for incising then the most efficient direction is theoretically forward from the vertical
(Osborn et al., 1986). Hylander (1978) found that a static bite force produced on
lower central incisors was anteriorly oriented. Osborn and Mao (1992) showed that
the initial direction chosen by normal subjects to generate MVBFs on lower central

incisors was in the range of 10° to 14° anteriorly from the vertical.

5.1.3..COMPARING WITH van Eijden et al. (1990)

Van Eijden et al. (1990)’s data, which are the only comparable data obtained
under similar conditions, were adapted into the same format as the data obtained
from the normal subjects in the present study (Figure 53, p. 249). The general
similarities were considerable. In every case the most active muscle and the least
active muscle are either the same or indistinguishable. In three cases, all for bites
parallel to the sagitiai plane (including the vertical), the second most active muscle
was either the same or indistinguishable (roughly equal activity in several muscles)
(Figure 53A & A’, B & B’, C & C, p. 249). This is the first time that EMG data of
jaw muscles have been truly comparable and may explain why the results are so alike.
The fundamental reason seems to be that the magnitude and direction of bite forces
were known and used as standard tasks in both studies.

There are, however, some important differences which should not be ignored.

(1) For a forward bite force (Figure 53A & A’, p. 249), the working and balancing
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masseters were proportionally more activated than the corresponding temporal
muscles in the present study; the activity of the same four muscles was
indistinguishable in the van Eijden et al. (1990) data. (2) For vertical and medial
bite forces (Figure 53C & C’, D & D), the four muscles contracted roughly to the
same degree in the present study; while in van Eijden et al. (1990), the activity of the
four muscles was more separated. (3) No subject could produce a stable lateral bite
force beyond 150 N in the present study while in van Eijden er al. (1990) lateral bite
forces were produced up to 450 N (Figure 53E & E’). (4) More muscle tension was
used to produce the forward, backward and vertical bite forces in the present study.
(5) Regression lines representing percentage EMG activity of all the mus-les passed
closer to the origin of the coordinates in the present study.

Some of the above differences might be attributed to jaw separation. When
the upper and lower jaws are widely separated, less muscle effort seems to be
required for the same bite force (e.g. Herring, 1991; Mackenna and Turker, 1983;
Manns et al., 1979) although the length-tension relation in jaw muscles remains
unsettled. If this is true, then muscle tensions measured with the thin force
transducer in the present study should be more, which is the case, than those
measured with the thicker Amsterdam transducer. A larger jaw separation may also
explain the posterior angle found as a component of the direction of MVBF in van

Eijden et al. (1990): the MVBF was somewhat posteriorly directed.
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Another explanation for the apparently larger muscle tensions used for the
above-mentioned bite force directions in the present study may be related to the way
in which EMG_,,, was calculated. The average of the 200 largest EMG data point
was regarded as EMG,,,, in the present study, while in van Eijden er al. (1990) a
single largest EMG data point was used. Therefore, it is very likely that the greater
EMG,,,, used by van Eijden ef al. (1990) resulted in lower percentage EMG activity
values.

An anatomical difference is noted in using different standards in measuring
the direction of a bite force. Van Eijden er al. (1990) used the Frankfurt plane,
which passes through the two orbital points and poria (Sicher and DuBrul, 1975:
orbitale being the lowest point at the infraoibital rim and porion being the most
lateral point on the roof of the external auditory meatus). In the present study, the
mavillary occlusal plane was used.

The EMG regression lines in van Eijden et al. (1990) were generally more
distant from the origin of the coordinate system than those in the present study. This
means that the Y intercept values (c), in the form of Y = mX + c, were greater in
their case than in the present study (¢ = 3.72+4.11 as mean+S.D.). The ¢ values
have at least two attractive features: (1) when c values are close to the origin (zero),
activity ratios of a muscle pair are constant as in the present study. (2) Since the

only apparent difference in methodology between the present study and van Eijden
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et al. (1990) is jaw separation, the ¢ value might be positively correlated with jaw

separation.

5.1.4...RELATION BETWEEN FORCE AND SURFACE EMG

Approximately linear relations were found between incremental bite forces of
the five studied directions and the majority of the corresponding EMG activity of the
jaw muscles for producing them; EMG activity for vertical and medial bite forces
showed better linear correlations (and smaller variation) than bite forces in the other
three directions (Table 6 - p. 168). The averaged correlation coefficients (r values)
for the five force directions were greater than 0.80 indicting positive linear
correlations. The r values for any particular task of all individuals showed, of course,
greater variations: 0.87+0.17 (mnean#S.D.) with a range of 0.28 to 0.99.

The linearity between the integrated EMGs of the four muscles and the
graded bite forces in the five directions found in the present study is original. Van
Eijden et al. (1990), the only other study in which the relation was examined in the
same bite force directions, did not provide r values, nor did they comment on
linearity. On the other hand, the EMG activity of jaw muscles has been correlated
with graded bite forces measured with uni-directional force transducers. Yemm
(1977a) showed a fairly linear correlation between masseter surface EMG and bite
forces. Kawazoe et al. (1979) found extremely good correlation coefficients (from

0.96 to 0.99) but these values were calculated from the most linear parts of both the
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EMG and force waveforms over those recorded during 15 minute gradually
increasing isometric clenching. Moller (1975) found 0.63 to 0.70 as the range of r
values. Bakke et al. (1989) showed that the linear correlation between unilateral bite
forces and the averaged bilateral masseter and temporalis EMG activity was 0.71 to
0.94. Linear correlation between EMG activity of the above :nuscles and bite forces
measured bilaterally was poor.

The relation between graded isometric force generated by a muscle and its
integrated surface EMG activity has been found to be approximately linear since the
1950’s (Lippold, 1952; Inman et al., 1952). Milner-Brown and Stein (1975) observed
that the measured surface EMG contributed by a single motor unit increased as the
square root of the threshold force at which the unit was recruited; but the surface
EMG contributed by compound action potentials in the muscle, which may sum non-
linearly at moderate to high force levels, would still change in a linear fashion with
the force. The pre...nt study contributes to this seemingly-solved problem in that
linearity may also exist between the integrated surface EMG and mechanical forces
in several directions although the relations are apparently closer to linear for some
directions than others.

The bite forces (up to 300 N) used in the present study were probably not the
maximum voluntary forces, although some in certain directions for certain individuals
may have reached the maximum. Judging from the linearity observed between the

graded forces and EMGs in all the five directions (Figures 15 to 21, pp. 198-210),
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deviation at high force levels is not necessarily greater than at low force levels. This
can be attributed to the following factors. (1) The larger forces (up to 300 N) used
in the present study were probably only moderate compared to the maximum
voluntary bite forces which could have been produced by most subjects. Hence, the
range was probably still within that in which linearity has usually been observed. 2)
Milner-Brown, Siein and Yemm (19734 and 1973b) showed that gradation of muscle
forces was due to the recruitment of new motor units at low force levels and an
increase in firing rate and greater synchronization at high force levels (see also De
Luca, 1979). It might be that the weaker forces, largely contributed by tensions due
to recruiting new motor units, were more linear with the EMG output. (3) The
direction of bite forces was a task which was sufficiently specific to have resulted in
the constantly proportional contribution of the masseter and temporalis.

Pruim et al. (1978) showed that the EMG activities of superficial masseter and
anterior temporal muscles were not linearly correlated with bilateral isometric bite
forces, especially at high force levels. Their results seemed to be in agreement with
those of Bakke et al. (1989) in that bilateral bite forces correlated poorly with EMG
activity. Pruim et al.’s (1978) results, on the other hand, seem to partially agree with
those of Hagberg er al. (1985) and Haraldson et al. (1985) in that masseter EMG had
poorer correlation with bite forces than temporalis. This is in partial agreement with

the present study in that all the four r values less than 0.50 were correlated with
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masseter muscles (Figures 17 to 19, pp. 202-206): three for the balancing masseter
and one for the working.

It has been shown that a linear relation exists between the force produced by
a muscle weakened due to disease and its EMG activity (Leman, 1959z and 1959b).
It is of interest to see if such linearity is preserved in the painful jaw muscles of
TMD patients, some of which might have been injured. Unfortunately, this was not
tested in the present study because all TMD subjects were only able to produce one
magnitude of bite force for each of the particular bite force direction. It may form
a testable hypothesis for TMD jaw muscles if TMD patients are only requested to
produce incremental bite forces which are within the range of only small fractions

of the MVBF (eg. from 2 to 20% of MVBF).

$.L5..SYMMETRY OF MUSCLE PATTERNS

The bilateral muscle patterns obtained for tasks on the left side of the jaw
showed a mirror image for equivalent tasks on the right side. This seemingly self-
evident result has surprisingly never been reported. Forward and backward bite
forces, which are projected in the sagittal plane, and vertical forces showed better
similarities than those projected in the frontal plane (lateral and medial forces). This
may be attributed, for one thing, to the bite force transducers being more sensitive
to forces in the sagittal plane than to those in the frontal plane. Medial forces were

produced by similar EMG activity in the bilateral masseter and temporal muscles.
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Lateral bite forces have been the most difficult to produce. None of the normal
subjects managed to produce any lateral bite force above 150 N and most of them
were not able to produce any lateral bite force. Although three subjects did manage
to produce lateral bite forces up to 150 N, they had great difficulty producing and
maintaining them. This was not true with van Eijden et al. (1990) in which iateral
bite forces were produced up to 450 N. The difference between the two sets of
resuits may be attributed to different amounts of jaw separation and hence the
position of the condyles in their (temporomandibular) joints. In van Eijden et al.
(1990) the jaws were separated by about 16 mm. As a result both the working and
balancing side condyles were forward on to their articular eminences and could be
allowed to be pushed in the lateral and medial directions. In the present study the
jaws were separated by 4 mm. The working and balancing side condyles were largely
constiained within the fossae and could not be pushed in the lateral or medial
directions.

Naeije et al. (1989) showed that the activity of bilateral masseter and temporal
inuscles were asymmetrical at low levels of inter-cuspal clenching (10% of the
maximum masseter EMG activity); when muscle tensions increased, there was less
asymmetry. These results are not surprising because there is (1) possibly bilateral
asymmetry in equivalent jaw muscles and (2) a lack of standardized bilateral
electrode positions. From the perspeciive of bilateral bite forces, Pruim (1979)

showed that a bite force was more evenly distributed bilaterally as the magnitude
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of bite forces increases. Nonetheiess, both Naeije et al.’s and Pruim’s results seem
to be consistent with the discrepancy in the left and right muscle patterns in the
present study.

The left and right similarities in muscle patterns are also useful to further
validate the bite force transducer used in the present study. It seems very unlikely
that the left and right similarities are due to ~oincidence. The mirror image of the
left and right muscle patterns are also useful for confirming the accuracy of EMG

recordings.

5.1.6...CO-ACTIVATION PATTERNS OF SYNERGISTIC MUSCLES

As might have been expected, a task has been shown to determine the relative
contribution of a group of synergistic muscles tc a giver mechanical force they
produce (Buchanan et al., 1989; Osborn and Baragar, 1985; Flanders and Soechting,
1990; Kalaska et al., 1989; Rosenbaum, 1990; van Eijden, 1990). However, tasks used
in different studies are often different. In the present study, it is clearly indicated
that the direction of the bite force, rather than its magnitude, induced the fairly
constant ratios of tensions among jaw closing muscles (as a synergistic group). As
the bite force directions were fixed as five distinctive tasks, most activation ratios of
paired muscles were roughly constant, regardless of the magnitude of bite forces, and
distinctive from each other. These results agree with the conclusion from van Eijden

et al. (1990): patterns of muscle activity are specific to the direction of the bite force.
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Certain patterns of synergistic muscle co-activation also seem to exist in the
status of muscle fatigue. Hellsing and Lindstrom (1983) showed that the activity of
the masseter was reduced and that of temporalis increased as subjects sustained their
incisal bite forces until fatigue. Osborn and Mao (1992) found that the anteriorly
oriented incisal bite force (possibly resulting from the greater activity in masseters)
became more vertical during the course of sustained muscle contractions. They
further argued that the switch in muscle activity observed by Hellsing and Lindstrom
(1983) was very likely responsible for the change in the bite force direction. Later
in an abstract submitted to the 1992 Society for Neuroscience convention, Mao, Stein
and Osborn (1992c) confirmed that the anterior temporalis either maintained or
increased its activity while superficial masseter decreased its tension during the same
sustained tasks. From the above resuls, it seems possible that the drop in the
activity of a fatiguing muscle may be compensated for by iis synergistic partner(s).

Motor-unit and single-fiber recordings appear to indicate that muscle tensions
are distributed in certain portions of jaw muscles in a fashion which is determined
by tasks. When a uni-directional force transducer was oriented in two directions
between the upper and lower incisors, twitch tension generated by some motor units
in human masseter was significantly different (McMillan ef al., 1990). Inter-cuspal
clenching and retrusion of the mandible also revealed different activity patterns in

a sample of motor units in masseter and temporal muscles (Eriksson et al., 1984).
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Naeije et ai. (1989) and Hagberg et al. (1985) both found that the masseter
was more active than temporalis at relatively high isometric contraction levels. The
present study suggests that their results would have been true only when the
directions of the bite forces used in their studies were in the range from vertical to
backward in the sagittal plane: the ratios of temporalis over masseter (for both the
working and balancing sides) are in the range of about 1.04 to 1.90. The tasks used
in Naeije et al. (1989) were inter-cuspal clenching which may be equivalent to
somewhat backward bites in the present study, while those used by Hagberg et al.
(1985) on a uni-directional force transducer were not possible to assess. In addition,
both the results from Naeije et al. (1989) and Hagberg et al. (1985) seem to suggest
that the ratios of temporalis over masseter would change with the magnitude of bite
forces. This apparently conilicts with the results of the present study in which a
muscle pattern was found to be specific to the direction of a bite force rather than
its magnitude.

Beyond the scope of jaw muscles, it has long been recognized that the number
of muscles acting across a joint exceeds the number of degrees of freedom available
to the joint (e.g. Rosenbaum, 1990). Numerous attempts have been made to solve
this degree-of-freedom problem which is fundamental in the control of movements.
Some examples are as follows. Tax et al. (1989, 1990a, 1990b) consistently showed
that the firing frequency of motor units in several elbow flexor muscles depended

upon the direction of movement compared to static tasks: the firing frequency is
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higher in flexion and lower in extension than during isometric contractions.
Buchanan et al. (1986) showed that elbow muscles during isometric contractiol

increased their tensions in a linear manner with increasing joint torque and their
activity patterns varied with torque directions. Kalaska et al. (1989) argued that the
direction of a force seemed to have considerable representation in motor cortex cells

and might be preferably used to allocate tensions among muscles across joints with

multiple degrees of freedom.

5.1L.7..RECRUITMENT PATTERNS OF JAW MUSCLES

The recruitment of motor units in each muscle of a synergistic group affects
the activity patterns measured with surface EMG. For example, constant ratios of
two muscles which contain roughly equal amount of slow-twitch and fast-twitch fibers
(e.g. human masseter and temporalis) can be anticipated as long as motoneurons in
the two muscles are recruited in a sequence from the siow to the fast (and
consequently the muscle fibers they innervate). The orderly recruitment pattern has
been known as the ’size principle’ (Henneman, 1957; Henneman et al., 1965) and is
true under many conditions of tasks (Desmedt, 1980). The ’size principle’ has also
been proven to hold in jaw muscles with motor-unit studies (Desmedt and Goudaux,
1979; Goldberg and Derfler, 1977; Yemm, 1977a).

There have been reports, however, indicating that the classic recruitment

order may alter under certain conditions such as when a muscle functions among its
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synergistic partners (Desmedt and Godaux, 1981; Person, 1974; Ter Haar Romeny
et al., 1982; Thomas, Schmidt and Hambrecht, 1978). Synergistic muscles tend to
share a load between them (Dul er al., 1984a and 1984b). In fact, a change in the
recruitment order is probably not universal and it was not observed in the 144 motor
units of human first dorsal interosseous muscle during contractions to three directions
studied by Thomas, Ross and Stein (1987). Calancie and Bawa (1990), in a recent
review, concluded that the stereotyped recruitment order of small-before-large motor
units is strongly supported for muscie contraction and deviations from this pattern
during voluntary contractions, although demonstrated on occasion, are not easily
reproduced.

Results from the present study seem to be supported by those studies which
found that there was the orderly recruitment of jaw closing muscles. The orderly
recruitment order of small before large motoneurons would allow for smooth
increments of muscle tension at any level of contraction (Henneman and Olson,
1965; Harrison, 1983). The smoothed gradation of muscle force might be the
foundation for the linear relations between the activity of surface EMG and bite
forces in the present study. It might be further argued that such an orderly
recruitment pattern also exists for forces in various directions. However, such
immediate linkage may be unsafe considering the fact that surface EMG may still be
roughly linear with the mechanical force while the actual muscle tension of a single

motor unit increased as the square root of its threshold force (Stein and Milner-
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Brown, 1975). In addition, human jaw muscles may be one of the exceptions to the
size principle’. As stated before, the diameter of jaw closing muscle type IIB fibers
(conventionally called ’large’ fibers in limb muscles) is sinaller than that of type 1
(small fibers in limb muscles) fibers (Eriksson and Thornell, 1983; Herring, 1991;
Mao et al., 1992b; Ringvist, 1973b; Westbury and Shaughnessy, 1987). If these type
II fibers would produce less twitch and tetanic tensions than type I fibers, their later
recruitment might lead to less force output at moderate or high force Ievels. As a
result, the orderly recruitment order would be distorted. However, there might exist
some sort of mechanisms which would compensate for the decreased force against
certain expectation: for instance, by recruiting a synergistic partner(s). These
thoughts may lead to some testable hypotheses for studying the recruitment patterns
in human jaw muscles. For example, one of the future extensions of the current
study may focus on a question such as whether the recruitment order is distoried in

motor units of several jaw muscles when performing different spatial tasks.

5.1.8..MUSCLE PARTITIONING

It is claimed that our knowledge of naming skeletal muscles originated from
16th century anatomical studies, e.g. by Da Vinci, and as a result the division of some
muscles may not reflect their actual function. This statement may well be
exemplified by jaw closing muscles most of which have broad attachment areas and

all are multi-pinnate. For example, the upper and lower heads of lateral pterygoid
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function differently (Carlsoo, 1956; Grant, 1973; Widmalm et al., 1987); masseter is
usually divided into superficial and deep portions; temporalis is often described as
having anterior, middie and posterior parts. The concept of muscle partitioning
reflects synergism of various elements within one muscle or more possibly among
several muscles.

Jaw muscles of the human and pig have been shown to have the potential of
being compartmentalized (Herring et al., 1979; Osborn and Baragar, 1985): by
dividing muscles into independently controlled, spatially discrete volumes. Recent
evidence on partitioning has focused on the human masseter (McMillan ez al., 1990;
Tonndorf et al., 1989; van Eijden and Kaadsheer, 1992).

Muscle partitioning was thought to be related to (1) multi-pennation which
serves to enable a muscle to produce more force with its volume in a limited space
(English and Letbetter, 1982a; Gans and Gaunt, 1992; Herring, 1980; Osborn and
Baragar, 1985; Weijs and Dantuma, 1981) and (2) rather independent control of
various partitions (English, 1984; English and Weeks, 1984; Herring et al., 1979 and
1989; Luschei and Goldberg, 1981). These two points are inter-correlated:
independent control depends upon existing histc!~zical subdivisions.

The present study used surface EMG to measure the overall activity of jaw
muscles and did not provide any direct evidence for muscle partitioning. However,
a statement that jaw muscles are somehow partitioned would support the results

obtained from normal subjects in the present study. The constant ratios of paired



Chapter 5, Section I 148
Discussion

jaw muscles may well be accounted for by the relative contribution to tension of
compartments in masseter and temporal muscles which are co-activated. For
example, a fixed ratio (less than 1.00) of working temporalis over masseter might
have been the result of 1) the more tension generated in an equal number of
compartments in masseter than in temporalis and/or 2) more compartments involved
in masseter than in temporalis. On the other hand, the present study can be logically
expanded to ask a question about muscle partitioning: the specificity of tasks with the
bite force transducer and intramuscular EMG would be useful in studying muscle

partitioning in human subjects.

S5.1.9..NORMAL JAW MUSCLE ACTIVITY PATTERNS

Some characteristic jaw muscle patterns were found in the normal subjects.
Other than the mirror image muscle patterns for the left and right equivalent tasks,
muscle patterns were generally found to be dependent upon the direction of bite
force.
5.1.9.a...Inter-muscle paiterns

Relative contribution, to a given bite force, of tensions among the four studied
jaw muscles seems to be accounted for by their mechanical advantages being that
superficial masseter is anteriorly oriented and anterior temporalis is somewhat
vertically oriented. With this in mind, muscle patterns for the force directions in the

sagittal plane (Figure 23A,C, p. 214) become self-explanatory. Forward bite force
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of 20° was associated with greater activity in masseter because the direction of bite
force was parallel to the line of its resultant tensions; by the same token, a 20°
backward bite force would be against the line of action of the masseter and closer
to those of the middle and posterior temporal muscles. Vertical and 20° medial bite
forces are probably aligned to the long axis of a lower molar and may involve the
most efficient way of using jaw muscles as predicted by a computer model (Baragar
and Osborn, 1987). In fact, the overall muscle activity for 20° medial bite forces
(Figure 23D, p. 214) was less than that for other directions. Lateral bite forces of
20° were associated with more activity in working temporalis and masseter; this
seems to be in partial agreement with the muscle activity for exerting lateral jaw
movements {(Herring, 1976; Vitti, 1971; Vitti and Basmajian, 1977).
5.1.8.b..Individual muscle patterns

The working temporalis was slightly more active for vertical bite forces than
for 20° backward bite forces in the sagittal plane (Figure 24A, p. 216); it was most
active for 20° lateral forces in the frontal plane (Figure 25A, p. 218). Probably, the
middle and posterior temporalis (not measured in the present study) were activated
to assist with the backward forces. The working temporalis was probably assisted by
deep masseter to produce lateral forces.

The working masseter was found to be the miost active muscle for 20° forward
bite forces in the sagittal plane (Figure 24C) and for 20° lateral bite forces above 100

N in the frontal plane (Figure 25C). As described above, the great activity of
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masseter for forward bite forces can be attributed to its resultant line of action being
somewhat anterior. Its dramatically increased activity for graded lateral bite forces
was remarkable and may be accounted for by a demand at the high force level
(above 100 N) because the activity of working temporalis was not sufficient.

The patterns for balancing temporaiis and balancing masseter were
distinguishable for force directions in the sagittal plane (Figure 24B,D) and were not
distinguishable for those in the frontal plane (Figure 25B,D). Intuitively, a changing
force direction in the frontal plane would reveal more differences in the activity of
bilateral muscles. The patterns of balancing muscles in the frontal plane are difficult
to explain. In the sagittal plane, balancing temporalis (Figure 24B) followed the
patterns of working temporalis and may be explained the same way; the balancing
masseter (Figure 24B), however, showed somewhat different patterns from those of
the working masseter. The slightl; .. cater activity it had for vertical bite forces (than
for the 20° forward bite forces) might be related to balancing the overwhelming

activity of the working masseter for the 20° forward bite forces.

5.1.10..MUSCLE ACTIVITY PATTERNS OF TMD SUBJECTS

The clinical findings separately reported by two examiners were fairly
consistent. This might be attributed to the reproducibility of the Craniomandibular
Index which was found to have good inter-examiner correlations when it is used to

identify muscle tenderness and joint dysfunction (Friction and Schiffman, 1986 and
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1987). Muscle patterns identified by EMG are compared to the corresponding
patterns in the normal group used as the control and to the tender muscles identified
clinically. The following analysis is based upon the assumption that an injured
muscle (or muscle elements), which may be subjectively painful and tender to
palpation, would less likely be recruited than a healthy muscle (or muscle elements)
since a different strategy of allocating tensions would achieve a required bite force
task.

§5.1.10.a...Unilateral pain cases

Case I, I, V, and VI were similar in that muscular tenderness was clinically
identified in unilateral muscles.
SL10a(l)..Case I

The tender muscles identified were all on the right side: superficial and deep
masseter, medial pterygoid and digastric. The bite force tasks were performed on
the nght (affected) side.

The muscle patterns which seem to be abnormal as compared to the
corresponding ones in the normal group showed that the working masseter and
balancing temporalis were possibly less used. The clinical examination and the EMG
muscle patterns consistently indicated that the working masseter was painful and
rather .. - 1. The EMG data showed that the working masseter was particularly
inactive for the 20° forward bite force (Figure 29B, p.225). This is not surprising

because the data of the normal subjects revealed that a forward bite force demanded
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great activity from the working masseter. It seems probable that because the working
masseter was suffering from pain, it was only slightly recruited even for the (forward)
direction which is in its mechanically favorable line of action. This problem might
have been aggravated by the tenderness of the right medial pterygoid which probably
also contributed less to the 20° forward bite force. By the same token, other muscles
(the working temporalis and balancing masseter) had higher than normal activity to
compensate for the inability of the working masseter. The EMG data showed that
the balancing temporalis was also less recruited. However, the left temporalis was
not found to be painful clinically and this observation remains difficult to explain.

The direction chosen by this subject to produce maximum bite force was also
peculiar: an angle of -6° -20° (F-B angle and L-R angie ‘n Figure 8, p. 184) might
be = unted for by the unwillingness of the subject to use the painful masseter
wii 4, if used, would likely have directed the bite force more anteriorly. On the
other hand, it might be argued that the painful medial pterygoid would conflict with
the 6° medial component in the MVBF direction, but this slight medial angle may
be related to the fact that the lower first molar is medially tilted.
5.1.10.a.(2)...Case II

The muscles which were clinically found to be tender were all on the left side:
masseter, lateral pterygoid, posterior temporalis and digastric. The night (unaffected)

side was chosen to perform bite force tasks.
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Compared to the normal group, the possibly abnormal muscle ratios showed
that the balancing (left) masseter, the balancing temporalis and the working masseter
were less used. The left masseter was found to be rather inactive performing most
tasks: vertical, 20° forward and 20° backward tasks; among these, the ratio increased
the most for performing the 20° forward bite force. This seems to reflect the
inability of recruiting the working masseter for this particular task which normally
demands much activity from this muscle. Thus, it seems very probable that the left
masseter was injured and being protected from being used. The EMG data also
showed that the balancing (left) anterior temporalis was less used when it was
compared to the working (right) temporalis for the 20° medial bite. The clinical
data, on the other hand, showed that the left posterior temporalis was tender. The
correlation between the two is not clear. The experimental res. s :uowed that the
right masseter was even less active than the left masseter and this was contradictory
to the clinical findings.

The MVBF on the right side was mainly medially directed (13°); this does not
seem to conflict with the EMG finding that the right masseter was somewhat
inactive.
5.1.10.a.(3)..Case V

Case V was impressive during both clinical examination and the experiment.
Both examiners identified the right deep masseter as the only tender muscle. This

subject had a peak MVBF on the right side as 740 N (average: 600 N during about
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4 seconds). This MVBF was extraordinarily high among TMD subjects and is
considered rather high among normal subjects (c.f. Table 3, p. 165). The direction
of MVBF on the right side was -7°, -8° (F-B and L-R angles in Figure 8, p. 184); this
direction might have been chosen to avoid using the right deep masseter whose line
of action is somewhat vertical. EMG muscle patterns seem to suggest that the four
tested jaw muscles, which did not include the painful right deep masseter, contracted
similarly to those of the normal group except for the ratio of working (right)
masseter over balancing (left) masseter for a 20° backward bite force. This abnormal
ratio seems to indicate that the right superficial masseter had rather low activity. But
the deep masseter was tender to palpation. Ignoring this ratio, it might be concluded
that the activity patterns of all the jaw muscles of this subjects are consistent with
those of the normal group.
S5.1.10.a.(4)...Case VI

In Case VI, superficial and deep masseters, medial pterygoid and posterior
digastric on the left side were found to be tender clinically. The tasks were
performed on the left (affected) side. The EMG data showed that the working (left)
temporalis and the balancing (right) masseter were less used. The experimental
results do not seem to agree with clinical findings. However, the directions chosen
by this subject to produce MVBFs are worth analysing. The direction for MVBF on
the left (affected) side was 10° 19° (F-B and L-R angles in F igure 8, p. 184). This

angle seems to support that both deep masseter and temporalis on the right side
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were not used for producing this MVBF; the deep masseter was identified clinically
and temporalis was identified by EMG muscle patterns. The direction for MVBF
on the right (unaffected) side was 2° 16° (F-B and L-R angles in Figure 8, p. 184).
The 16° to the lateral is certainly peculiar as all the normal subjects found it difficnlt
to bite laterally and this angle does not seem to conflict with the EMG finding that
the right superficial masseter was in pain. Furthermore, this lateral angle, rather
than a medial angle, also appears to be chosen because it might have involved less
effort of contralateral muscle. Whether or not this peculiar lateral angle itself is
sufficient to tell that a patient has muscle problems would be interesting to know.
5.1.10.b...Complex pain cases

Case III and IV are both considered as complex pain cases because these two
subjects had pain/tenderness in most head and neck muscles bilaterally.
5.1.10.b.(1)...Case IIT

Case Il was associated with tenderness in almost all the muscles on both
sides. It was important to note that bilateral superficial masseters were more painful
than others. Tasks were performed on the Zeft side of the jaw in Case IIL

The experimental data seem to suggest that the following muscles were less
used: (1) the working masseter for the vertical, 20° forward, backward and medial
bite forces; (2) the working temporalis for the 20° lateral bite foree; (3) the balancing
masseter for the vertical and 20° backward bite forces; (4) the balancing temporalis

for the 20° medial bite force.
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The left (working) masseter was consistently identified as being rather inactive
when it was compared to the balancing masseter, and working temporalis except for
the 20° lateral bite force. In the normal group, lateral bite force involved the
greatest activity of working temporalis when it is proportionally compared to that of
tr = working masseter. The clinical data also seem to indicate that both masseters

-2 more tender than others. It seems possible that since the working masseter was
more painful, the working temporalis was inevitably used for all the other directions
until it was demanded for the lateral bite force which might have triggered the
nociceptors of the working temporalis and, through negative feedback, inhibited its
activity. The situation was similar for the balancing masseter and temporalis.
However, since the working muscles were found to be even less active than the
balancing muscles, such a phenomenon was more significantly associated with
working side muscles. The direction of .ne MVBF on the left side was mainly
posterior (10°) and might be accounted for by the postulate that the patient was
unwilling to use the working masseter.

In summary, the EMG muscle patterns seem to indicate that muscle inability
was extensive and the two (superficial) masseters were inactive for most tasks. The
experimental findings seem to agree moderately well with the clinical examination.
5.1.10.b.(2)...Case IV

Case IV was represented by tenderness in the following muscles on the right

side: (1) anterior and posterior temporal muscles, masseter and lateral pterygoid on
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the left and (2) medial and lateral pterygoids, temporalis insertion and digastric on
the right side. The left side muscles which were tender include the anterior and
posterior temporal muscles, the superficial masseters and lateral pterygoid. Tasks
were performed on the right side of the jaw.

The EMG muscle patterns suggested that the following muscles might have
had rather low «.uwvity: (1) the working (right) temporalis; (2) the working (right)
masseter; and (3) the balancing (left) temporalis and the balancing masseter. That
the working temporalis and working masseter were used to reduced extent agrees
with the clinical findings. Balancing (left) temporalis was identified as being tender
and so was the left masseter. The greater activity of the left masseter than
temporalis might be because for the forward bite forces, masseter was still more
preferably used due to its more favorable line of action although recruiting either
was painful. The insertion of the right temporalis was painful. The conceivably
healthy right masseter was probably responsible for the extra activity than the right
temporalis for the forward bite forces. For 20° medial bite forces, the ratio of
balancing temporalis over balancing masseter was abnormally high; the ratio of
working over balancing temporal muscles was abnormally low. These two ratios
seem to suggest that working temporalis and balancing masseter were abnormally

inactive; this is in agreement with above findings.
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5.1.10.c...Summary

It has been generally believed that painful jaw muscles are hyperactive while
maintaining mandibular posture (e.g. Moller, 1985), but this view is not well accepted
(Lund et al., 1989). The behavior of painful jaw muscles during contraction, on the
other hand, has received less attention.

In the present study, it was proposed that an injured jaw muscle would be
protected and ’prevented’ from contracting during some standard static tasks. This
hypothesis is different from the so called ’protective muscle splinting’ (Tally et al.,
1990) which is used to describe a guarded’ closing muscle during jaw movement
(mainly opening movement). However, the concept of ’protective muscle splinting’
is rather new and, to the author’s knowledge, it has only been tested once by Nielsen
et al. (1990) in which those jaw muscles (masseter, temporalis and some jaw opening
muscles) tender to palpation had lower activity while executing mandibular
movements. Results obtained from TMD subjects in the present study seem to
indicate that those jaw closing muscles tender to palpation may correspond to some
abnormal muscle patterns which revealed their reduced activity compared to normal
subjects. The reduced EMG activity of painful jaw muscles in TMD subjects seem
to be supported by Kroon and Naeije (1992) who found that the EMG activity of
painful TMD jaw muscles is less than that of the non-painful Jjaw muscles of the same
subject. It is not known whether reduced muscle activity would lead to reduced

cross-sectional area of the muscle in the long run.
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Dwue to the lack of other sources with which the EMG data can be compared,
the muscle patterns obtained from TMD patients have been compared with those of
the corresponding ones obtained from the normal group and the clinical findings.
It is obvious that the TMD muscle patterns indicating possibly inactive muscles do
not always conform with the muscles tender to palpation in clinical examination
although in some cases, the two sources were very consistent. It is recognized,
however, that clinical examinations partially depend upon the subjective response
from patients. In addition, pain may be referred to a different location (Christensen,
1981; Rasmussen, 1965).

Howell er al. (1986) and Jones ef al. (1987) both suggested that painful
muscles are electrically silent. These results, among others, may provide the
physiological foundation for the reduced activity of the painful (and possibly injured)
muscles in the present study. As a general view, the reflex pathway seems to be
through type IIl (A§) or type IV (C) nerve fibers while the nerve endings are

believed in the myotendinous junctions and fascial sheaths (Jones and Round, 1990).
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The following conclusions are drawn from the present study.

(1) The force transducer developed for the present study can be used to
measure 1) the real magnitude of a static bite force as compared to the single
component of the bite force measured with a uni-directional force transducer and 2)
the direction of a bite force in three dimensional space. Although some aspects of
the force transducer may be improved, it has been validated by revealing consistent
results comparable to another source (van Eijden et al., 1988a and 1990) and by
showing a change in the bite force direction during sustained contraction of jaw
muscles (Osborn and Mao, 1992).

(2) There appears to be approximate linearity between the increase in the
surface EMG activity of the bilateral superficial masseter and anterior temporal
muscles and the graded bite force in each of the five directions studied (the vertical
and 20° forward, backward, medial and lateral from the vertical and in 90° intervals
in the horizontal plane) with few exceptions. Such approximate linearity between
muscle tensions and bite forces in various directions seems to indicate that an
alteration in the force direction will not change the classic EMG-force relationship.

(3) Muscle tensions expressed as linear regression lines for bite force tasks
performed on the left side of the jaw show mirror images for the same tasks
performed on the right side of the jaw. This indicates that jaw muscles on the left
and right sides are generally symmetrical. This further validates the force transducer

and EMG recordings.



Chapter 5, Section I{ 152
Conclisions

(4) The relative contribution, to a bite force, of certain jaw closing muscles is
constant as long as the direction of the bite force is fixed; this is true regardless of
the magnitude of the bite force to a certain submaximal level.

(5) The ratios of EMG activity in jaw closing muscles appear to be specific for
a fixed direction of a bite force. This, along with results from other studies, seems
to indicate that thie direction of a mechanical force produced by a group of
synergistic muscles is as important controlled by the central nervous system as the
magnitude of the force. The direction might have been chosen to minimize the
magnitude in order to minimize the amount of energy used for a specific task.

(6) Methods nsed in the present study seem to be useful in exploring how
synergistic muscles are used to perform static tasks.

(7) Muscle activity patterns in TMD subjects might be different from thosc
measured in a normal group. Some of the differences seems to be sufficiently
aberrant to be detected. These deviated muscle patterns may correspond to those

tender jaw muscles identified clinically.
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Table 1. Maximum incisal bite force.
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Investigators Newtons (kg) Note
Dahlstrom et al. (1988) 158 (16) force feedback
Hannam (1976) 87 (8.9) anterior teeth

“ Helkimo et al (1977) 176 (18) Skolt Lapps male
108 (11) Skolt Lapps female
190 (19)

(1978)

Helle et al. (1983)

75 (7.6) to 178 (18)

children (<17 years)

“ Helkimo and Ingervall

Hellsing (1980) 185 (19)

Linderholm and 216 (22) male
Wennstrom (1970) 196 (20) female
Ringgqvist (1973a) 293 (30)
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Table 2. Maximum bite force on premolars.

Investigators Newtons (kg) Note ]]
Dahlstrém et al. (1988) 662 (67) force feedback
Linderholm and 410 (22) male
Wennstrém (1970) 350 (20) female
Molin (1972) 344 (35)

Widmalm and Ericsson
(1982)

181 (18) to 608 (62)
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Table 3. Maximum bite force on molars. Some values are averages and rounded off.

Investigators Newtons (kg) Note
Bakke et al (1990) 522 (83) male
441 (45) female
Floystrand et al. (1982) 330 (37) to male
680 (69) female
Hagberg et al. (1986) 357 (36) to
396 (40)
Helkimo et al. (1977) 382 (39) male
216 (22) female
Helle et al. (1983) 209 (21) to children (<17 years)
406 (41) on M1 and E
Linderholm and 490 (50) male
Wennstrom (1970) 430 (44) female
Lindqvist and Ringqvist 463 (47) in bruxists and
(1973> controls
Proffit et al. (1983) 304 (31) 2.5 mm thick
349 (36) transducer
6 mm thick
transducer
Ringgvist (1973a) 468 (48)
Sasaki ef al. (1989) 189 (19)
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Table 4. Effects of local anesthesia on MVBF.
Lund & van Orchardson Teenier et al.
Lamarre Steenberghe & (1991)
(1973) & de Vries MacFarlane
(1978) (1980)
Bite force | s.g. cantilever cantilever cantilever
transducer beam beam beam
Pcsition P1,2 (one Left canines C + Pl (one | Left Mis
side) side)
Duration Ss ? Ss 2s
Onset rapid slow rapid
EMG ipsilateral No. No. bilateral
masseter + masseter +
ant. ant./post.
temporalis temporalis
LA 4% Citanest 3% Citanest 4% prilocaine | 2% lidocaine
with
epinephrine
l LA infiltration local upper: upper:
methods around roots infiltration infiltrated; infiltrated;
lower: mental | lower: IDN
block block; long
buccal nerve
block
Duration 15 min. ? 20 - 25 min. ?
Results MVBF increased increased No change in
dropped by MVBF MVBF MVBF and
40%; EMG EMGs
not

conclusive
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Table 5. Accuracy of the force transducers during calibration.
Actual Predicted angle PPredicted angle Predicted angle Predicted angle
angle (Black)y’ {Blue)’ (Red {Purple)”
p q 4 Q Kg P Q Ka P Q Kg p Q Kg
0 -30 -6 -29 9.8 3 -29 | 9.2 -1 -29 9.6 o -32 { 9.8
0 -15 -3 -17 10.1 -1 -20 }{ 10.3 | 1 -19 0.1 { -3 -15 ! 10.6
0 0 -3 +2 0.2 | -1 2 10.4 ] O 0 10.1 | -1 -1 10.13
"—g‘" . 15 +2 16 10.1 -1 16 10.4 | 1 25 11.1 -5 15 10
0 30 -1 30 9.5 2 31 10.3 1 1 24 9.9 0 32 9.4
0 -£9 -1 10.5 | -32 1 9.8 -30 | -1 i0.3 | -26 | -2 9.4
0 -16 -1 10.5 | -i% 2 0.5 | -7 { © 10.9 | -19 1 O 9.9
c i -3 -1 10.2 § -1 2 10.4 ¢ 0 o 10.1 } -1 | -1 | 10.3
0 19 -1 9.9 14 1 16.5 | 19 -2 10 12 0 9.6
0 29 1 9.5 32 1 9.9 27 -2 10.2 | 33 -1 9.6
-15 -16 -13 12.5 12 -18 { 10.1 | -7} -6 15.6 § -10 § -3 ! 18.3
-15 10 -17 10.2 | 12 -18 | 10.5 | 16 -20 10.2 1 4 -13 {1 10.4
15 -16 13 10.8 | -12 1é 10.7 § -16 ] 15 10.8 ¢ -16 ) 12 10.1
15 5 13 10.1 12 18 10.8 ; 7 15 1.1 | 8 14 9.7

¥: names for different transducers.
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Table 6. Correlation coefficients (r values) between bite force increments in different
directions and averaged EMG activity: means and standard deviations (S.D.).

I Mean S.D. N
Forward bites 0.82 0.21 34
Backward bites 0.85 0.19 23

| Vertical bites 0.88 0.13 39
Medial bites 0.91 0.07 36
Laterai bites 0.86 0.25 11

[ Overall 0.87 0.17 143 1
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Figure 1

Housing of the bite force transducer

The housing of the bite force transducer used for the studies in this thesis had

a hollow H shape.
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Figure 2

The bite force transducer: housing and sensors

The H-shaped housing allowed the sensors to be placed on the two vertical
plates rather than in the part of the force transducer between the upper and lower
(occluding) teeth.

Stacked strain gauge rosettes were used as sensors. Three single strain gauges
(A, B, and C) form a rectangular rosette in the factory. For each of the rectangular
rosettes, three strain gauges are angled by 45° intervals. After the surface of the

housing was prepared, two rosettes were installed on the outside vertical plates of the
H.
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Figure 3

Parts of the housing

The material of the housing was made of the gauge #20 stainless steel plate.
Four pieces of the stainless steel were cut or bent into the required shape to form
the hollow H-shaped cross section. If the sensitivity and orientation of the sensor are
fixed, stainless steel with lower gauge numbers (thicker and therefore more rigid)

reduces the sensitivity of the force transducer.
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Figure 4

Dimensions of the force transducer
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Figure 5

Vertically oriented single strain gauges

Four identical single strain gauges (CEA-13-062UW-350) were first chosen as
sensors. These four gauges were installed upright on the two vertical plates of the
H shaped housing; two gauges on the same plate were parallel to each other and
separated by about 8 mm.

Arrows represent the direction of the force applied during calibration and a
star represents the plane or the strain gauge which is stressed more than its opposite.
A, B, C and D represent the four strain gauges.

This four vertical gauge configuration was excellent for distinguishing changing
directions of forces in the frontal plane (from side to side) but was not sufficiently
sensitive for those in the sagittal plane (from anterior to posterior). Therefore, this
configuration was abandoned. The insensitivity in the sagittal plane might be
because the two vertically oriented strain gauges on the same plate were too close

to each other to detect differences in the altering directions of forces in the sagittal
plane.
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Figure 6
Wheatstone bridge: 1/4 bridge configuration

A Wheatstone bridge circuit is shown with 1/4 bridge configuration. The 1/4
configuration enables every gauge in the circuit to be actively involved in measuring
stress and to yield its own strain output. The independent performance of each
gauge was critical for distinguishing the direction of a force.

Each strain gauge in the two rosettes was one of the four composents of one
Wheatstone bridge circuit and was considered a resistor. R2, R3 and R4 were the
other three resistors. The circuit was balanced out by alternating R,. V_ was the
source of an excitation voltage (3 V) supplied to each gauge (channel). V_, was the
readout.

Strain due to temperature variation (apparent strain) was comnpensated by the
fact that the strain gauge rosettes used in the present study were self-temperature-

compensated gauges which are stable to temperature variation within the working

range.
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Figure 7

Force transducer calibration

A metal camera tripod was used as the base for holding the force transducer
during calibration. Thin layers of quick-set aciylic were placed in the upper and
lower recesses of the H. Before the acrylic was set, a bolt was placed ins ihe center
of the lower acrylic block and a small hole, for locaticn purposes, was put in the
center of the upper acrylic block. After both pieces of the acrylic became solid, the
whole transducer was screwed onto the camera tripod. A pin held by a vice served
as the pointer (down to the hole in the center of the upper acrylic block) through
which standard loads were applied.

The standard loads used to apply forces were brass weights from 10 N to 150
N. The directions of the forces applied as loads were 0°, 15° and 30° away from the
vertical (to the ground) at 45° intervals around the full 360° in the horizontal plane.

A change in the direction of force was made possible by changing the angle
of the head of the tripod. When a load was applied to the cross bar of the H, the
vertical plates of the H were deformed along with the strain gauges installed to them.

Figure 7A shows the force transducer was placed horizontaliy, while the
transducer was tilted to about 30° to the left and 30° forward i= Figure 7B.
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Figure 8
Visual feedback of bite force

magnitnd¢ and direction

The display on the com.puter video screen seen by a subject when set to
perform a given bite force tas. The center of the coordinate system represented a
vertical bite force. Each of the three large concentric circles represented angles at
10° intervals away from vertical. The target circle (the small circle between the 10°
and 20° concentric circles) showed the direction of a required bite force specified by
an experim:nter. The small filled circle represented the actual direction in which the
subject was biting and moved around as the direction of the bite force changed. It
was falling inside the target circle as shown in this case and a subject was producing
a 22 kg bite force with a direction of +15 and +5. The magnitude of the bite force
actually being produced by a subject was constantly being displayed on the vertical
scale at the right. The actual values of the magnitude and two angles
(forward/backward, left/right) of the bite force were shown at the bottom left. The

readings from the six strain gauges (in microstrains) were constantly scrolling at the

bottom of the screen.
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Figure 9

The bite force transducer in situ: jaw separation

After the bite force transducer was installed between the upper and lower first
molars, jaw separation measured as the inter-incisal distance was 4 to 6 mm.

Figure 9(i): a sagittal view of the upper and lower jaws and the resulting
thickness after the force transducer was installed between one pair of occluding first
molars;

Figure 9(ii): a frontal view under the same condition;

Figure 9(iii): also a frontal view of the transducer between one pair of
occluding molars with the upper and lower acrylic blocks. The upper and lower
pieces of acrylic provided stable and, more importantly, reproducible bases for the
upper and lower occluding teeth in the upper and lower recesses between the vertical

arms of the H after the transducer was reinstalled.
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Figure 10

Flow diagram of the bite force recording devices

Stress detected by the bite force transducer was fed to the strain gauge
conditioner card and then to a 12-bit analog/digital converter card. The digitized
strain gauge data were originally recorded at 1 Hz onto the hard disk of an IBM XT
computer. Later, an IBM compatible 386/25MHz computer (with mathematic co-
processor) replaced the IBM XT and increased the sampling frequency to 10 Hz.
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Figure 11

Flow diagram of the EMG recording devices

The sequence of the four channels were consistent throughout all experiments:
channel 1 being the right anterior temporalis; channel 2 the right superficial
masseter; channel 3 the left superficial masseter and channel 4 the left anterior
temporalis.

The 4-channel EMG signals were amplified with preamplifiers at a gain of
1,000 and with a bandwidth of 10 - 1,000 Hz. The low cut-off frequency was set at
10 Hz for future fast Fourier transform analysis. Occasionally, this low cut-off
frequency was increased to 100 Hz due to, for example, 60 Hz AC contamination in
the EMG signal. In this case, the file was marked accordingly.

The raw EMG signals were monitored on an oscilloscope and fed through a
12-bit analog/digital converter at 1,000 Hz/per channel. The digitized data were
picked up by the data acquisition board installed in a personal computer (IBM
compatible 486/33 MHz with a mathematic co-processor) and collected onto its hard
disk (120 Megabytes). Recording duration for each task was 4.096 seconds; this

unusual time, as a power of 2, was chosen for the convenience of fast Fourier

Transform analysis.
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Figure 12
The raw, full-wave rectified, and integrated EMGs

A (the upper plot): raw EMG signal of a muscle under contraction: compound
action potentials recorded with surface electrodes were extensively superimposed.

B (the middle plot): full-wave rectified EMG of the same signal: this
procedure turned all the negative componernts of the raw EMG signal upwards to
become positive.

C (the lower plot): integrated or smoothed EMG of the same signal: the

rectified EMG data points were averaged over certain data point intervals.
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Figure 13
Raw EMG recording

This gives some rough idea of the signal-to-noise ratio (SNR) during EMG
recording. The trace was randomly selected from many. The subject, about 1 second
after the recording started, clenched a moderate force for about a second and then

stopped clenching. After a 1-second interval, the subject resumed clenching with a
similar duration.
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Figure 14
Dispersion of EMG data

The combination of the muscles and tasks for each of the four plots was
randomly chosen. The obviously skewed data points include:
A
for the balancing masseter muscles of three subjects when biting vertically
(symbolized as solid and open squares and solid upward triangles);
B
for the working masseter muscles of one subject during biting 20° medially
(symbolized as solid upward triangles);

C
for the balancing temporalis of one subject during producing 20° backward

bite forces (symbolized as empty upward triangles);

D
for the working temporalis of one subject (symbolized as solid squares) upon

exerting 20° forward bites.
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Figure 15
EMG activity: bite force directions in the sagittal plane

TM: temporalis; MA: masseter. Integrated and normalized EMG was plotted
against bite forces with their directions prcjected onto the sagittal plane. Each plot
shows a linear regression line representing the averaged EMG data points of the
same muscle of all subjects with vertical standard deviation bars. The bite force
increments were considered the independent variable and the EMG activity the
dependent variable. The slopes differ for different muscles and tasks. In general,

a nearly linear relationship can be found between the graded bite force and the

normalized surface EMG.
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Figure 16

EMG activity: bite force directions in the frontal plane

TM: temporalis; MA: masseter. Integrated and normalized EMG was plotted
against bite forces with their directions projected onto the frontal plane. Each plot
shows a linear regressicn line representing the averaged EMG data points of the
same muscle of all subjects with vertical standard deviations. The bite force
increments were considered the independent variable and the EMG the dependent
variable. The slopes are differing for different muscles and tasks. In general, a

linear relationship can be found between the graded bite force and the normalized

surface.
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Figure 17

r values for 20° forward bite forces

TM: temporalis; MA: masseter. All the correlation coefficients (r values)

were above 0.5 except for the balancing masseter of one subject. That r value was
0.36.
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Figure 18

r values for 20° backward bite forces

TM: tzmporalis; MA: masseter. All the correlation coefficients (r values)

were above 0.5 except for the balancing masseter of one subject. This value was

0.49.
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Figure 19

r values for 20° lateral bite forces

TM: temporalis; MA: masseter. All the correlation coefficients (r values)

were above 0.5 except for the balancing masseter of one subject. This low value was

0.28.
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Figure 20

r values for 20° medial bite forces

TM: temporalis; MA: masseter. Almost all the correlation coefficients (r

values) were above 0.75.
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Figure 21

r values for vertical bite forces

TM: temporalis; MA: masseter. Almost =2l the correlation coefficients (r

values) were above 0.75 except for the balancing masseier of one subject.
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Figure 22

Mirror image muscle patterns for left and right tasks

There was very good agreement between the regression lines obtained for left
and right side experiments when biting parallel to the sagittal plane: the anterior,
posterior and vertical bites yielded very good mirror image EMG activities between
the left and right muscle patterns. The agreement for medial and lateral bite forces
was only moderately good. EMG activities for producing medial bite force showed
poor similarities and the sequence of muscle activities was reversed, but all the
muscles contracted roughly to the same degree. This was also the situation for
vertical bite forces where all the muscles were activated very closely. Note, however,
that the sequence of muscle activities for medial and vertical bites were quite
different. The left and right muscle patterns for the lateral bites were only
marginally good. The working masseter on the left side was more significantly
activated as the magnitude of the bite force increased from 100 to 150 N. Lateral
bite forces yielded the mnst varied muscle activation patterns between the left and
right.

TM: temporalis; MA: masseter.
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Figure 23
The averaged EMG data points for all directions
TM: temporalis; MA: masseter.
A
Working masseter had the greatest activity which reached about 75% of its
EMG,,,. The working temporalis and balancing masseter were equally active and
reached about 50% of their respective EMG,,,,. The least activity was found in
balancing temporalis and was about 25% of its EMG_,,,.
B
The four muscles were activated to roughly the same degree; all of them
reached 60% to 70% of their correspouding EMG,,,,. Working temporalis seemed
to have slightly greater activity than the rest. B’ is identical to B and is for
comparison between D and E.
C
Working temporalis had the greatest activity among ail and reached slightly
above 60% of its EMG, .. Balancing temporalis seemed to have slightly higher
activity than the working masseter; both of which reached about 40% to 50% of their
EMG,,,. The least activity was found in balancing masseter which reached about
25% of its EMG,_,,,.
D
The four muscles were activated to roughly the same degree; all of them
reached 50% to 60% of their corresponding EMG_,.
E
Working temporalis had the greatest activity among all and reached slightly
above 50% of its EMG_,,,. Working masseter was the second most active muscle and
reached about 40% of its EMG_,,. The balancing masseter and temporalis were the

least active muscle both of which reached about 25% of their corresponding EMG,,,.
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Figure 24

Sagittal plane: muscle tensions against force directions

The working and balancing temporal muscles had similar activity patterns;
note, however, the slopes of the lines for the working side were steeper indicating
that working temporalis was more active. Working and balancing masseters showed
different patterns: the working being most active for the forward force and the

balancing was similarly active for vertical and backward forces.
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Figure 25

Frontal plane: muscle tensions against force directions

Vertical bites involved more activity than medial bites in all four muscles.
Lateral bites yielded high activities in working side muscles and low activities in the

balancing ones.
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Figure 26

Ratios of muscle pairs in the sagittal plane

Comparison of muscles on the same side was more meaningful (than that on
both sides): both the ratios of working and balancing pairs were distinctive for any
of the three bite force directions.

v.: different from the vertical bite forces.

**. 05 > p >.01; ***: p <.00L.
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Figure 27

Ratios of muscle pairs in the frontal plane

Both the comparison of muscles on the bilateral sides and on the same side
made interesting results. There were always differences in any of the ratios between
vertical and 20° lateral bites. Only the rativ of working over balancing temporalis
showed significant differences between vertical and 20° medial bites. Even though
the plots showing the most and least activated muscles for vertical and medial bite
forces were quite different, these ratios failed to show many differences between the
two.

m.: different from medial bite forces; v.: different from vertical bite forces.

**. 05 > p >.01; ***: p <.001.
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Figure 28
All the ratios in both the sagittal and frontal planes

The following ratios were the most sensitive for all the directions tested:
working temporalis over working masseter (28A), balancing temporalis over
balancing masseter (28B), and working over balancing temporal muscles (28C’).
Ratios showing differences of 2 out of 3 directions in a group included (1) working
temporalis over working masseter (28A”); (2) balancing temporalis over balancing
masseter (28B’); (3) working over balancing masseters (28D); and working over
balancing masseters (28D"). The ratio of working over balancing temporalis in the
sagittal plane only showed difference between one two directions.

**. 05 > p >.01; ***: p <.00L.
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Working TM/MA
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The present study
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APPENDIX ITEM # 1
PENDING PATENT
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November 11, 1991 BACE W STRATTON

Wrertee's Exr.

via Telecopier

Dr. John Barrington-Leigh

Senior Technology Management Officer
Intellectual Property & Contracts Office
1-3B University Hall

University of Alberta CONFIRMATION COPY
Edmonton, Alberta LETTER SENT
T6G 239 VIA TELECOPIER

Dear John,

i
Re: Three Dimensional Force Transducer //ékfé;u7ﬂq, ~ ﬁ72aﬁ

You have asked us to review the report of invention relating
to a three-dimensional force transducer and to advise on its
patentability.

The inventors probably have a verxy good idea of the most
relevant medical and dental publications and I have not searched
this area of art.

I have effected a search of the computer patent database for
the terms "FORCE TRANSDUCER", "MICRO FORCE TRANSDUCER", "DENTAL
FORCE TRANSDUCER" and “"MEDICAL FORCE TRANSDUCZR", and my opinion
is based on the results of that search, a copy of which is
enclosed.

It is my view that none of the patents located by the search
disclose a thin force transducer of the type described in the
report of invention, having strain gauges attached outside the
stressed region and being suitable for dental use as described in
the report of invention. Based on the results of the search, it
is my opinion that the three dimensional force transducer
disclosed in the report of invention is patentable.

Nevertheless, please have the inventors review the search results
and advise whether there are any located patents which they
believe should be investigated further or of which copies should
be obtained.
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/. \ RETURN TO _ Q Aoy /( //
N e P /

e /oo
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If you decide to go ahead with a patent application, I wilj
require drawings of the transducer device of the invention and o
detailed description of how it is constructed and used and how
the results are interpreted. If the inventors have prepared a
paper for publication in a scientific journal, this would be a
good starting point. I will alse need to be provided with a copy
of the paper by Van Eijden referred to in the report of
invention, as well as copies of any other relevant prior art
known to the inventors.

Yours truly,

SIM & McBURNEY

P ™
per: AN Le v Q\.‘ .

PAR:ts Patricia A. Rae (Dr.)
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APPENDIX ITEM # 2

ENGINEERING DATA SHEET FOR THE STRAIN GAUGE ROSETTES

_— - L
=M =M= | ENGINEERING DATA SHEET o
on
. E’ Cm
THE INFORMATION APPEARING ON THIS SHEET HAS BEEN COMPILED SPECIFI. 23:'. m §
CALLY FOR THE GAGES CONTAINED IN THIS PACKAGE. THIS FORM IS PRODUCED —s
WITH ADVANCED EQUIPMENT & PROCEDURES WHICH PERMIT COMPREHENSIVE
QUALITY ASSURANCE VERIFICATION OF ALL DATA SUPPLIED HEREIN. SHOULD
ANY QUESTIONS ARISE RELATNE‘TO THESE GAGES, PLEASE MENTION GAGE Foal OA] Chea | Bash
TYPE, BATCH NUMBER, AND LOT NUNBER
HO01
—RA=m o — Micro-Measurements él =
=MZM= Division _ >=' =
Madke b USA 2 s N 8 x S S
¢ ! [ > H
MEASUREMENTS GROUP, INC. S| 8EoESERk &= &
AALEIGH, NORTI CAROLINA 3 =~ [x o~ NECET o B H o 8
RO 5 B oH E o § R P S
PRECISION 2 SRS kTR =S 3
w| 33 el = -2
STRAIN GAGES &S«
F0O7 L o l o

[

GENERAL INFORMATION: WK-SERIES
STACKED ROSETTE STRAIN GAGES

GENERAL DESCRIPTION: WK-Serles stacked rosoite strain gages are a family of superimposed K-alloy strain gage elaments
oriented at 45°, 80°, or 90°; widely used in siress analysis applications. These 9ages have Integral high-endurnce lead ribbong

with a backing and encapsulation matrix consisting of a high temperaiure epoxy-phenolic resin systern reinforced whh glass
fibers.

TEMPERATURE RANCE: -452° 10 +550° F {-269° 10 +290° C) lar contincous use in static measure:nents. Usefut 1o +700° F (+370° C)
for short-tertn exposure.

SELF-TEMPERATURE COMPEHRSATION: Soe als curve below.
STRAIN LIMITS: £1.5% at room lamperature; £1.0% a1 -320* F {-155° C).

FATIGUE UFE: 103 cycles at 22000p!nin (urym); 107cycles at 12200un/in (um/m). Longer gage lergihs and lowor resistances
resul In greater endurance and Joss scatter in fatigue Kfo.

BONDING AGENTS: High-temperature opoxy adhosives are recommended for bast parformance over the entire lempetature range.
Micro-Measurements M-Bond 610, 600 and M-Bond GA-60 are paricularly compatible with WK-Serles gages. Reter to M-M
Catalog A-110 for Information on bonding agerts, and Bulletin B8-130 for instajlation proce dures.

LEADWIRE SYSTEM: A single flat high-anourancs lead k conrected 15 sach tab of sach elemert. Interna! tab connections on these gages

are made with +770° F (+410° C) solder. Lesdw.7ea may be 3oft soldered, spol-walded, or silver soldared. Refer 1o M-M
Bulletin B-132 for iomation on soXders.

NOTE:The backing of WK-Series gages has been spacially treated for optimum bond formatlon with all appropriate strain gage
achesives. No lurther deaning is neceseary I cortaminatior. of the prepared surlace Is avoided Guring handing.

Gosy
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THERMAL OUTPUY LOT NO. K44FD121
TEMPERATURE IN °CELSIUS
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TEMPERATURE IN °F AHRENKHEIT
TESTED ON: 1018 STEEL TEST PATTERN:___?SOBG CODE: __99321% £NG. GU
TEST PROCEDURES USED BY MICRO-MEASUREMENTS
OPTICAL DEFECT ANALYSIS . . . T T T T M-M Procedures and Standards
GAGE RESISTANCE AT 24°C AND SO%RH . . . .

..... M-M Procedure, Direct NBS Tracoability on Resistance Standards

GAGE FACTOR AT 24°C & 50% RH (UMIAXIAL 3TRESS FIELD - POISSON RATIO -a2es) ... ASTM E-251 {Constant Stress Cantllever Method)

TEMPERATURE COEFFICIENT OF GAGE FACTOR

................. ASTM E-251 (Step Deflection Method)
THERRALOUTPUT . . . . ., . . . . . . . e e e e e e e e ASTM E-251 (Slow Hesting Rate, Continuously Recorded)
TRANSVERSE SENSITIVITY AT 24°C AND 50% QH . e e e e e e e et e e e e e e e e e e . . . ASTME-251
FATIGUEUFE . . . . . . _ . . e e e e e e e e e e e e i e e e e e e e e HAS 242 (Moditied)
STRAINUMITS . . . . . . . . . . e e el e e e e e e e e e e e e e e e e NAS 842 (Modilied)
GAGETHICKNESS . . . . . ., . . . . C e e e e e e e e e e e e e e e e e e e e e e e . M-M Procedurs
CREEPANDDRIFT . . . . . . . .. . . e e e e e e e, < - - . M-MProcedure (Similar to NAS 942 Meihod)

NOTE: Gage resstarce, gage tctor, tomperanse coeMuoent of Boxe, hermal outs, and ¥ansverse

g and Irionma ton pr ecertasan are N compdancs
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APPENDIX ITEM # 3
STRAIN GAUGE INSTALLATION

1. Scratch the structural material
Sand paper #180, znd then #320. Do not scratch too much; otherwise, it
does not provide good adhesion.

2. Set the locations

Use a ruler to measure the width of the gauge and the location where the
gauge will be installed. Mark the locations. Wash hands as before surgical
operation.

3. Clean the surface
3 different solutions:
(1) chlorothene SM
(2) metal conditioner: 3 times, 20 s ea. Keep cleaning before it dries.
(3) neutralizer: apply neutralizer to larger area than the metal conditioner.

4. Protect the 2nd, 3rd gauge locations by tapes.
5. Install soldering points before putting the gauges on with tape.

6. Take a gauge out of the box and bag. Leave it on the box.

7. Tape it on the box. Then, take the whole thing off.

8. Put the gauge onto the location.
Fix the edges of the grid to ihe marked center.

9. Pull the tape off the surface with the gauge until 2 mm from the gage.

10. Catalyst 200 to the backup surface of the gauge. Let it dry for 1 min.

11. Apply M-bond (CA7 instant Adhesive) about one drop to the location where the
gauge is intended to be. Put the gauge back. Apply constant force to it. Be aware
that the gauge will be preloaded with this force. Therefore, apply the same amount
of force to the 2nd, 3rd... gauges.

12. Leave it for 1 min. Then, peel the tape off very carefully in different directions.
A gauge might be peeled off with the tape if it has been left bonded for too short a

time. However, if it is left being bonded too long, there will be difficulty to take the
tape off.
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13. Use the spare time to do the 2nd gauge and to prepare the wires.

14. Soldering Put black insulating tape next to the soldering area to minimize
thermal damage. Add M-Flux AR to the soldering area. Solder the wires to
soldering areas. Don’t let the naked wire touch the structural material. Leave the
soldering point as small as possible.

15. Cleaning the soldering area with same solution (M-line Rosin Solvent -
Flammable hazard toluene) in 3 different bottles (less and less contamination in the
sequence of #1, 2, & 3) again and again. This procedure is for clearing off the metal
due to soldering; otherwise, there will be a leakage from soldering joint to the
structural material. Dry it with Klineex. Be careful with soldering points.

16. Fix the wires with Crazy Glue (or old M-Bond). Protect all other areas with a
piece of paper while spraying accelerator (Tak Pak) to the bonding zone of the wire.

17. Stick numbers to_gages.

18. Testing

(1) Gauge resistance. If it shows an open circuit but all soldered connections
are conductive, the gauge may have been damaged during bond'ng, and, of course,
it is useless. If the gauge resistance is different from the manufacturer’s specifications,
the gauge should be regarded with extreme suspicion, for this, too, indicates probable
damage in handling or bonding of the gauge;

(2) Measure the resistance between the strain gauge filament and the
structural material with a megohm-meter. The correct reading should be over 10 Ka;

(3) Gauge bond. Test gauges with Megohmmeter. One pen to structural
material. Another to soldering point. Correct reading shouid be over 50 Ma. On
multimeter at 2 mA, reading should be over 2 uA.

19. Dry the wires witk hair dryer.
20. Repeat the above procedures for 2nd, 3rd gauges.

21. Put tapes around the gages.

22. Apply protective coating (M-coat A). Coat the area beneath the naked wire as
a layer of insulator.

23. Tape wires. Put wires together.

24. Solder far zuxl wl wires so all the leads with each wire stick together.
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APPENDIX ITEM # 4

CALIBRATION OF TRANSDUCERS AND

REPRODUCIBILITY OF BITE AND EMG MEASUREMENTS

A.4.1. RATIONALE FOR CALIBRATION

Force, like stress, is not a measurable quantity; only the effect of a force
producing a strain or displacement can be measured.

Determination of the direction and magnitude of a resultant force acting at
a point requires the measurement of strains in three directions on each of three
perpendicular planes in 3-dimensional space. The force transducer used in the
present study has two parallel (vertical) planes upon each cf which a 3-element
rectangular strain rosette has been bonded. These two planes are separated by a
finite distance. Loads which are applied between the planes cause the planes to
bend. The attached strain gauges respond to both axial and bending strains.

The point of applying the load is assumed to have the same effect as that of
applying the load through a pair of teeth between which the force transducer is used.
This assumption is based upon Saint-Venant’s principle (Dally and Riley, 1965). St.-
Venant’s principle states that at some critical distance away from the application of
a load, the resulting stress distribution is unaffected by the manner in which the load
is applied. Thus, a distributed load can be represented by a single vector. For the
case of the teeth in contact, the contact force can be regarded as a single vector

knowing that the stresses applied to the transducer a "distance” away will be
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unaffected by this simplification of the applied load. In this case the "critical distance
away"” could be interpreted as the maximum distance between contact points of the
bite on the transducer.

There are no available equations in strain and stress analysis for developing
a relationship on the basis of the configuration of the force transducer (used in the
present study) which aims to determine the direction and magnitude of a resultant
force acting mid way between the two vertical planes. In fact, all that can be
determined is the direction and magnitude of the resulting force acting in each of the
two planes. If the applied force is mid-way between these planes and is parallel to
these planes, then the direction and magnitude of the resultant force can be
determined and theoretical expressions can be developed which will compute the
resuitant force and direction based on the strain gauge readings.

Ideally, a force transducer should be equally sensitive to forces in all
directions in 3-dimensional space. The design of the force transducer in the present
study does not meet this condition. It is more sensitive, Le., less rigid or more
flexible, to forces projected in the sagittal plane than to forces projected in either of
the other two perpendicular directions. Thus, a load that is applied at an angle to
the two less sensitive planes causes these planes to distort and the strain gauges
record bending and axial strains. However "cioss-talk”, where one plane picks up a
portion of the information intended for a different plane, occurs. This drawback is

turned into an advantage through an empirical relationship which calibrates the out-
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of-plane information into a repeatable measurement of forces acting out of the two
parallel planes. This occurs because of the inability to eliminate cross-talk and the

unequal stiffnesses in 3-perpendicular directions which causes torques to develop.

A.4.2. CALIBRATION OF TRANSDUCERS

Calibration of the transducer was done by the author’s supervisor. Calibration
results were entered into the computer program used to predict the magnitude and
directions of a bite force. The mathematics and the programming were checked by
applying known loads to the transducer and checking that the output displayed on the
screen matched the known input. Appendix Figure 1 (p. 288) shows the force
records for applying 10 kg loads in S different directions: 20° medial, 20° lateral,
vertical, 20° forward, and 20° backward. Both the magnitudes and directions that are
measured with the force transducer are close to the real loads and angles. The
accuracy of calibration for the force transducers used in the present study is also
shown in Table 5 (p. 167). The transducer was regularly checked each time before

it was used in a subject.

A.4.3. REPRODUCIBILITY OF BITE AND EMG MEASUREMENTS
Reproducibility of bite and EMG measurements was tested with three trials
on one of the normal subjects participating in the present study. The three trials

were carried out in three consecutive days. The position of electrodes was the same
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as that used for collecting data in the main text of the thesis and was kept constant
for different days by marks placed on the skin. The position of electrodes used for
superficial masseter and anterior temporalis is shown in Appendix Figure 2 (p. 289).
All other conditions, such as acrylic blocks for the transducer and instrument setup,
were maintained constant. Tasks used for the reproducibility trials were bite forces
of 20° forward and 20° backward at 250 N. Both the bite force and EMG records
were taken. EMG records were acquired and processed in the same fashion as that
in the main text of the thesis (3.I1.2 and 3.11.3).

Appendix Figure 3 (p. 290) shows the results of these trials. Plots in the left-
side column represent bite force and EMG records for the 20° forward bite forces
and those in the right-side column represent those for the 20° backward bite forces.
For the convenience of display the unit for bite forces was the kilogram rather than
Newtons (1 kg =~ 9.81 N = 10 N) although strictly kilogram is the unit for mass while
Newton is the unit for force. The right side of the jaw was the working side.
Therefore, wt represents the working (right) temporalis; wm represents the working
(right) masseter; bm represents the balancing (left) masseter; and bt represents the
balancing (left) temporalis.

It was found that both the directions and magnitude of bite force were
reasonably well maintained. For the 20° forward bite force, the standard -leviation
was 16% of the averaged (over three trials) normalized EMG activity of the working

temporalis, 13% of that of the working masseter, 23% of that of the balancing
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masseter and 24% of that of the balancing temporalis. For the 20° backward bite
force, standard deviations was 12% of the averaged (over three trials) normalized
EMG activity of the working temporalis, 14% of that of the working masseter, 17%

of that of the balancing masseter and 25% of that of the balancing temporalis.



Co-activation Pattemns of Jaw Muscles 288

Appendices

30
20
10

—-10
-20

30
20
10

—-10
—20

30
20
10

-10
—20

30
20
106

—-10

20

—

30
20
10

Bite force magnitude and directions (kg and degrees)

~-10
-20

- 15° mediai

b~

VNN TWIN S
Mo AS

Magnitude
F—B angle
L—R angle

- 15% lateral

AN~

o )

M

L—R angle
Magnitude

F—B angle

- vertical

ALY PO

Magnitude
F—B angle
L—R angle

- 15° forward
_
\/\/_/VM

NN NNAS

—

-3 rigle
Magitrtude
L—-R angle

_ 15° backward

L

Magnitude

L—R angle

F-B angle
1

5 3) 7/

Time (s)



Co-activation Pattems of Jaw Muscles 289
Appendices




Bite force magnitude and directions (kg and degrees)

% EMG and S.D.

Co-activation Patterns of Jaw Muscles 290

4. ... ¥ ..
n[lllcl‘wb“

Magnitude

e M AAA A A

20 FAMANNN TV

10

-10

1 1

1

| F—B angle

OM\J/—\/\
—R angle

1 | 1

0

1 Z

3

4 5 6

30 -~ Magnitude

W YA Y
N ALVVWIVASEVY,

20
F—B ancgle
10 S
0
L—R angle
_10 1 ! ! | i |
0 1 2 3 4 5 6

30 - Magnitude

20 NA/

10

| F—B angle

5 W\,\,\/\/\,
LTR a g@

-10 1 N 1
0o 1 2 3 4 5 6
50
55 T 1
t wm b T
w
M bt
0]
20° forward

30

15

0

-15

-30

30

15

0

-15

-30

30

18

0

-15

- 30

50

25

_Magnitude
e e N e N I

[ L—R angle

Z\Af”\/\/\\f'\/%\/\\,—/\'

| F—B angle

) 1 2 3 4 5 6

L—R angle

WL?’QW

1 1 I3 1 ] i

6] 1 2 3 4 5 ()
- acgnitude
- L—R angle
| F—-B angle
\/\A/\/\/*/
i i i 1 i 1
0 1 2 3 4 5 6
T
| T
wt T T
wml | dbm bt

20° backward



Co-activation Patterns of Jaw Muscles 291
Appendices

APPENDIX ITEM # 5
CONSENT FORM FOR THE NORMAIL SUBJECT

TITLE OF PROJECT

Measurements of electromyographic activity in jaw muscles of subjects
producing predefined bite forces in three dimepsions.

INVESTIGATORS
Dr. Jeffrey W. Osborn 492-4480 435-5670 (res)
Dr. Jian Mao 492-1340 431-089S (res)
PURPOSE

We are studying the pattern of muscle activity in people with normal jaws.
Later we wish to study muscle activity in people who have symptoms of pain
associated with jaw activity. A comparison of the differences may be important in
diagnosing and treating some problems associated with painful jaw muscles.

PROCEDURE

1) Surface electrodes are placed over your jaw muscles. They are harmless.
All equipment is medically approved and safe for human subjects.

2) An instrument placed between your teeth measures your bite force. You
will be able to "see" this recorded on the screen of a computer. You will be asked to
bitc on the device using a particular force and in a particular direction while we
record the activity in your muscles. The experiment is repeated for different bite
forces in different directions.

POSSIBLE COMPLICATIONS

All parts of the apparatus are free from potentially harmful electricity. The
only possible complication is a sensitivity to the paste put under the electrodes. To
avoid this, let us know if you have any previous history of allergies.

You may get tired when trying to do some tasks because some of them are
difficult for some subjects. If so, then please stop trying. It is very important that you

feel comfortable so that we can be confident that you are behaving as normally as
possible.

ACKNOWLEDGEMENT

We greatly appreciate your participation without which this study, which may
in the long run be of importance in diagnosing and treating a very common problem,
would be impossible.
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CONSENT

I acknowledge that the research procedures described on this sheet and of
which I have a copy have been fully explained to me, and that any questions that I
have, have been answered to my satisfaction. In addition, I know that I may contact
either Dr. Osborn or Dr. Mao if I have further questions in the future. I have been
assured that personal records relating to this study will be kept confidential.

Signature of subject

Signature of witness if applicable

Signature of investigator

DATE
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APPENDIX ITEM # 6
CONSENT FORM FOR THE TMD SUBJECTS

TITLE OF PROJECT

Identifying the source(s) of muscle pain associated with temporomandibular
pain subjects

INVESTIGATORS (alphabetical)
Dr. Paul W. Major 492-7696 (office)
Dr. Jian Mao 492-1340 (office)  431-0895 (res)
Dr. Jeffrey W. Osborn 492-4480 (office)  435-5670 (res)

Patient Management Assistant: Betty Skrypichayko (492-2300)

PURPOSE

We have studied the pattern of muscle activity in people without jaw muscle
pain. Now we want to use those sensitive indicators to identify the source(s) of pain
associated with the "so-called" TMJ problem. A comparison of the differences may

be important in diagnosing and treating some problems associated with painful jaw
muscles.

PROCEDURES
1) Surface electrodes are placed over your jaw muscles. They are harmless.
2) An instrument placed between your teeth measures your bite force. You
will be able to "see" this recorded on the screen of a computer (eg., how hard you are
biting and what direction of your bite force is). You will be asked to bite on this Hi-
Tech device using a particular force and in a particular direction while we record the
activity in your muscles for four seconds per task. The experiment is repeated for

different bite forces in different directions. It may take one to two hours including
resting periods.

POSSIBLE COMPLICATIONS

All parts of the apparatus are free from potentially harmful electricity. The
only possible complication is a sensitivity to the paste put under the electrodes. To
avoid this, let us know if you have any previous history of allergies.

You may get tired or even painful in your jaw muscles. However, since each
recording only takes place for four seconds, temporary pain should not be a serious
problem. In any case you feel that you can not continue with an experiment you can
always withdraw.

If you have any questions about or problems following the experiment, please
do not hesitate to contact any of the above three investigators.

---- continued on Page 2
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ACKNOWLEDGEMENT

We greatly appreciate your participation without which this study, which may
in the long run be of importance in diagnosing and treating a very common problem,
would be impossible.

CONSENT

I acknowledge that the research procedures described on this consent fcrm
and of which I have a copy have been fully explained 1o me, and that any questions
that I have, have been answered to my satisfaction. In addition, I know that I may
contact Dr. Major, Dr. Mao, or Dr. Osborn if I have further questions in the future.

I have been assured that personal records relating to this study will be kept
confidential.

Signature of subject

Signature of witness if applicable

Signature of investigator

DATE (print)
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APPENDIX ITEM # 7
CLINICAL EXAMINATION FORM

ID Date

Positive: 1
Negative: 0

Mandibular Movement
Vertical Movement
0 Maximum opening (between upper and lower incisors)
(normal range: 40 - 60 mm)

Right Latero-trusion

(positive if < 7 mm)
Pain?
Left Latero-trusion

(positive if < 7 mm)
Pain?
Rigidity of jaw upon maniputation

O Passive stretch opening
(normal range: 42 - €2 mm)
a Resiriction?
O Pain?
O Jerky?
O S deviation? (positive if >2 mm)
O Lateral deviation (positive if > 2 mm)
Other Movements
O Protrusion
(positive if < 7 mm)
(] Pain?
a
d
O
O
O
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1D Date

Positive: 1
Negative: 0

TMJ Noise

Reciprocal vertical click

(Eliminated with ant. repositioning)

Reproducible opening click (not with closing)
Fieproducible closing click (not with opening)
Reproducible laterotrusive click

Non-reproducible click (incl. opening/closing/lateral)
Crepitus - fine

Crepitus - coarse

Popping (audible without stethoscope)

Doooooo oo
opooooog o

Jaw Muscle and TMJ Palpation

Extra-oral muscles

Ant. temporalis

Mid. temporalis

Post. temporalis

Deep masseter

Ant. masseter

Inferior masseter
Digastric, posterior
medial pterygoid, lower

oaoooooooo
oo0ooooonoao

Vertex
TMJ Capsule
O O Lateral
a a Posterior
O 0O Superior
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eck muscles

Upper SCM

Mid. SCM

Lower SCM
Trapezius, insertion
Trapezius, upper
Splenius capitis

N
()
a
]
O
a

gooaaa

a

intra-oral musciles

a O Lateral pterygoid

O a Medial pterygoid

O a Temporalis, insertion
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