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Abstract When jaw gape in unilateral biting or chewing
narrows, the working/balancing side activity ratio (W/B
ratio) of masseter muscles increases due to decrease of
balancing side (BS) activity. This was interpreted as a
neuromuscular strategy to delimit the impact of BS contacts
during chewing. To test this hypothesis, we studied whether
W/B ratios are associated with incidence of BS tooth
contacts. In 40 healthy subjects, bilateral masseter activity
was recorded during unilateral biting with different jaw
gapes and during various chewing tasks. Biting was
performed with absence and with deliberate avoidance or
generation of BS tooth contacts. Subjects were divided into
three groups according to jaw gapes of 2, 1, and 0.5 mm for
which BS contact was first noticed in strong biting. The
smaller this gape was, the higher were the mean W/B ratios.
In biting with contact avoidance, the W/B ratios in each
group increased with decreasing gape. In biting with
generation of BS contacts, W/B ratios were smaller than
with contact avoidance. W/B ratios in chewing with
minimum interocclusal distances below 0.5 mm were
bigger than in biting with contact generation and were
mostly bigger than in biting with contact avoidance. The
findings confirm that increasing the masseter W/B ratio is a
neuromuscular measure suitable to avoid BS contacts and
support the idea that motor control uses jaw gape-related
activation to limit the impact of BS contacts. Clarification of
this protection mechanism might contribute to uncover the
etiology of functional disorders and occlusal malfunctions.

Introduction

It is still an unsettled question to what extent occlusal
contacts are involved in the etiology of temporomandibular
disorders and/or periodontal or occlusal damage. Research
into this issue has led to differing statements because of
widely varying experimental and functional conditions
[1]. A major argument for the significance of tooth
contacts was based on reports indicating that balancing
side (BS) contacts can cause changes of jaw muscle
activation [2–8]. Yet, despite such neuromuscular
responses and widespread incidence in normal dentitions
[9–13], BS contacts normally do not cause major problems
[10, 14–18]. As such contacts are also common in
mastication [7, 9, 12, 15, 18], it is likely that motor
control uses a specific muscle activation strategy to master
their impact. This supposed strategy is not easily obvious
from the current knowledge of masticatory motor control.
Mastication is driven by a central pattern generator (CPG)
which alternately activates the jaw opener and closer muscles
to generate the cyclic chewing movement [19, 20]. The
chewing cycle is commonly divided into an opening phase
followed by a fast-closing and a slow-closing phase [19].
During slow-closing, also referred to as “power stroke” or
“occlusal phase,” the bite force increases to overcome the
food resistance. Concurrently, the jaw closing movement
slows down and stops when peak chewing force is reached
[18, 19, 21, 22]. In this approximately isometric contraction
[18, 23, 24], the jaw can tilt [15, 18, 25] about the
compressed bolus which separates the teeth by some tenth
of millimeters [26]. The tilting implies a slight elevation of
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the BS mandibular arch [27–31] which could result in direct
BS tooth contacts [15, 25]. To prevent occlusal damage, the
BS force had to be limited while high chewing force [32] is
applied on the working side (WS). This kind of force control
could in principle be enabled by afferent feedback from
intramuscular and intraoral receptors [20, 33] which
modifies the CPG output to the muscles. A known
feedback mechanism is the facilitation of bite force by
periodontal receptors [34, 35] which, however, does not
explicate how control of different loads on both sides
could be realized.

Recent studies suggest that an increase of the
working/balancing side activity ratio (W/B ratio) of
masseter muscles observed with decreasing jaw gapes
in chewing and isometric biting might reflect the
required kind of control [7, 26, 36]. An increase of the
W/B ratio is equivalent to a reduction of the relative
strength of the BS muscle. This could attenuate the slight
lifting of the BS mandibular arch and could thus mitigate
the effect of BS contacts. An increasing masseter W/B
ratio was actually found during the approach of the
mandible to the intercuspal position in masticatory power
strokes of humans [37] and animals [38]. Likewise, the W/
B ratio proved to increase with decreasing minimum
interocclusal distances (MID) reached in sequent chewing
strokes [26]. Finally, a like behavior of the W/B ratio was
observed in unilateral isometric biting on silicone rubbers
with graded decrease of thickness [36]. While this “jaw
gape-related” control of masseter W/B ratios is well
documented, its relation to BS tooth contacts is not yet
established.

The aim of this study therefore was to test the hypothesis
that jaw gape-related control of masseter W/B ratios is
associated with the incidence of BS contacts in terms of an
occlusal protection effect. Towards this purpose, we
investigated W/B ratios in unilateral chewing and biting
with and without BS contacts.

Materials and methods

Test subjects and experimental protocol

Twenty male and 20 female dental students (mean age, 23.6±
3.2 years) volunteered for this study. The subjects had
complete angle class I or II dentitions and were free of signs
or symptoms of temporomandibular disorders. Exclusion
criteria were deep bite and skeletal anomalies like long or
short face and malocclusions like mandibular prognathism.
All subjects gave informed consent to the experimental
protocol which was approved by the ethics committee of the
medical faculty at Erlangen University. Each subject under-
went one recording session during which he/she executed one

right- and one left-sided trial of the following chewing and
isometric biting tasks:

Task 1: unilateral chewing of industrially standardized
samples of winegum (Goldbären, Haribo, Bonn,
Germany),
Task 2: unilateral chewing of the same wingum as in
task 1; however, these samples had been hardened by
drying on open air for about 3 months. The subjects
should chew with the same force as in task 1,
Task 3: unilateral chewing of chewing gum (Hubba
Bubba Bubble tape, Wrigley GmbH, Unterhaching,
Germany),
Task 4: unilateral chewing of the same kind of gum as
in task 3, however, with the advice to apply an extra
strong chewing force,
Tasks 5–8: unilateral intermittent isometric biting on
pads of silicone rubber with 20 mm in length, 15 mm
in width, and heights of 5, 2, 1, and 0.5 mm.

The different chewing tasks 1 to 4 were carried out to
obtain functional data for conditions with expectedly
differing MIDs and chewing forces. Apart from the stated
prescriptions concerning chewing side (tasks 1–4) and force
(tasks 2 and 4), chewing in all trials was done with the
subjects’ habitual rhythm and force. The biting trials of
tasks 5–8 consisted of consecutive contractions and
relaxations performed with a chewing-like rhythm and
duration. Prior to the recording, the subjects positioned the
rubber longitudinally between the lateral teeth in their
accustomed chewing area and held it loosely between the
teeth with the jaw in a non-eccentric posture. To ensure
isometric contractions, the subjects were instructed to hold
the rubbers loosely during the relaxation periods maintain-
ing steady occlusal contact with the rubbers. The latter were
administered in descending order of the thickness. With
each thickness, the subjects first tested whether they
experienced BS tooth contacts while they increased bite
force up to maximum (Fig. 1). If they felt no BS contacts
with a particular rubber thickness, they performed the
actual trial with vigorous but submaximal bite forces
according to their own psychophysical assessment. How-
ever, if they experienced BS contact in the test, this biting
mode was replaced by two other trials with modified bite
force applications: in the first trial, the subjects had to apply
a force as high as possible and, however, submit to the
condition that no BS contact occurred. Thereupon, in a
second trial, they should bite so that they felt BS tooth
contact without further advice concerning the height of the
bite force. All subsequent trials with smaller thicknesses
were then performed in the same way. Thus, a minimum of
16 trials were carried out per subject. This number could
theoretically increase up to 24, depending on the thickness
at which the biting tasks had to be split.
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Registration of surface EMGs and MIDs

For the recordings, the subjects were seated upright and
comfortably in a wooden chair. The electric activities of
right and left masseter muscles were recorded by means of
active, disposable, self-adhesive bipolar Ag/AgCl surface
electrodes with 10 mm polar diameter and 20 mm polar
distance (Type 272, Noraxon, Scottsdale, AZ, USA). The
electrode locations were determined by palpating the
muscle bellies during chewing. Prior to attachment of the
electrodes, the skin was cleaned with alcohol to reduce
impedance. The electrodes were attached along the muscle
fiber directions, and a reference electrode was fixed at the
forehead. The raw EMGs were amplified by differential
EMG amplifiers (Biovision, Wehrheim, Deutschland) wired
close to the electrodes. The amplifiers had an input
impedance of 10 GΩ, a common mode rejection ratio
bigger than 120 dB, a noise level of 0.4 μV, and a
bandwidth of 10 to 500 Hz with 3 dB. To determineMIDs, the
chewing movements were recorded using a Sirognathograph
(Siemens, Bensheim, Germany). This device traced the three-
dimensional motion of a magnet fixed at the lower central
incisors by means of self-curing resin (Pro Temp II, Espe
Co. Seefeld, Germany). The spatial resolution of the
Sirognathograph is 0.1 mm [39], and its linearity error is
less than 1% within a cuboid of 15×15×25 mm edge
length [40]. Standard precautions as reported previously
[26] were taken in order to minimize disturbances of the
movement signal. Before starting the recording, the bolus
was placed on the tongue, the teeth were closed to
maximum intercuspation, and the Sirognathograph signals
were set to zero.

The jaw movement signals and the raw EMGs of each
biting or chewing trial were sampled for 30 s at a rate of
2 kHz per channel by an 12-Bit A/D-converter (DAQ 6024,

National Instruments, Austin, TX, USA) connected to a
laptop (Inspiron 8600, Dell, Austin, TX, USA). Data
sampling was controlled by a self-made software based on
the DasyLab® graphic programming system version 8.0
(National Instruments, Austin, TX, USA).

Evaluation of data and statistics

The recordings were evaluated using a self-made routine
also based on DasyLab®. The raw EMGs of each subject,
trial, and muscle were automatically rectified and smoothed
by a gliding average over 100 points corresponding to
50 ms. The time plots of movement and the smoothed EMG
signals of each recording were displayed on the laptop.
MIDs and activity peaks were determined as previously
described [26], by manually moving a cursor-delimited
window along the time plots. The MID was determined as
the closest vertical distance to the baseline reached in each
chewing cycle. Transversal and sagittal movement compo-
nents were not evaluated. From the activity peaks of each
chewing or biting cycle, the W/B ratios were calculated.
Activities and activity ratios were averaged over the
number of cycles obtained during each chewing or biting
trial. Likewise, the MIDs were averaged over all cycles
achieved in each chewing trial.

The biting trials were divided into groups according to
the rubber thickness at which BS contacts first appeared.
The EMG parameters and the MIDs were averaged over the
number of cases within each of these groups. Differences
between groups’ mean values of activity ratios at the
different jaw gapes were tested using a one-factorial
analysis of variance. Differences between particular jaw
gapes within the groups were tested by post-hoc Student’s t
tests for paired data. Differences between the groups at
particular jaw gapes were tested by t tests for unpaired data.

Fig. 1 Flow chart of the
experimental protocol
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Multiple testing was accounted for by a Bonferroni
adjustment with a total significance level of p=0.05.

Results

Incidence of BS tooth contacts with the different jaw gapes

Occurrence of BS contacts in strong biting was first noticed
at a rubber thickness

– of 5 mm by none of the participants,
– of 2 mm by five persons in right- and left-sided biting,
– of 1 mm by 11 persons in right- and by 16 persons in

left-sided biting,
– of 0.5 mm by 16 persons in right- and by 17 persons in

left-sided biting.

There were also three persons who did not experience
any contact on either side, not even with the thinnest
rubber. These cases were excluded from evaluation as they
could not deliberately generate or avoid contacts. Right-
and left-sided trials were pooled and divided into the
following three groups according to the rubber thickness at
which contacts first occurred:

Group G2: 10 trials with BS contact first noticed at a
rubber thickness of 2 mm,
Group G1: 27 trials with BS contact first noticed at a
rubber thickness of 1 mm,
Group G05: 33 trials with BS contact first noticed at a
rubber thickness of 0.5 mm.

W/B ratios in biting with absence or avoidance of BS
contacts

In all three groups, theW/B ratios at a thickness of 5 mmwere
about equally low with values between 1.1 to 1.3 (Fig. 2).

In G2, in biting with deliberate avoidance of BS
contacts, the W/B ratio increased just slightly and insignif-
icantly when the thickness was reduced from 5 to 0.5 mm.
In G1, the W/B ratio increased significantly when the
thickness was reduced to 2 mm in biting with no contacts.
Then, in biting with deliberate avoidance of contacts, the
ratio further increased significantly at 1 mm but decreased
insignificantly at 0.5 mm thickness. The highest W/B ratios
in biting with no contacts and the strongest significant
increase of these ratios with decreasing thicknesses down to
1 mm were displayed by G05. In this group, the W/B ratio
increased slightly and insignificantly with deliberate avoid-
ance of contacts at 0.5 mm. For thicknesses of 2 mm and
smaller, the W/B ratios with no contacts or contact
avoidance in G1 as well as in G05 were significantly
bigger than corresponding values in G2.

W/B ratios in biting with deliberate generation of BS
contacts

In G2, BS contacts could be generated with 2, 1, and
0.5 mm rubber thickness (Fig. 2). Thereby, the W/B ratios
were insignificantly smaller than with avoidance of contacts
and did not change with decreasing thickness. In group G1,
contacts could be produced with 1 and 0.5 mm. The
corresponding W/B ratios were significantly smaller than
when contacts were avoided. The same was observed for
G05. In this group, the W/B ratio with contacts at 0.5 mm
was also significantly smaller than when contacts were
avoided at the same thickness.

W/B ratios and MIDs in chewing

In G2, the W/B ratios in mastication of winegum, chewing
gum, and chewing gum with strong force did not differ
significantly from the ratios of biting with or without
contacts (Fig.2). Except of strong gum chewing in G1, the
W/B ratios of these three chewing tasks in G1 and G05 did
not differ significantly from the ratios of biting with contact

Fig. 2 Mean masseter W/B ratios in the three groups at the different
jaw gapes in biting with absence of BS contacts (black square), with
deliberate avoidance of BS contacts (gray square) and with deliberate
generation of BS contacts (white square). For reasons of clarity, biting
trials are connected by lines. In addition, mean W/B ratios for chewing
of winegum (white triangle), hardened wine gum (inverted white
triangle), gum chewing (white diamond), and gum chewing with
strong force (white circle) are displayed. The error bars indicate the
95% confidence intervals
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avoidance at 0.5 mm. However, the W/B ratios of the three
chewing tasks all were significantly bigger than the ratios
of biting with deliberate generation of BS contacts at
0.5 mm gape. The mean MIDs of the three chewing tasks
ranged between about 0.2 mm (chewing gum with strong
force) and 0.4 mm (wine gum and chewing gum). In
chewing of the hardened wine gum, the mean MIDs in the
three groups ranged between 2 and 2.4 mm and the mean
W/B ratios varied between 1.2 and 1.5.

Muscle activities with absence or avoidance of contacts

In all groups, the activities decreased for jaw gapes at
which contact was possible but was avoided: Group G2
displayed a high WS activity at 5 mm gape, where no
contact occurred (Fig. 3). With decreasing gape, the activity
decreased significantly when contact was avoided. With
group G1, the WS activities were about equal at gapes of 5
and 2 mm (no contact possible) and then decreased

significantly when contact was avoided at 1 and 0.5 mm.
Group G05 displayed an analogous behavior, with fairly
constant high WS activities at gapes of 5, 2, and 1 mm (no
contact possible) and with a significant decrease at 0.5 mm.
The BS activities performed similar to the WS activities but
were generally lower than the latter.

Muscle activities in biting with deliberate generation of BS
contacts

With decreasing gapes, the activities in biting with contacts
decreased significantly on both sides (Fig. 3). However, the
activities all were significantly higher than when contacts
had been avoided with the corresponding jaw gapes.

Muscle activities in chewing

In chewing of wingum, hardened winegum, and in strong
gum chewing, the muscle activities in all three groups and
on each side in most cases were significantly higher than
muscle activities obtained in the biting tasks at comparable
jaw gapes of 0.5 or 2 mm (Fig. 3). In contrast, the muscle
activities with gum chewing were significantly smaller than
those of the other chewing tasks and were rather close to
the activities of biting with avoidance of contacts.

Discussion

The study hypothesis that masseter W/B ratios in unilateral
biting and chewing are associated with BS tooth contacts in
terms of occlusal protection is widely supported by the
findings. At first, the results indicate an association between
the W/B ratio and the jaw gape at which tooth contact first
occurred. The smaller this gape was, the higher were the W/
B ratios. Based on biomechanical reasoning, this could be
viewed as a protective effect: With unilateral loading, BS
lever arms of muscles are several times longer than WS
lever arms [41]. Hence, if masseters on both sides act
equally, as usually observed with bigger jaw gapes [36], the
jaw tilts about the bitten object and lifts on the BS [27–31].
If the height of the WS fulcrum drops below an individual
limit, the BS teeth apparently can come into contact. A
possibility to counteract this contacting without strongly
affecting the bite force is by reducing the strength of the BS
masseter relative to that of the WS muscle [41]. This
implies an increase of the W/B ratio and hence an increase
of side-related asymmetry of muscle activities. The more
asymmetrically the masseters act with a given biting
strength, the less should the BS mandibular arch be lifted
and the smaller should the gape be at which contact is first
noticed. This is well reflected by the results: With most
symmetrical activations (G2), BS teeth contacted already at

Fig. 3 Mean masseter muscle activities in the three groups at the
different jaw gapes in biting with absence of BS contacts (black
square), with deliberate avoidance of BS contacts (gray square) and
with deliberate generation of BS contacts (white square). For reasons
of clarity, biting trials are connected by lines. In addition, mean
muscle activities for chewing of winegum (white triangle), hardened
wine gum (inverted white triangle), gum chewing (white diamond),
and gum chewing with strong force (white circle) are displayed. The
error bars indicate the 95% confidence intervals
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a gape of 2 mm, indicating the biggest BS lifting. With
more asymmetrical activations (G1 and G05), BS teeth
contacted not until gapes of 1 or 0.5 mm, respectively, were
reached. The smaller the jaw gape is, at which contacts
occur, the less likely will be their incidence in chewing of
varying food textures. Therefore, the increase of W/B ratios
in biting with decreasing gapes without contacts represents
a motor control feature which clearly favors prevention of
contacts. This partially applies as well to biting with contact
avoidance in G1 or G05 (Fig. 2), In this case, W/B ratios
increased more (G1) or less (G2, G05) strongly with
decreasing gape (grey squares in Fig. 2), yet muscle
activities dropped strongly and almost linearly (grey
squares in Fig. 3). It thus appears that with decreasing jaw
gape, BS contacts are at first prevented by an engrammed
increase of the masseter W/B ratio while activity levels are
maintained (G1 at 5 and 2 mm and G05 at 5, 2, and 1 mm).
When gapes then drop below a certain limit, the deliberate
attempt to bite strongly but to avoid contacts is not
achieved by increasing W/B ratios alone but is assisted by
reducing all muscle activities.

In biting with deliberately generated BS contacts, W/B
ratios were smaller than with contact avoidance (Fig. 2) but
were still significantly bigger than 1.0 (G1 and G2). This
suggests that BS teeth were loaded less strongly than WS
teeth. With decreasing gapes, additional limitation of BS
tooth loads was indicated by the strong reductions of
muscle activities (Fig. 3). As no advice concerning the
biting strength had been given in this task, these activity
reductions may have been reflectively triggered by the
direct contacts.

Though BS contacts could not be verified directly in
mastication, they quite certainly emerged in chewing of
winegum and in both gum chewing tasks. This is likely
since MIDs ranged below 0.5 mm for which in the biting
trials contacts had occurred in all subjects. To avoid
overloading of these contacts, a strong reduction of force
like in biting with contact avoidance seems counterproduc-
tive. In view of the study hypothesis, rather an increase of
W/B ratios should be expected. The W/B ratios in the
abovementioned chewing tasks match this expectation
(Fig. 2) as they were equal to or bigger than corresponding
values of biting with contact avoidance.

Occlusal protection by jaw gape-related control of W/B
ratios needs to be aligned with customary views of
protection by reflectory muscle inhibition (for an extensive
review, see [33]). Such views are mainly based on
unloading reflexes studied in clenching or simulated
chewing experiments. These were mostly performed with
big jaw gapes [33, 42–48] and with inhibitory responses
elicited by extra- or intraoral stimuli but not by direct tooth
contacts. Several arguments question the suitability of
reflex control for occlusal protection in masticatory power

strokes: Due to latencies, inhibition of muscle force
possibly triggered by tooth contacts would be delayed and
would counteract the buildup of chewing force [18, 33].
Further, inhibitory reflexes lose effectiveness when jaw
gapes decrease [42–45]. Hence, it was supposed that close
to occlusion, inhibitory response to unharmful stimuli is
reduced so that the required rise of chewing force is not
disrupted [33, 43, 46, 49]. This could explain why in real
mastication silent periods of muscle activity occurring
together with tooth contacts did not entail force inhibitions
[18, 49, 50].

Jaw gape-related control can compensate the potential
shortcomings of reflex control. Firstly, the reduction of BS
masseter activity is a protective effect acting selectively on
the BS. Secondly, the decrease of BS activity starts in
advance to BS contacts as evident from the increase of W/B
ratios in G1 and G05 in biting with absence of contacts
(Fig. 2). Hence, in contrast to reflex control, the increase of
the W/B ratio is an engrammed behavior with a preventive
character. The actual effect of this behavior may be to
accomplish a cautious approach of BS teeth which may end
up in mitigated contacts that do not elicit reflectory
inhibition. Once contact is made, a “load- or touch-
related” response by BS periodontal receptors [51] might
contribute to a steady limitation of contact loading. The
high W/B ratios found with the smallest MIDs in strong
gum chewing (Fig. 2) could indicate such a mechanism.

Jaw gape-related control operates close to occlusion but
does not compete with reflectory control at bigger jaw
separations. For example, in breaking of brittle food,
sequent unloading reflexes triggered by cracking sounds
or vibrations cause force inhibitions that help to keep the
jaws from clashing [18, 33, 49, 50, 52]. These cracking
events happen at jaw separations of some millimeters where
gape-related control is less effective [26, 36]. This is
corroborated by the small W/B ratios with MIDs around
2 mm as displayed in chewing of the hardened winegum
(Fig. 2).

The present findings and interpretations should be
considered as circumstantial evidence which should en-
courage further research. For example, it is unclear why jaw
gape-related activation was so weakly developed in G2
compared to G1 and G05. One reason might be that
temporalis partitions influence loading of the temporo-
mandibular joints [53–56] which could have affected
masseter muscle balance. Though it is likely that jaw
gape-related activation is controlled by muscle spindle
output, it would be indicated to clarify the influence of
other possible afferent sources. As jaw gape-related
activation would ensure a physiological masticatory
function, it would further be interesting to clarify whether
and how this strategy transforms in case of malfunctions
and disorders.
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Conclusions

Subject to experimental limitations, the results suggest
that an increasing W/B ratio of masseter muscles favors
the prevention of BS tooth contacts when the jaw gape
decreases in strong biting. If the gape drops below an
individual threshold, contacts can occur. Deliberate
avoidance of such contacts is achieved by motor control
by moderately increasing the W/B ratio and strongly
reducing the muscle activities. In undeliberate chewing,
W/B ratios become exceptionally high if contact inci-
dence becomes likely at small MIDs. The findings,
except those for G2, provide further evidence for the
assumption that human motor control applies a strategy
primarily based on proprioception of the interocclusal
distance to limit the impact of BS tooth contacts in
unilateral biting or chewing.
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