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Aims: To characterize the control of jaw-clenching forces by means
of a simple force-matching exercise. Methods: Seventeen healthy
subjects, provided with visual feedback of the exerted force, carried
out a unilateral force-matching exercise requiring developing and
maintaining for 7 seconds a jaw-clenching force at 10%, 30%, 50%,
and 70% of the maximum voluntary contraction. The task was re-
peated three times in each of two sessions. Motor performance was
assessed, for both left and right sides, by different indices quanti-
fying mean distance (MD), offset error (OE), and standard devia-
tion (SD). Their dependence on force intensity, side, and time was
assessed by ANOVA. Results: All error indices increased with the
intensity of contraction in absolute terms. After normalization with
respect to force level, the average performance in the second session
was characterized by MD of 8.1% = 2.6, OE 4.8% = 2.9, and SD
12.7% = 6.7 (mean = standard deviation). Assessment of perfor-
mance exhibited good reliability for all indices (intraclass correla-
tion coefficient ranging from 74% to 88%). The motor performance
improved with repetition (P < .01), varied considerably between sub-
jects, was not correlated with gender or age (P > .05) but was highly
correlated between left and right side (P < .01). Conclusion: The
adopted approach is adequate to provide for an objective assess-
ment of individual force control, although the presence of a learning
phase must be taken into account. ] OROFAC PAIN 2011;25:250-260

Key words: accuracy, force transducer, masseter muscle, motor
control, precision

astication is a complex function strongly based on

sensory-motor integration that is impaired by several clin-

ical conditions affecting the orofacial area; among them,
temporomandibular disorders (TMD) are the most common chron-
ic pain disorder.! In fact, pain is known to affect motor control in
terms of modulation of inhibitory and excitatory motor reflexes of
the jaw,'™ proprioceptive and sensory functions as assessed by inter-
dental discrimination of thickness and repositioning tasks,’ as well
as masticatory performance and bite force.®”

One important aspect of motor control concerns the accuracy and
precision (steadiness) of muscle force in voluntary contractions.$1
These variables are conveniently investigated in isometric contrac-
tions by instructing the subjects to grade muscle force according to
constant or dynamic targets superimposed to the visual feedback
of the developed force. Most of these studies have been conducted
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on limb muscles while only a few have focused on
jaw muscles.!'"'3 While accuracy, ie, how close one
gets to the target, essentially depends on the cen-
tral motor command, force steadiness is potentially
influenced by both peripheral and central mecha-
nisms.'® Accordingly, force steadiness was shown to
be affected in both musculoskeletal'*'” and central
nervous system disorders.'®!” More specifically, re-
duction in force steadiness was reported in patients
affected by subacromial impingement syndrome!
and by knee osteoarthritis’ and was also observed
to occur after bed rest' and prolonged muscle un-
weighting,'” as well as during experimental pain.?**!
Force steadiness was also suggested as a possible
clinical indicator for cerebral palsy?*? and stroke-as-
sociated disorders.! Importantly, both accuracy and
steadiness are known to decrease with an increasing
level of contraction and to worsen with age.5-1%:23
Recently, Marmon et al?* described a significant re-
lation between measures of steadiness and of hand
function, suggesting that the physiological mecha-
nisms behind force steadiness also contribute to the
performance of fine hand motor tasks.

Besides the large number of studies on limb mus-
cles and the potential clinical application of the
objective and quantitative characterization of the
control of muscle force, only a few studies appear
to have investigated the control of jaw-elevator
muscles by this approach, ie, by assessing the ability
to adjust the clenching force according to visually-
presented target levels.'""'3 The results of these stud-
ies indicate that, also in jaw muscles, the matching
error increases with the force level''? and with the
age of the subject,'" but only small force ranges
were explored (0.3 to 4 kg) and were not adjusted
to the individual maximum voluntary contraction
(MVC). Van Steenberghe et al'? elegantly compared
the performance of jaw muscles with forearm and
calf muscles in a similar force-tracking task (force
level: 15% to 20% MVC) in the same subjects.
They provided evidence of a larger matching error
in jaw muscles, supporting the notion that visual
control of force is poor in these muscles, possibly
because the mandible is not usually controlled by a
visual feedback. However, they did not provide any
quantitative measure of the accuracy or precision in
the execution of the tasks.!

The aim of the present study was to characterize
the control of jaw-clenching forces by means of a
simple force-matching exercise. To address this aim,
different performance indices, including accuracy
and force steadiness, were correlated and tested for
reliability. A novel force sensor, based on a piezo-
resistive film transducer, was employed for the mea-
surement of unilateral clenching force.
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Materials and Methods

Seventeen healthy subjects (9 females; 8 males), aged
24 to 40 years (28.4 = 6.67, mean = standard devia-
tion), volunteered in this study, approved by the Uni-
versity of Torino Ethical Committee. The subjects,
recruited among the attendants of a postdegree mas-
ter course, were informed about the experimental
procedure and gave their written consent.

Inclusion Criteria

Inclusion criteria were an absence of TMD signs and
symptoms assessed by a physiotherapist with expe-
rience in TMD (MT), according to the Research Di-
agnostic Criteria for TMD,* and occlusion in class I
according to Angle’s Classification.

Force Transducer

Force measurement was based on a piezoresistive force
transducer Flexiforce A201 (Tekscan), featuring a load
range of 100 Ib, equivalent to 440 N, and a sensitivity of
0.05 V/Ib). A special housing (Fig 1) was developed to
allow the sensor to measure voluntary clenching force
without undergoing permanent damage and to reduce
discomfort for the subject during clenching. The exter-
nal thick rubber layer provided the possibility of small
yielding of the surface under the teeth, thereby generat-
ing a wider contact surface and lower local pressure. It
also provided improved comfort during the clenching,
as compared to a hard surface. The thin hard plastic
foil gave a flexible support and a graduated handle for
the housed sensor. These two layers were stuck togeth-
er by a thin bi-adhesive foam. The force transducer was
inserted in between an inner hard plastic layer and a
metal disk (10 mm in diameter) located exactly below
the sensory area of the transducer, which granted that
all the force lines between upper and lower teeth were
conveyed through that area.

The housed sensor was then inserted into a dispos-
able latex glove for protection from saliva. The final
thickness was 9 mm and decreased approximately to 5
to 6 mm after some pressure was exerted by the teeth,
slightly accommodating in the rubber layer and com-
pressing the bi-adhesive foam layer. A graduated han-
dle provided a measure of the anteroposterior location
of the sensor in the mouth, thus facilitating accurate
repositioning in different sessions (Figs 1b and 2). A
subsequent laboratory testing verified that the original
transducer properties were not impaired by the hous-
ing. The linearity error of both the bare and housed
sensor was below 5%, while the difference between the
output of the bare and housed sensor was always be-
low 6%.
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Fig 1 Scheme of the sensor housing. (@) Cross section; (b) top view.

Fig 2 Photograph of the sensor in situ. Note how the
anteroposterior placement of the sensor can be controlled
by the position of the incisors on the graduated handle.

Experimental Setup

The subject sat on a comfortable chair without
head support, with the trunk in an erect posture
and natural head position. One housed load sensor
was located unilaterally in between the molar teeth;
the distance between the sensor and the front teeth
was noted in order to maintain the same position
during all recordings. The force signal was digitally
acquired on PC (USB-6211 DAQ module, National
Instruments) and displayed on a screen to provide
the subject with a visual feedback of exerted bit-
ing force. The acquisition software was developed
under LabVIEW (graphical programming environ-
ment, National Instruments).

Experimental Protocol

First, the force produced during a MVC lasting 3
to 4 seconds was recorded three times separated by
2-minute resting periods, the subject being provided
with a visual feedback of the exerted force. The force
signal was low-pass filtered with a 0.5-second mov-
ing average and the maximum value observed over
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the three contractions was taken as MVC and used
as reference for the exercise in that session; the pro-
cedure was performed for both sides in random order
at the beginning of each session. The subject was fa-
miliarized with the visual feedback and was allowed
to rest for 2 minutes before starting the exercise.
The subject was then visually presented with a se-
quence of upgrading and downgrading different tar-
get force levels (10%, 20%, 30%, 50%, and 70%
of MVC) (grey line in Fig 3). On the same display,
the current force level exerted by the subject was also
displayed (black trace in Fig 3).The subject was in-
structed to regulate the clenching force so as to reach
and maintain as precisely as possible the level indi-
cated by the target. Each force level had to be main-
tained for S seconds. A resting interval of 7 seconds
was inserted in-between the different target levels
(Fig 3).The whole sequence was preceded by an addi-
tional target at 10% MVC (not shown in Fig 3) that
was excluded from the analysis and was meant to
accustom the subject to the force scale of the display.
This 2-minute long exercise was repeated three
times alternatively by both sides, with resting pe-
riods of 4 minutes during which the sensor was re-
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Fig 4 Schematic illustration of the meaning of the different indices. (@) MD is proportional to the area enclosed between
the force signal and the target; (b) example resulting in high OE (indicating displacement of the average force level from
the target) and low SD (indicating the variability of the force signal); (c) example resulting in low OE and high SD. Thick
line = force signal. Thin line = target force to be matched. The dashed lines delimit the interval for analysis.

moved from the mouth and the subject was allowed
to move the mandible and talk. In each exercise, the
sensor was accurately repositioned in the same loca-
tion with the help of the graduated handle (Fig 1b).
The subjects started to exercise with the left or right
side on a randomized basis. The whole sequence of
bilateral MVC assessment and six repetitions of the
exercise (three repetitions per side) was repeated in
a second session on the following day. The exerted
force was continuously acquired during each exer-
cise and saved for offline processing.

Analysis

The individual performance was assessed by means
of three indices: mean distance (MD), offset error
(OE), and standard deviation (SD). All the indices
were computed over the central 3-second interval
of target presentation (see Fig 4). MD is the average
of the absolute difference between the target level
and the recorded force and is a global indicator of
the goodness of match. The OE is computed as the
difference between the average force and the target
and reflects the accuracy of the matching: it indicates
whether the force signal is, on average, centered or
displaced above (positive OE) or below (negative

OE) the target level, irrespective of force steadiness.
The SD component is the standard deviation of the
force signal and reflects force variability, irrespec-
tive of its vicinity to the target. To avoid reciprocal
elision between positive and negative terms when
averaging OE over different subjects, the absolute
error was also computed and indicated as |OEI.

All indices were also evaluated in relative terms,
ie, normalized to the target force level, expressed in
(%) and averaged over all target levels in the task,
thus providing an average individual score of motor
performance.

Statistical Analyses

Data are presented as mean = standard deviation in
the text and mean = standard error in the bar graphs.

A first analysis was performed by a two-way
ANOVA for repeated measures to investigate the
dependence of the three variables (MD, IOEIl, and
SD) on the intensity of contraction (n = 5 target lev-
els) and on side (n = 2).

On the normalized variables, averaged over target
level and over the two sides, a multivariate two-way
ANOVA for repeated measures, followed by the
Tukey Honestly Significant Difference (HSD) post-
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Fig 5 Performance of the 17 subjects when reaching for the nine force levels in the task, as indicated on the X axis. Each
graph is obtained by averaging over all six trials and all subjects.

hoc test, was used to test the dependence of the three
variables on Session (two levels) and Trial (three lev-
els). Dependency of MD % on gender was assessed
by the Student ¢ test and its correlation with age by
linear regression analysis.

Test-retest reliability was evaluated by means of
the intraclass correlation coefficient (ICC), com-
puted using a random-effect one-way ANOVA.
Normality of distribution and equal variances of
the groups examined were verified in advance as re-
quired by ANOVA.

Results
Experimental Series on Healthy Subjects

The MVC was not significantly different between
sides (P > .05). MVC on the first day was 308.1 =
102.1 N and increased to 355.8 = 55.1 N on the
second day (P < .01; average of the two sides).

The error indices MD, OE, and SD were found
to be dependent on the intensity of the contraction
(P < .01, for all variables), although this depend-
ency appeared to lessen at high force levels flatten-
ing at about 50% MVC, particularly for MD and
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OE. This effect is illustrated in Fig 5, showing the
average performance in the task (average of all tasks
in all subjects). None of the variables was dependent
on side (P >.05). Notably, OE was above 0 in all but
the latest contraction level, indicating that the sub-
jects tended to overshoot the target level (Fig 5b). To
avoid elision of positive and negative terms, the |OEI
was computed (Fig 5d) and used in the analysis.

To minimize the dependence of the errors on the
level of contraction, the error indices were normal-
ized to the target force level. Although normaliza-
tion did not completely eliminate the dependence of
the normalized variables on the force level, which
remained statistically significant (MD: P < .01; OE
P <.05;SD: P < .01), it reduced the relative range of
change of the variables, MD and OE in particular.
In addition, all normalized variables now decreased
with increasing contraction level. The coefficient of
variation (CoV) of MD values over the different con-
traction levels reduced from 42% to 14% after nor-
malization. CoV reduced from 42% to 13% for OE
and increased 40% to 44% for SD after normaliza-
tion. In spite of the residual dependence with target
level, an overall indicator of the individual perfor-
mance over the whole trial was obtained by averag-
ing the normalized variables over all target levels in
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the task. Thus, for each variable, this average value
expressed the error in terms of percentage of the tar-
get force level. Figure 6 shows the average perfor-
mance of the subjects in the six trials over the two
sessions. Multivariate ANOVA revealed a depend-
ence on session (P < .05) but not on trial (P > .05).
Therefore, by pooling together data from the two
sides and the three trials in each session, MD was
found to decrease from the first to the second session
from 10.1 = 3.3 % to 8.1 + 2.6 % (P < .01), OE from
6.2% = 3.2 to 4.8% = 2.9 (P < .05), and SD from
18.1% = 15.0 to 12.7% = 6.7 (P > .05).

The study also investigated whether the nonsig-
nificant difference between right and left sides was
the result of a balance between those performing
better on the left and those performing better on the
right or instead resulted from a real and consistent
symmetry in performance in the examined subjects.
The correlation between the performance of the two
sides was rather poor in the first session (7* values
for MD: 0.49, P < .01; OE: 0,28, P < .05; SD: 0.12,
P > .05) but markedly increased in the second ses-
sion (r* values for MD: 0.72, P < .01; OE: 0.74,
P <.01;SD: 2= 0.56, P < .01), as shown in the scat-
ter plots of Fig 7. The spreading of the dots along
the midline, particularly for MD and |OEI, indicates

indeed a general symmetry in the performance of
the two sides.

Scatter plots were used to investigate whether
there was a correlation between the indications of
performance provided by the three indices (Fig 8).
In all cases a significant correlation was observed,
|OEl versus MD: 2= 0.85, P <. 01; SD versus MD:
= 0.76, P < .01; SD versus |IOEl: = 0.83, P < .01
(second session, all trials, both sides).

The method exhibited good reliability for all in-
dices as indicated by the ICC evaluated both in the
first session (MD: 74%; OE: 76% SD: 88%) and
between the first and second sessions (MD: 60%;
OE: 80%; SD: 44%). No correlation was found be-
tween the motor performance and individual char-
acteristics of the subject, such as gender (P > .05)
and age (*= 0.13) (Fig 9).

Discussion

A simple task was devised to assess the individual
capacity of controlling unilateral biting force, based
on a newly developed force sensor and on a com-
puterized procedure. In a force-matching task, the
subjects had to sustain short, nonfatiguing contrac-
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Fig 9 Scatter plot of the MD score (second session) ver-
sus age of the subjects. Males and females are represented
by black and grey dots, respectively.

tions while attempting to match target force level at
different percentage of their MVC.? The motor per-
formance was characterized by three error indices:
the MD, the OE, and the SD, accounting for differ-
ent aspects of the motor performance. These pa-
rameters exhibited good reliability and large
intersubject variability that was not correlated
with sex and age. In addition, a good symmetry
was observed in the performance of the left and
right sides.

Several studies investigating motor control in
limb muscles during constant-force isometric tasks
focused on the variability of the force as indicated
by SD and SD% (also known as the coefficient of
variation, CoV).>?®*” The unsteadiness of the ex-
erted force may originate from recruitment and
synchronization of motor units, from the variability
in their discharge rate’®*® as well as on the possi-
ble synergic activation of agonist muscles.'®*” Ear-
lier studies on jaw muscles provided evidence of
a linear relationship between SD and contraction
intensity,''? but the investigated force levels were
limited to 4 kg. Increased force variability at higher
contraction intensity was also reported for jaw mus-
cles during force ramp tasks and attributed to the
progression of motor unit recruitment.?® However,
several studies on limb muscles have reported that
the initially linear relationship lessens its steepness
when the contraction level exceeds about 60% to
70% MVC, depending on the muscle group,’**
ie, the increase in variability lessens at higher con-
traction levels. This force level, at which the force
variability versus force curve starts decreasing its
slope, was considered to reflect the completion of
motor unit recruitment in the muscle.” The present
results strongly support a qualitative similarity be-
tween jaw and limb muscles. Interestingly, there was
a tendency for SD to flatten at about 50% MVC
(Fig 5c¢), which fits with the notion that motor unit
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recruitment in the masseter muscle is completed at a
relatively early stage.3!*

Normalization of force variability to the average
force level, which yielded SD% (the CoV) is a rec-
ommended procedure in order to compare different
subject populations and muscle groups.”'® This op-
eration often has shown that the larger variability
in relative terms occurs at low force levels,”!® which
was confirmed also in the present study. As for quan-
titative aspects, SD% stabilized around 13% in the
second session and revealed a considerable unsteadi-
ness compared to 1% to 2% in knee extension,” 1%
to 3% in ankle dorsi- and plantar flexion,* 2% to
3% in pinch grip,** and 3% to 5% in index finger
abduction.'” These data support the early observa-
tion that visual control of force is worse in jaw mus-
cles as compared to limb muscles.'?

While SD characterizes the precision (steadiness)
of muscle force, OE indicates the accuracy of the
force matching, ie, how close the target is to the av-
erage exerted force. OE was expected to yield posi-
tive and negative values in individual scores, which
would result in the reciprocal elision of opposite-
sign values when averaging over all subjects. In-
stead, all subjects consistently overshot the target
levels, thus producing positive offset errors. In spite
of the given instructions, simply requiring a match
to the target as precisely as possible, the subjects
probably intended to increase their “safety margin”
by adding some extra force, as was also observed in
other studies.® In the literature, the matching error
is often assessed by means of a mean absolute error
(as for MD in the present study) or a root-mean-
square (RMS) error. It should be noted that both
these measures are also dependent on the variability
of the force signal (SD) while OE is, in principle,
independent of SD. However, MD and |OE| exhib-
ited similar qualitative results in terms of depend-
ence on contraction level, on session, and on side.
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The dependence of accuracy on contraction level is
qualitatively similar to what has been reported for
limb muscles in pinch grip® and knee extension.'

Van Steenberghe et al'® observed larger RMS
matching error for jaw than for limb muscles but
did not provide the actual values. MD %, averaged
over the 10% to 70% MVC force range, was shown
to be around 8% to 10% in the present study, while
others have reported 3% to 4% error in knee exten-
sion'>3*¢ and a 9% to 16% in pinch grip.® The many
differences in experimental conditions, ranging
from the force range investigated, the preliminary
motor training, the subject age, etc, may account for
the large variability in matching error reported in
the different studies. Thus, on the basis of the pre-
sent data, it is not possible to conclude whether ac-
curacy of the force control is also worse in jaw as
compared to limb muscles.

In the second session, MD% spanned a large
range, 4% to 14%, within the subject group. This
provided evidence of a large intersubject variability
and emphasizes the potential of this index to dis-
criminate between bad and good performers.

As shown by the scatter plots, the three indices
appeared to be correlated to each other, and all ex-
hibited values that were lower in the second session
than in the first one, which is suggestive of a learn-
ing effect. However, based on the present data, it
cannot be excluded that an additional improvement
in performance would have been achieved with fur-
ther training.

One important outcome of this study was the
good reliability of the three indices in assessing the
individual motor ability. Two reasons may have
contributed to this achievement: (1) adoption of
relative (related to individual MVC) rather than ab-
solute target levels; and (2) adoption of a comforta-
ble sensor housing allowing accurate repositioning.
In fact, discomfort caused by awkward transducers,
particularly when recording from molar teeth, and
imprecise sensor repositioning are acknowledged as
potential sources of variability in the assessment of
clenching forces.?”

The voluntary control of muscle force is a basic
outcome of sensory-motor integration and can be
affected by disorders acting at peripheral or cen-
tral neural levels. Several studies have investigated
the precision of the force output in limb and hand
muscles, with important implications in diagnostic
and rehabilitation processes.?**! Of particular inter-
est also is the analysis of the left/right symmetry in
performance. The possibility of repeating the task
on the two sides allowed the present study to detect
that there was a good symmetry in motor perfor-
mance. At the same time, the fact that comparable
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values were scored by the two sides in individual
subjects supports the consistency of the technique in
assessing motor performance. Since symptoms and
functional impairments in TMD are often unilat-
eral, the possibility to detect asymmetries in motor
control of the mandible may be a useful approach
for the characterization of the clinical condition and
may assist diagnosis and follow-up of cranioman-
dibular dysfunctions.

Advantages and Limitations

Film-based force sensors provide a potentially inter-
esting mean to measure biting force. Rubber shield-
ing of the sensor has been shown to improve comfort
and stability of the force signal***}; due to this rub-
ber shielding and its limited thickness (5 to 6 mm),
the housed sensor was well tolerated by all subjects.
They easily learned to control the biting force to
match the target levels. In addition, the subjects’
confidence with the device appeared to increase fur-
ther in the second session, as compared to the first
one, as suggested by the increased MVC force.

Stress and anxiety levels were not measured, so
it cannot be excluded that a decrease in anxiety oc-
curred along with increased confidence with the set-
up in the second session. In principle, this may have
contributed to the improvement in performance
from the first to the second session, since stress and
sympathetic activation may affect motor output and
steadiness at different levels.**** On the other hand,
the occurrence of learning processes when practicing
novel motor tasks and their overnight consolidation
has been well documented**” and remains the most
likely explanation for the observed improvement in
performance.

Finally, this study was not aimed at investigating
the dependence of performance on gender and on
age. Although no significant differences in perfor-
mance could be observed between male and females
and no correlation was observed between MD and
age, a larger sample size will be necessary before
more firm conclusions can be derived.

Conclusions

Individual force control of the jaw-elevator muscles
can be reliably assessed in visually-guided isometric
contractions. The motor performance was not cor-
related with age and gender, was highly correlated
between left and right side, and was significantly im-
proved in the second of the two sessions.
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